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Investigation on Steam Dilution Effects on Non-Premixed Hydrogen-Oxygen
Impinged Jet Flame
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To eliminate NOx emissions, semi-closed gas turbine cycles operating with hydrogen-oxygen combustion have been

proposed, making it essential to assess the flame characteristics under steam dilution. In the present study, a non-premixed

hydrogen-oxygen flame in a pressure vessel is investigated using a burner with sub-millimeter nozzles, which allows two

oxygen jets to impinge on the hydrogen jet at an acute angle, improving the flame holding with the forced mixing of hydrogen

and oxygen at the impinging position. In order to investigate the influence of steam dilution on the stability of non-premixed

hydrogen-oxygen impinged jet flames, detailed structure of the instantaneous flame is captured using high-speed schlieren

and OH* chemiluminescence imaging techniques. Flame holding at the impingement position is confirmed up to a steam

dilution rate of 25%. The increase in dilution rate leads to a smaller turbulence structure, shorter reaction zone, and a reduction

in the OH* chemiluminescence brightness.
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1. Introduction

Hydrogen produces zero CO: emission at the energy
generation site. It can be produced from various kinds of
energy sources including the renewable sources, such as steam
reforming of hydrocarbon fuels and water electrolysis(). In
WE-NET (World Energy Network) project (1993-2002),
hydrogen was proposed as a potential energy carrier for the
first time and the construction of a worldwide energy network
for supply, transportation, and utilization of hydrogen was
considered®>?. One of the subtasks of WE-NET was to develop
hydrogen/oxygen combustion turbine systems with zero NOx
emission and high thermal efficiency. A hydrogen/oxygen
combustion gas turbine cycle operated at a high temperature of
1700°C is proposed to achieve a thermal efficiency over 60%
at a power capacity of 500 MW. However, the project was
discontinued due to social, economical, and technical issues.

Recently, hydrogen has attracted renewed interest as an
carbon-neutral energy carrier ©). Yet, there are technical issues

to be solved, such as the combustion of hydrogen in existing
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gas turbines. For premixed hydrogen combustion, flashback
associated with high burning velocity may occur. On the other
hand, non-premixed (diffusion) hydrogen-air combustion
produces a high level of NOx due to the high flame temperature.
Kawasaki Heavy Industries, Ltd. developed the so-called

i

“micro-mix” combustor for a hydrogen-fueled gas turbine,
which employed cross-flow mixing of hydrogen and air in
miniature nozzles before entering the combustor chamber to
avoid flashback while achieving low NOx emissions(®,
Mitsubishi Heavy Industries, Ltd. annouced the development
of a multi-cluster burner for hydrogen-fueled turbine(-®.
Ideally, zero NOx emissions are achievable with
hydrogen/oxygen combustion. Takehana et al.) compared the
theoretical cycle performance of gas turbines with the
hydrogen/oxygen combustion and hydrogen/air combustion,
and they reported that 6-8% points higher thermal efficiency
can be achieved with the hydrogen/oxygen combustion. In the
semi-closed hydrogen/oxygen combustion cycle, combustion
occurred under "heavy" water-steam dilution. One merit of
steam dilution is the reduction of the high flame temperature
associated with stoichiometric hydrogen/oxygen combustion,
and thus protecting the combustor. On the other hand, the
addition of water steam makes the flame holding difficult and
even interferes with the flame chemistry'?), Therefore, it is
necessary to investigate the hydrogen/oxygen combustion

under water-steam dilution for the development of the needed



combustor for the hydrogen/oxygen combustion cycle.

As a subtask of the previous and current NEDO projects for
developing the hydrogen/oxygen combustion gas turbine, Fan
et al. 1D developed the so-called “micro impinged jet array
(MIJA)” burner with 3D-printed arrays of sub-millimeter
nozzles for non-premixed hydrogen-oxygen combustion. As
shown in Fig. 1b, two oxygen jets are impinged on the
hydrogen jet at an acute angle and forced mixing of hydrogen
and oxygen occurs at the impinging position. This prevents the
flame base from being elongated or lifted like in conventional
non-premixed burners with the co-flow (Fig. la) and cross-
flow designs.

In the current NEDO project, AIST is performing further

hydrogen-oxygen combustion experiments under steam
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Fig. 1 Comparison of burners with co-flow and
impinged jet designs (V.
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dilution with the MIJA burner. Together with detailed
numerical simulations of the burner flame conducted by our
collaborators in the Tokyo Institute of Technology group, the
burner design will be optimized. Meanwhile, the Osaka
University group performs combustion test by incorporating a
steam-cooled liner with the aforementioned burner to finalize
the design of the whole combustor. Finally, the performance of
the prototype combustor under high pressure will be evaluated
in JAXA.

In this paper, we present experimental results on the
influence of steam dilution on non-premixed hydrogen-oxygen

impinged jet flames.

2. Experimental Setup
The experiment of non-premixed hydrogen-oxygen

combustion is conducted in a pressure vessel with quartz
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Fig. 2 Schematic of experimental setup for non-
premixed hydrogen-oxygen combustion (1.
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Fig. 4 Schlieren images of the hydrogen flame captured

perpendicular to the impinging plane at different chamber

pressures, showing the influence of pressure at constant jet
velocities.

Fig. 5 Schlieren images of the hydrogen flame captured
perpendicular to the impinging plane at constant pressure
and different jet velocities.

windows, as shown in Fig. 2. Hydrogen and oxygen gases are
supplied from pressurized gas tubes, and their flow rates are
controlled by two separate mass flow controllers (Kofloc 3660,
+1.0% F.S.). Water steam is produced by feeding water to an
electric furnace, and its flow rate is controlled by a liquid mass
flow controller (Brooks Instruments 5882, +£0.5% F.S.). Air is
used as the ambient gas in all experiments. The pressure in the
pressure vessel is controlled by a back-pressure regulator,
while its temperature is heated up to 180°C to avoid the
possibility of steam condensation. Figure 3 shows the burner
configuration. Hydrogen is injected from the central hole,
while oxygen, diluted with water steam, is injected at an acute
angle toward the hydrogen jet from two holes. The diameter of
all three holes is 0.5 mm, while the angle between the oxygen
and hydrogen jets is 30°. After the hydrogen-oxygen mixture is
ignited by the spark formed between two needle electrodes
above the nozzle, a non-premixed hydrogen-oxygen flame is
formed where the hydrogen jet is impinged by the oxygen jets.
The electrical rods (shown in Fig. 4) are then moved out of the
view field to reduce any possible interference with the flame.
OH* chemiluminescence images of the flame are captured
along the impinging plane (x-direction) using a high-speed
camera (PHOTRON, FASTCAM APX-RS) with an image

intensifier (InvisibleVision, UVi). A UV lens mounted with a
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Fig. 6 Schlieren images of the hydrogen flame captured
perpendicular to the impinging plane at different water
dilution rates.

H,0
2 =25%

H,0
2 = 0% TR
0,+H,0

0,+H,0

H,0 A2H,0

H,0 M2 H,0

Fig. 7 OH* chemiluminescence images of the hydrogen
flame captured along the impinging plane at different
dilution rates. The I.I Gain for all images is 22%.

bandpass filter at 310/10 nm is used. Schlieren images are
captured perpendicular to the impinging plane (y-direction)
using a high-speed camera (PHOTRON, FASTCAM NOVA).
Therefore, enabling the assessment of observable changes in
the flame base location and turbulence structure due to jet

impingement.

3. Results and discussion
After the ignition at a hydrogen jet velocity of 20.0 m/s and

oxygen jet of 5.0 m/s, the chamber pressure was gradually



increased until it was stabilized at 0.8 MPa. When the jet
velocities are fixed, the increase in pressure requires a
proportional increase of the flow rates, which increases the
impingement momentum. Therefore, the flames in the
schlieren images of Fig. 4 spread broader along the
impingement plane as the pressure increases.

Figure 5 shows flames stabilized at the pressure of 0.8 MPa
and the Ha velocities of 50-140 m/s (Renz2 = 768-2150), which
are corresponding to fuel input powers of 0.5-1.4 kW on LHV
basis. The Oz velocities are 12.5-35.0 m/s (Reo2 = 1250-3500)
in order to keep the equivalence ratio at 1.0. As jet velocities
increase, turbulent structures start to form from the
downstream and gradually move towards the upstream.
Furthermore, the scale of turbulent structure becomes smaller
with the increase in jet velocities as shown in zoomed images.

In the current experiment, hydrogen flame was confirmed
stable with a steam dilution rate of 25%. Figures 6-7 show the
hydrogen flames at different steam dilution rates. The
Schlieren images are captured perpendicular to the impinging
plane while the OH* chemiluminescence images are captured
along the impinging plane. The Water steam is mixed with
oxygen in the nozzle before their impingement on the hydrogen
jet. As water-steam dilution rate increases, the velocity of
02+H20 jets, Voz+mzo0, is increased  from 35.0 m/s (Reoz+120
=3500) with zero dilution to 45.0 m/s (Reoz2+m20 = 4500) with
a dilution rate of 25%. Due to the increase in the impingement
momentum, the turbulent structure becomes smaller, especially
near the upstream area where the impingement occurrs.

As shown in Fig. 7, the brightness of OH*
chemiluminescence decreases as the dilution rate increases,
and the height of the reaction zone also decreases. It is
conjectuned that the steam dilution changes the flame
chemistry, as was reported in Ref. 10. However, further

investigation is needed to confirm the nature of such effects.

4. Conclusion

We carried out experiments on non-premixed hydrogen-
oxygen impinged jet flame in a pressure vessel up to 0.8 MPa
in order to investigate the influence of steam dilution on the
structure and stability of the jet impinged hydrogen flame.

Detailed flame structures are revealed through high-speed

Schlieren and OH* chemiluminescence images. The

conclusions are as follows:

1. At constant jet velocities, the increase in pressure leads to
a broader flame along the impingement plane.

2. At constant pressure, the increase in jet velocsity leads to
the formation of turbulent structure at the downstream,
and the turbulent structure moves upstream as the in jet
velocsity increases.

3. At constant oxygen flow rates, larger steam dilution rate
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leads to smaller turbulence structure. The brightness of
OH* chemiluminescence and the height of the reaction

zone are decreased.
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Investigation of a flamelet model for staged combustion

O4 BFRETT HIE R—7 1S e
YU Panlong KUROSE Ryoichi ~ WATANABE Hiroaki

ABSTRACT

Multi-stream combustion system is widely used in industry application, and multi-mixture-fraction-based flamelet model

is confirmed capable to capture the chemistry events in such a system. However, the multi-mixture-fraction-based flamelet

model will increase the dimensions in corresponding flamelet library, especially for the cases in which the variances of the

tracking parameters have to be taken into account. In a staged-combustion system, as the third stream is injected downstream

of'the fuel port, a simplified multi-mixture-fraction-based flamelet model has be applied and investigated by means of a priori

test based on direct numerical simulation (DNS) in this work. It is found this new model can represent the DNS results

satisfactorily.
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1. Introduction

Consumption of fossil and renewable fuels accounts a
large share of current energy utilization, and it will
remain dominant for the foreseeable future. However,
the combustion of the fossil and renewable fuels is
considered the primary reason of the emissions of such
as CO,, NOy and soot, making it a significant issue at the
center of the climate change debate. Therefore, various
new combustion technologies are being developed to
meet increasingly stringent regulations, in which
multiple streams injection strategies, for instance,
multiple fuel injection direct injection engines !, oxy-
fuel integrated coal gasification combined cycle ? %), and
secondary air introduced gas turbine ) and so on, have
attracted significant attention. These new technologies
introduce new challenges in the design process of the
systems. Numerical simulations are no doubt a powerful
tool that can be utilized to help address these challenges,
as well as obtain a deep insight into the combustion
fundamentals.

In terms of combustion numerical simulation,
flamelet-based models have demonstrated quite
promising potential in recent years ©®, owing to its
simplicity and great improvements over the fast
chemistry assumption ©; it enables the use of detailed
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chemical mechanisms and can also reduce the
computational cost by storing flamelet states prior to
simulation '), The classical laminar flamelet model was
derived by Peters (> 12 and then formulated as the
flamelet progress-variable (FPV) approach by Pierce and
Moin 319 and it is still being developed. However, the
conventional one-dimensional flamelet model is unable
to describe the aforementioned multi-stream system
since a more than one mixture-fraction-space exist. So,
flamelet models remedies have been proposed and
proved reliable 32, The nature of these models is that
more dimensions are required in the flamelet library
compared with one-dimensional case, especially the
covariance of mixture fractions is important when a
bivariate Beta distribution is used **; this even makes
these models unattractive when more than three streams
exist. So, for the more complicated cases in which three
or more than three streams introduced, finding an
effective model is necessary. In this work, a model
simplified based on the above mentions mutli-mixture-
fraction models has been proposed and tested by a priori
investigation.

2. Methodology
2.1 DNS governing equations

Although the two-dimensional DNS coupled with Arrhenius
formation (ARF) cannot capture the turbulent features
accurately, it is reasonable to use it as a reference for flamelet
approximation with modest cost. As a reference, two DNS

cases have been computed in this work with different Reynolds



number. The basic equations solved are presented as Egs. (1)
~ (4) for the conservation of mass, momentum, energy, and
mass fractions of chemical species, respectively. The equation

of state for ideal gas is also solved as shown in Eq. (5).

dp  dpu;
- =0, 1
3 B M
dpu; dpuu;  dp J B
_8(' ‘!'—axj 7_8_3?,‘-1-{9_)6;1”‘ (2)

dph dpuh dp dp d dh dy
?-1- Bx,- o E-i_u' Bxi T axf- pDh ax,- +TU ax,-’
3)

T T s v

Z Y
p=pRTY —. (5)
=M

In the above equations, p is the density, ui is the velocity, p
is the static pressure, and h is the specific total enthalpy. Y1 is
the mass fraction of the 1" species, and wv1 is the corresponding
reaction rate. ns is the number of the species in chemistry
mechanism, M is the molecular weight for the 1™ species, and
R is gas constant. The D variables with subscripts are the
diffusion coefficients which are given by p D = A/C;, based on
unity Lewis number assumption; here A is the thermal
conductivity and Cp is the specific heat of the mixture gas. ti;

is the stress tensor which is expressed as below:
1 . I (du; duj
T =2U (Sij— 5&';&&) ,with §;; = 3 (8):, + A ) , (6)

where 1 is the viscosity and di j is the Kronecker delta function.

In order to investigate the flamelet model, the mixture

fractions for each stream are indispensable and solved as

below:
apz apu;‘Zl B d 7,
e +—8x,- 78_x,- DZ'E)_x,‘ ) Q)
8p22 aprZ;_ N d aZQ
9 T ax,-( Dzla_x,-)‘ ®

In the above Egs. (7) and (8), Z1 is the mixture fraction for
the fuel stream, and Z; is that for the oxidizer stream (Oxidizer
1) injected with neighbored with fuel. In this work, another
oxidizer stream (Oxidizer 2) is introduced downstream of the
above two streams, and its mixture fraction is defined as Z3,
and can be obtained from 1-Zi-Zo>.

2.2 flamelet model

There are three flamelet models mentioned in the existing
literatures 324, namely Q2DF1, Q2DF2, and Q2DF3. They
were applied for the case that the third stream is pure diluent.
It can be proved that for the present case, in which the third
stream is oxidizer, then only Q2DF1 model is suitable. In
Q2DF1 model, the third stream is premixed with the oxidizer
side, while in Q2DF?2 the third stream is premixed with the fuel
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side. The parameter premixed fraction (it is diluent fraction in
the cited literatures) is used to distinguish the models. The
definition of the premixed fraction for Q2DF1 and Q2DF2
models are expressed as Egs. (9) and (10).

7
Wy =——ro, 9)
Zs
W, =———7. 10
2T+ 7, (10)

In the present case, before the third stream get involved in
the reactions, Zi and Z» forms a system which can be
interpreted by one-dimensional flamelet model, if Z1 and Z2
achieved homogeneous mixing before the mixing with Z3, then
only two one-dimensional flamelet libraries are enough to
describe the chemistry events as the ratio of Z1/Z> is a constant.
Here, we exchange the Z> and Z3 in Egs. (9) and (10), and then

we have

A
Wy =) (11)
7,
w, = ———. 12
T+ 27, (12)

As mentioned before, Q2DF?2 is not suitable for the present
case. The method used in this work is to exact database with
constant W2 from Q2DF1 model since Q2DF1 model is
considered as an accurate model. And with libraries for the two
streams boundaries, such fuel and oxidizer 1, fuel and oxidizer
2, and oxidizer 1 and oxidizer 2, the four one-dimensional
flamelet libraries are used here. The constant W2 can be

computed based on the flux in the boundary.

2.2 CGComputational detail

The composition (given with species mole fractions) and
temperature of the three streams are listed in the Table 1. The
ambient pressure is 1 atm.

Table 1 Properties of three streams.

Fuel Oxidizerl Oxidizer2
T [K] 433 613 546
X2 0.26348 0 0
Xco 0.73652 0 0
Xco2 0 0.7 0.5
Xo2 0 0.3 0.5
velocity [m/s] 60 10 3

The structure of the burner is shown as Fig. 1. Oxidizer 1
and Oxidizer 2 are separated by wall. The computational
domain is 3m x 1.5m (length x width) and is composed by 2280
x 720 non-uniform grid points, with the finest mesh 30 um
uniformly distributed in inner tube in lateral direction. In the
axial direction, uniform grid size of 60 um is arranged from the
inlet to 110 mm, and after that the mesh is stretched and a

sponge zone is implemented for the last 50 grids.
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Fig. 1 Sketch of the burner.
A helical excitation mode ?% with a magnitude of 10%
fluctuation in streamwise direction is used for the central jet

for the inflow perturbation.

The mechanism used currently is the one developed for
H2/CO combustion 27, and totally 14 species and 38 reversible
reactions have been considered.

The DNS is performed by using an in-house code referred to
as FK?, in which a pressure-based semi-implicit solver with the
fractional-step algorithm is employed. The spatial derivatives
for convection terms for the momentum equation are
approximated by a conserved KK scheme ®®, while for the
scalars a Weighted Essentially Non-Oscillatory (WENOS)
scheme is employed . The spatial derivatives of the stress
tensor are evaluated by a fourth order central difference scheme,
while for the diffusive terms the discretization is accomplished
by a second order central difference scheme. The time
integrations of the convection terms are performed by using a
third order explicit TVD (Total Variation Diminishing) Runge-
Kutta method. The ordinary differential equations of the
detailed chemistry mechanism are calculated by the Variable-
coefficient Ordinary Differential Equation (VODE) approach.
576 cores of Fujitsu PRIMERGY CX2550/CX2560 M4 at
Kyushu University were used, and the wall clock time was
around 120 hours with a constant time step interval of
1.0x10—7 s. The simulation was performed for 600,000 steps
to eliminate the initial field effect, and another 400,000 steps
were calculated to collect time-averaged statistics. The typical
instantaneous variables used in the following discussions are

obtained from the last step.

3. Results and discussion

Fig. 2 shows comparison of time-averaged temperature
based on the mixture fractions and progress variable which is
defined by the sum over four species (Yco2tYn20tYcotYh2)
derived from the DNS case.
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Fig. 2 Comparisons for temperature.

Fig. 3 shows comparison of time-averaged mass fractions

for major species.
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Fig. 3 Comparisons for time-averaged mass fractions for
major species, (a) x=80 mm, (b)x=100 mm.
It can be observed that the simplified model can represent
the temperature and major species mass fractions quite good.
On the condition of three streams mixing, probability
density function (PDF) of time-averaged W2 which is defined
by Eq. (12) has been computed based on DNS data, as shown



in Fig. 4. To detect the mixing of the three streams, a parameter
named mixing index (MI) is defined here:

MI=Z1xZ2xZ3 | [[Z1%Z2xZ3]], (13)
here, [[Z1%Z2%Z3]] denote the maximum value of the products
in the whole domain, which is 0.037. The current PDF results
are obtained as MI > 0.001.
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Fig. 4 PDF of W2, the blue line denotes the constant W2
computed based on the boundary flux.
It is considered that the mixing is deviated from the
homogeneous state as denoted by the blue line, but the peak is
quite close. This is the reason for lookup results are not exact

with DNS data but still can be used to approximate results.

4. Conclusion

The simplified model can basically represent DNS results
quite well. It is believed that as the mixing achieve
homogeneous the model can obtain the same results with DNS
data, however, when the mixing is very poor then this model is
not recommended. More research still needed to further check

this model based on this priori test.
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Experimental validation of a numerical model
for atmospheric H2/CH4 fueled micromix flames
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ABSTRACT

The micromix (MMX) combustion concept is a DLN gas turbine combustion technology designed for high hydrogen
content fuels. Multiple non-premixed miniaturized flames based on jet in cross-flow (JICF) are inherently safe against
flashback and ensure a stable operation in various operative conditions. Originally designed for pure hydrogen, the operation
range of micromix combustion principle is recently extended for co-firing of hydrogen and natural gas mixtures. The objective
of'this paper is to validate the stability of the micromix flames with a flame imaging method. A new atmospheric visualization
test rig is introduced for OH chemiluminescence imaging and exhaust gas analysis. The numerical approach bases on the
RANS equations and the detailed chemistry model containing all relevant reactions of the GRI 3.0 mechanism. Focus of this
study is on the validation of the numerical approach by the experiment regarding to the ignition point and the flame brush
shape for various gas turbine load conditions and fuel blends. The experimental investigation confirmed the numerically

predicted flame initiation point at atmospheric conditions. Due to the reduction of reactivity with increasing share of natural

gas in the fuel, the original micromix design reaches an operation limit around 60 vol.% Ha.

Key Words: Gas Turbine, Hydrogen, Fuel flexibility, OH chemiluminescence

1. Introduction

Fuel flexibility is an important feature of next generation’s
gas turbines for a realistic transition to renewable fuels with
hydrogen. The transition to non-carbon containing fuels for gas
turbine have recently gained interest for all gas turbine
manufacturers. Kawasaki Heavy Industries (KHI) developed a
novel DLN hydrogen combustor based on micromix
technology.

The micromix principle has initially been developed for pure
hydrogen fuel and has successfully been demonstrated late
2020 in a heat and power co-generation power plant in Kobe,
Japan [1]. The micromix concept meets the challenges caused
by the high reactivity of hydrogen with multiple miniaturized
non-premixed type flames, which are based on a jet in cross-
flow (JICF) and are arranged annularly inside the combustor.
The concept is inherently safe towards flashback. Although

comparable hot temperatures arise in the flame, NOx formation

Kawasaki Heavy Industries Ltd.,
Corporate Technology Division
673-8666 Akashi
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is suppressed by short flame length and thus short residence
times. Natural gas admixtures significantly decrease the
reactivity of the fuel and thus the flame stability needs to be
evaluated carefully.

This article investigates the OH distribution of MMX flames
for various gas turbine load conditions and fuel blends of
hydrogen and natural gas between 100 and 60 vol.% Ho.
Therefore, a novel visualization test rig for atmospheric MMX
flames is introduced. Focus of the study is on the response of
the flame initiation point, the flame brush shape and, the flame
intensity on variations of gas turbine load and fuel blend.

Computational fluid dynamics (CFD) became an essential
tool for gas turbine combustor design studies. Based on the
experimental results of this study, the resulting OH distribution
of a CFD model is validated for all applied operation
conditions.

The remainder is structured as follows: Section 2 introduces
the combustion principles of the MMX technology. In
Section 3, the methods of this study are outlined. A

visualization test rig and measurement techniques are



introduced and the numerical model is described. Section 4
presents the results of this study. In a first part, the resulting
OH distribution of experiment and CFD for the hydrogen case
are compared and discussed. The second part presents the
effects of the successive increase of natural gas within the fuel

blend. Finally, Section 5 summarizes and concludes.

2. Micromix principle

The micromix combustion principle is developed at Aachen
University of Applied Sciences in Germany since the 1980’s,
using a small-scale atmospheric burner and operating an APU
for aircrafts [2]. Since 2010, basic research on a micromix
hydrogen DLE combustion system for industrial gas turbines
has been conducted by KHI together with Aachen University
of Applied Sciences and B&B-AGEMA GmbH [3].

Fig. 1 shows the gas turbine M1A-17 of KHI and the
micromix combustor that has recently been demonstrated
within the “New Energy and Industrial Technology
Development Organization” (NEDO) grant project, called
“Development and Demonstration Project for Low-NOx
Hydrogen-fueled Gas Turbine Combustion Technology” [1].
Recently, KHI is investigating the fuel flexibility of the original
MMX design.

Burner segment

Fig. 1 MI1A-17 gas turbine of Kawasaki Heavy
Industries, Ltd., and 3D model of MMX combustor
including burner plate with annularly arranged burner

segments and air guiding panels [1].

The micromix principle is based on miniaturizing the
volume of non-premixed type flames. Multiple low scale
reaction zones are achieved, which result in a reduced
residence time of reactive species in high temperature regions
and thus lower the NOx emissions. A jet-in-crossflow (JICF)
configuration is used to ensure a sufficient mixing process,
compare Fig.2. In the JICF, the fuel stream is injected
perpendicular to the air stream leading to a counter-rotating
vortex pair (CRVP), which is essential for mixing of fuel and
oxidizer with the benefit of reduced aerodynamic losses due to
the absence of extra barriers. The geometry of the air guiding

panels and the fuel segments, acting as bluft bodies, lead to the
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Fig. 2 Schematics of MMX principle [4].

formation of a vortex pair, see Fig. 2. The upstream-located
vortex is the AGP vortex and the larger vortex is the segment
vortex. The flame is stabilized between these two vortices. The
larger segment vortex transports hot combustion gases to the
initiation point of the reaction zone. A proper momentum flux
ratio prevents fuel penetration into the APG vortex. Merging of
adjoining flames needs to be prevented for low NOx emissions.
In the undesired case of flame merging, the hot reaction zone
is stretched and NOx emission increase due to a longer
residence time. The flames have a typical size of 20-40 mm in
length [5].

Reduction of reactivity with increasing share of natural gas
in the fuel blend has a significant effect on the micromix flame.
As a quantitative measure of the reactivity, the laminar flame
speed is exemplary depicted in Fig. 3, drawn at the design air
inlet condition of the underlying combustor. Details of the

effect of natural gas blends can be found in [6].
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Fig. 3 Laminar flame speed for various hydrogen/CH4
blends.



3. Methods
3.1 Experimental setup

A new experimental combustion test rig has been developed
in order to study the MMX flames during gas turbine operation.
A sketch of the test rig is shown in Fig. 4. The test rig is
designed with a reverse flow configuration for appropriate
cooling of the exhaust duct. Downstream of the flow reversal
zone near the endplate, a pair of perforated plates homogenize
the flow towards the MMX module. The micromix geometry,
consisting of burner segments and air guiding panels, are
integrated into the MMX module.

The entire exhaust duct features a double-walled structure
with impingement cooling and all inner surfaces are TBC
coated. The exhaust gas temperature is measured via two
temperature probes. A minor part of the exhaust gas is extracted
via a water-cooled gas sampling probe and analyzed with an
exhaust gas analyzer of BestSOKKI Bex-8500F. Downstream
of the exhaust sampling probe, the exhaust gas is cooled via
bypassing air through four dilution holes.

/ Pressure probe \

Sampling probe

Endplate
Homogenizer
MMX module

Window pair

Temperature probe Dilution holes

Fig.4 Visualization test rig for MMX flames for low pressure

conditions.

Combustion air is provided within the supply facility by two
air compressors. Air is heated with electrical heaters before
entering the visualization test rig. Downstream of the test rig,
the exhaust gas is cooled by water injection. The combustor
inlet conditions, i.e. pressure and air inlet mass flow rate can
be controlled independently from each other via a pair of
valves located upstream and downstream of the visualization
test rig.

The visualization test rig features two pair of windows for
the visual observation of MMX flames. The side window pair
is used in this study for OH distribution measurement: The
setup of the OH chemiluminesence imaging system is shown
in Fig. 5. The OH radiation is intensified with a Highspeed IRO
image intensifyer by LaVision and recorded with a Fastcam
SA-X2 Highspeed camera from Photron. The optical filter for
the OH radiation is a 320 nm bandpass filter. The lens is a UV-
NIKKOR 105 mm, f1/4.5. 2000 pictures are captured for each
data point at a rate of 10 kHz, 70 % gain, and a gate of 95,000.
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Visualization test rig

Bandpass filter (320 nm)

UV lens (105 mm)

HS camera

Lens

HS camera

UV image intensifier

Fig. 5 Setup of OH chemiluminescence measurement.

The operating conditions are set according to the following
principles: The gas turbine load reduction is represented by
reducing the fuel mass flow rate, while the air inlet conditions
remain constant. As a results, the combustor outlet temperature
decreases. Fuel mixtures contain hydrogen and natural gas A13
and are described by the molar fraction of hydrogen within the
blend. During fuel blend variation, the load conditions are
ensured by keeping the same exhaust gas temperature like in

the pure hydrogen case.

3.2 Numerical model

The three-dimensional reactive flow is modelled using the
commercial CFD software Star-CCM+ by Siemens PLM
Software [7]. Since transient and dynamic effects are not taken
into account in this study, the steady RANS equations with the
realizable k-¢ turbulence model and all y+ wall treatment are
applied. The segregated flow solver is used for flow, species
and energy iteration computations. Conjugate heat transfer
between the fluid phase and the solid geometry, i.e. fuel
plenum and AGP, is also applied.

The complex chemistry model provides the chemical species
conversion. A chemical step is solved through ordinary
differential equations (ODE). The Laminar Flame Concept
(LFC) evaluates the instantaneous reaction rate at the mean
temperature, pressure, and species mass fraction, which, for
steady-state, corresponds to integrating the chemistry with
respect to the residence time in a cell [7].

The kinetic data base on the reaction mechanism GRI 3.0 [8].
Natural gas is represented by pure methane (CHa). In order to
reduce the computational costs, all reactions containing non-
relevant species (C,with n > 2) were eliminated. For the same
purpose, the detailed nitrogen oxidation mechanism is disabled.
Instead, the thermal NOx generation is determined via the

extended Zeldovich mechanism [9].
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Burner segment
Fuel injection
Fig. 6 Computational domain comprising a single flame. The

origin is indicated in red color.

The computational domain comprises a single MMX flame,
see Fig. 6, despite of the scope of the experimental study that
has been conducted as described in Sec. 3.1. Since the focus of
this study is the MMX flame itself rather than its integration
into the annularly combustor, the boundary conditions instead
embed this flame being in the center of an infinite number of
flames to all sides. The two side planes are periodic boundaries
in order to simulate an infinite row of flames and represent a
flame located in an annular configuration. The symmetry
condition at the bottom boundary completes the burner
segment and the symmetry condition at the top simulates this
plenum being in the center of multiple rows of burner segments.
Note that the origin of the coordinate system is located at the
center of the rear edge of the burner segment, compare Fig. 6.

The outlet plane applies a constant pressure to the fluid
within the domain. The air inlet is defined with a constant mass
flow at pre-set temperature. The turbulence at the air inlet is
defined by the turbulent intensity of 15% and the turbulent
length scale is 5% of the inlet height. More details about the

numerical model can be found in [10].

4. Results

This section presents the experimental results of the OH
distribution for a gas turbine load variation and various fuel
blends of hydrogen and natural gas. The experimental
outcomes are compared to CFD results in order to validate the
numerical approach. This validation is done via a direct
comparison of the OH distribution and an exemplary

quantitative comparison at design conditions.

4.1 Pure hydrogen fuel

The experimentally determined OH distribution is shown in
Fig. 7 for pure hydrogen and three load conditions of the gas
turbine. The numerical results are shown within the dashed
frame overlaying the second experimental flame from the top.
The numerical image is an integral image of the entire
computational domain seen from the side.

Individual MMX flames are observed for all load stages. At
full load condition, the MMX flames are lifted off from the rear
edge of the burner. While reducing the load, the OH intensity
first becomes lower while the flame nearly remains at the same
position. With further reduction of the load, the flame shifts
upstream and anchors at the rear edge of the burner. Thereby,
the flame intensity increases due to the stabilization of the
flame induced by the new flame anchoring mechanism.

The numerical model reproduces the flame lift-off and flame
transition in upstream direction. However, the transient process
occurs at higher load conditions in CFD compared to the
experiment. The 50% load case shows a transition state, where
the lower side of the flame is attached to the rear edge and the
top side cannot travel farther upstream due to limited reactivity.
At idle load condition, the flame is attached to the rear edge of
the burner, which is in agreement with the experimental results.

The flame length is also matching the experimental results.

H, =100 vol.%
- | Load = 100 %

Exp.

H, =100 vol.% H, =100 vol.%
Load = 50 % Load = 0 %
"""""""""" i [T g
Exp. Exp.

Fig. 7 OH distribution of MMX flame at atmospheric pressure for different gas turbine loads.
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An exemplary quantitative comparison of the OH
distribution for pure hydrogen fuel and full gas turbine load
condition is shown in Fig. 8, which confirms the observed trend
of the OH distribution. The OH distribution of the experiment
(symbols) and CFD (solid lines) are referenced to its individual
global maximum value. The experiment shows an earlier
increase in OH radiation, compare the stage of 10mm distance
behind the rear edge of the burner. Furthermore, the peak OH
radiation in the experiment is around 2.5 mm lower (in y-
direction) than the numerical OH peak zone. The numerical
flame is longer that the experimental flame, compare the OH

profile at 30, 40, and-50 mm distance stages.

10

=10 mm
2=20 mm
=30 mm
=40 mm

=00 mm

0 02 04 06 08 1
OH [-]
Fig. 8 OH distribution of MMX flame at full load condition

and atmospheric pressure for hydrogen fuel.

4.2 Fuel blend variation

A fuel blend variation is conducted at full gas turbine load
condition between 60 and 100 vol.% Hz. Note, that at about
80 vol.% Ha, the fuel composition corresponds to an energetic
contribution of about 50% of each component and thus, CO2
emissions are reduced by half. Fig. 9 shows the OH distribution
of the experiment and the CFD for decreasing hydrogen share.
The OH radiation intensity first increases due to the change of
the fuel composition. With decreasing hydrogen fraction, the
flame travels first upstream and the flame brush becomes wider.
From 80 vol.% H: on, the flame shifts downstream again,
while the size of the flame brush furthermore widens. At
60 vol.% Hz the flame intensity then noticeably decreases.

In general, the CFD model describes the experimental OH
distribution and trends remarkably well, although the flame
length is longer, which could already been observed in the first
part. At 60 vol.% Ha, the numerical iteration process became
unstable and the flame oscillated between the distribution

shown in Fig. 9 and a less intense distribution located farther
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Fig. 9 OH distribution of MMX flame at atmospheric

pressure for different hydrogen/natural gas blends.

downstream. This is an indication for flame instability. For a
stable operation at lower hydrogen fractions in the fuel blend,

a reconsideration of the MMX geometry is favorable.



5. Conclusion

A new visualization test rig has been developed to analyze
the nature of atmospheric MMX flames for various gas turbine
load conditions and hydrogen/natural gas fuel blends. Using
OH imaging, a CFD model is validated.

The hydrogen flame is lifted off at full load conditions and
shifts upstream with reducing load. With increasing fraction of
natural gas within the fuel blend, the flame intensity eventually
reduces and the flame shifts downstream. Overall, the CFD
model simulates the response of the flame brush on changes of
the load and fuel blend remarkably well.

The underlying MMX geometry reached an operation limit
while increasing the fraction of natural gas within the fuel
blend. The flame intensity becomes weaker and the flame
travels downstream, both causes an increase in the risk of flame
blow-off. In future, an improved design could increase the

flame stability.
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ABSTRACT

Gas turbine technology for hydrogen is developed to promote the implementation of renewable heat and power supply.
Kawasaki Heavy Industries, Ltd. (KHI) recently demonstrated a dry low NOx combustor with micro-mix technology for pure
hydrogen. Thereby, the high reactivity of hydrogen is addressed with miniaturized, annularly-arranged flames based on jet-
in-crossflow. In this study, the micro-mix combustor technology is operated with hydrogen and natural gas mixture at 96
vol.% H2. For a better understanding of combustion oscillation phenomena and in order to develop countermeasures, flame
visualization and dynamic pressure measurement were carried out. Finite element method (FEM) analysis was used to identify
the acoustic modes. It was observed that the flame and the azimuthal mode were rotating at a frequency of 1,550 Hz around

the center axis of the combustor at design load condition. The spin ratio was calculated in order to investigate the time

dependence of the mode rotation.
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Numerical Study of Unsteady Effect of Blade Row Interaction
in a Transonic Centrifugal Compressor

RUNES

KUBO Kosuke

ABSTRACT

W

bl fE—RE

YAMADA Kazutoyo = IWAKIRI Kenichiro

This paper discusses the unsteady effects associated with the impeller/diffuser interaction on the internal flow field and

aerodynamic performance of a centrifugal compressor. In centrifugal compressors with a vaned diffuser, the flow field is

inherently unsteady due to the influence of interaction between the impeller and the diffuser, and the unsteadiness of the flow

field can often have a great influence on the acrodynamic performance of the compressor. In this study, numerical simulations

have been conducted for a transonic centrifugal compressor with a vaned diffuser. The unsteady effects were clarified by

comparing the numerical results between a single-passage steady-state RANS analysis and a full annulus unsteady RANS

analysis. The numerical results showed the unsteadiness of the internal flow field due to the impeller/diffuser interaction

causes separation on the diffuser pressure surface, leading to loss.

F—T— K EOEMEE, CFD, i3, BIIT, FFEEMR
Key Words: Centrifugal Compressor, CFD, Efficiency, Blade Row Interaction, Unsteady Effect
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Prediction of dynamic response of axial compressor
of industrial gas turbine
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ABSTRACT

Owing to the spread of renewable energy, gas turbine engine has a role to compensate grid energy. In such operation,
prediction of dynamic state of gas turbine component is important. This paper investigates the dynamic behavior of heavy-
duty gas turbine engine. Simulation model constitutes of compressor, turbine, combustion chamber, duct, ang bleed
component. Especially, compressor model is divided into four parts by bleed port. Start-up and shutdown simulation are

carried out to validate the simulation model. Simulation results shows that in rapid shutdown case the operating line pass

through more high pressure point and load of rear stage of compressor grows temporary.
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Tablel Specifications of gas turbine engine compressor
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Numerical analysis of the effect of blade inclination on fan performance under
total pressure distortion simulating Boundary Layer Ingestion
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MASAKI Daisaku

Boundary Layer Ingestion (BLI) is a technology which is effective to reduce fuel consumption of future commercial

aircrafts. However, the inlet distortion caused by BLI has a negative effect on the engine performance. This paper investigates

the effect of adding a inclined angle to the rotor blades on the fan performance under BLI condition. Forward sweep angle

and suction-side-inclined dihedral angle were prepared, and numerical analysis was conducted under circumferential

distortion simulating BLI. These results were compared with the original blade fan performance. As a result, forward sweep

angle improves fan efficiency and effective in BLI condition. On the other hand, suction-side-inclined dihedral angle

decreases fan efficiency.
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Impact of Mixing Plane Position on Turbulence Generation in Multi-Stage CFD

% ERT

TANI Naoki

ABSTRACT

Even though high-fidelity CFD becomes gradually practical for gas-turbine simulation, steady RANS analysis is still a
workhorse especially for design phase. Mixing plane is essential for steady multi-stage CFD, however, dependency on
streamwise position is still unknown. In the present study, impact of mixing plane position is estimated focusing upon
turbulence generation. Firstly, simple annulus tube shape with single wake is evaluated to clarify overall tendency, and multi-

stage compressor calculations are carried out to compare performance and internal flow.
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Performance Improvement of Axial compressor Stator

Using Biomimetic Technology

OEME &AT O EE EEY W B
ISHITOBI Yuki TAKAHASHI Masanori  MIURA Toshimasa

ABSTRACT

Axial compressors employed in the industrial gas turbines and aero engines are used in a wide operation range. They are

required to operate with high efficiency not only at the design condition, but under the partial load conditions. In general,

compressor performance is drastically reduced at the lower shaft speed conditions. To enhance its performance, the

biomimetic technology is introduced to the compressor stator vane and its effects are investigated using computation fluid

dynamics (CFD) simulation. Through this study, it is confirmed that the performance can be improved by utilizing

wavy-shaped stator vanes.
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Key Words: Axial Compressor, Aerodynamic performance, Biomimetics, Passive Control, Operation range
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Table 1. Specification of tested cases

Case Wave amplitude Wave length
[Normalized chord %] [Normalized Span %]
Original — —
A2W2 2.0 2.0
A2W5 2.0 5.0
A2W10 2.0 10.0
A5W5 5.0 5.0




Table 2. Simulation conditions.

Location Item Value
Total pressure
Inlet boundary Total temperature Profile from multi-stage
Flow direction CFD results
Outlet boundary Static pressure
Other settings Wall Non-slip, Adiabatic
Turbulent model Shear Stress Transport

Mean chamber line

Original vane
geometry

Chord length (-)

Chord length (+)

Figure 5. Definition of vane L.E. geometry.
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Figure 6. Geometry of simulation cases.
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Development of SOkW Liquid Ammonia Combustion Micro Gas Turbine
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ABSTRACT

The 50 kW-class micro gas turbine co-fired with liquid/gaseous ammonia, which has the potential to reduce the cost and the
size compared to that of the gaseous ammonia-fueled systems, has been developed. The vaporization of liquid ammonia
injected into the combustor lowers the gas temperature in the combustor, which causes unstable combustion. The key

technology to realize stable combustion is the characteristic structure of the combustor. The proposed structure is features as

the pre-combustion zone, which consists of the pre-vaporization tube and the pre-combustion area.

The experimental results

show stable combustion co-fired with 70% of the liquid-ammonia ratio without unburned ammonia emission.

F—J—F: WAy —vr, WIKTE=T8E, KEX¥ VT, Bk
Key Words: Gas Turbine, Liquid Ammonia Combustion, Hydrogen Carrier, Fuel
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Table.1 Specification of Micro Gas Turbine

Manufacturer Toyota Energy Solutions Inc.
Electric Power Output 50 kW

Rotating Speed 80,000 rpm

Cycle Regenerative Cycle
Compressor Centrifugal One-Stage
Combustor Single Can

Turbine Radial One-Stage

Shaft Single Shaft

Boiler Hot Water Boiler

Fuel NHs , H2
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Fig.2 Schematic Diagram of an Ammonia-fueled

Gas Turbine Power Plant
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Evaluation of Equivalence Ratio Fluctuation by Near-Infrared TDLAS
for Achieving Stable Combustion
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MIYAZAKI Koji KONDO Akio TAMURA Issei

ABSTRACT

KISHIMOTO Akihiro ISONO Mitsunori SAITO Toshihiko

A fast-response (10 kHz) near-infrared diode laser absorption spectroscopy (TDLAS) system has been developed for real-

time equivalent ratio (methane concentration) measurement in a gas turbine model combustor. CH4 absorption of 2v3; band

(1.65 um) is used, and the absorption line is not interfered by the absorption of other species in the air. Wavelength modulation

spectroscopy and second harmonic detection (2f-WMS) were applied to improve the sensitivity and accuracy of the sensor.

The developed instrument was calibrated in a static gas cell by measuring a mixture of CH4 and N2, and a measurement

resolution of 1 ppm * m (10 kHz) of methane concentration was obtained. The fast response of CHa detection is used to

characterize the equivalence ratio fluctuation in a gas turbine model combustor when air flow is acoustically forced and

modulated by the siren.

F—D— K HRZ—EUBRBES, RBEIRE), YEILZES), TDLAS, L —WRIE
Key Words: Gas Turbine Combustor, Combustion Oscillation, Equivalence Ratio, TDLAS, Laser Absorption Spectroscopy
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Fig. 1 Calculated CHa absorption cross section at 298K,
0.1MPa.
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Fig. 2 Schematic diagram of CH4 detection by 2f-WMS
method.
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Fig. 3 Schematic diagram of developed 2f-WMS TDLAS
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Experimental Investigation of Hydrogen/Natural Gas Premixed Flame in a
Natural Gas DLE combustor
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ABSTRACT

In order to secure a stable low-carbon energy supply for preserving the global environment, hydrogen attracts attention as
gas turbine fuel for power generation. Kawasaki Heavy Industries (KHI) has developed proprietary combustion technologies
for 100% hydrogen with advanced hydrogen dry low NOx micro-mix combustor, and also adapted a DLE combustor for
hydrogen / natural gas mixtures. In this study, the effect of hydrogen admixing to natural gas on the flame stability and NOx
emissions was investigated for a dry premixed can type combustor with supplemental burner at atmospheric conditions.
Therefore, the reaction zone has been visualized by OH chemilminescence imaging. It was found that the flame length of the

premixed main burner became shorter with increasing share in hydrogen. The present combustor was capable to be operated

at fuel mixtures up to 30 vol% hydrogen share with only marginal increase in NOx emissions.

XF—TO—F: TRF— L, PRBEG, KFE - KIRH ARRBE, OH 7 2 W /VEHI, NOx
Key Words: Gas Turbine, combustor, Hydrogen/Natural gas flame, OH chemiluminescence, NOx emission
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Table 1 Fuel composition conditions of combustor rig test

. Fuel Composition Fuel Composition
Open‘at.mg (@Pilot+MainBurner (@SupplementalBurner
Condition

H, 13A H, 13A
0 100
20 80
Pilot+Main
Burner 30 70
40 60
50 50
0 100
30 70
0 100
Pilot+Main+Sup 50 50
Burner 60 40
30 70 30 70
40 60 40 60
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Turbojet engine testing and its engine cycle analysis

O

FUTAMURA Hisao

ABSTRACT

A simple jet engine cycle analysis method based on the ideal gas assumption for a certain candidate engine which lacking
precise information is presented. The estimated performance is computed and compared with the test results taken at sea level
and altitude conditions. This rapid method requires few limited specification level data and suitable for spreadsheet calculation

for initial conceptual design phase.
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Table 1 engine specification of YJ69-T-406?

2. 23—y +OEGRR Property value dimension
2.1 JAXA [2HIT+ZE&GREED—5] Pressure ratio 55 _
YJ69-T-406 = > ¥ T~ w2 TIRITT 5 FERIRICHE Air flow 138 ke/sec
WTHro oV E LTERESNN, Y, BAEICIX Tit 993 C
i S5 A E R ER | S
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B AT DO SER RS C B CHEMEE R A A WA D
. s Thrust(Normal) | 780 kef
DI, =T A I AERIZ K > THEET D L7z
. i y e Ng(Take off) 22150 rpm
Mo To, WA DO LR B 15 B LTz = o ¥ U FHIE Table 1
Ng(Normal) 21450 rpm
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E-mail: futamura.hisao@jaxa.jp 2.2 EIEEEROHEEH
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Fig. 2 Schematic of Turbojet Engine
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Table 2 engine station numbering for single
shaft turbojet
description
Atmosphere
Engine Inlet
Compressor 1% Rotor Inlet
Compressor Exit
Turbine Inlet Nozzle Throat
Turbine Exit
Exhaust Nozzle Throat
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Table 3 estimated engine design values

Estimated Design | dimen Remarks
Value sion
A, 0.0745 m?
Az 0.0193 m? M3 ¢es=0.5
A, 0.0238 m? Choke
As 0.0779 m? Ms 4es=0.5
As 0.0579 m? Choke
7 e 0.75 Arbitrary
7 ot 0.8 Arbitrary
Nb 0.95 Ref.8
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Fig. 6 Relation of M2 and Engine inlet air mass flow
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Table 4 Typical Engine Performance at SLS

unit Ground Idle SLS_Max
CDP kPa 169 544
EGT K 784 982
Fn N 881 8190
SFC Ke/H/kef 2.3 1.1

P_cell 101kPa, T_air 297K: 2001.05.29

98. 5%fE IE [FIHAH T 98%a% FH/E /1 b 96%HE 1) & R84 L T

2

ATF JE#5ABR TE O N5 B % Table 5 10K,

Table 5 Typical Engine Performance at ATF
unit Ground Idle SLS_Max
PO kPa 99 96
Tt2 K 301 300
Pt2 kPa 99 99
cDP kPa 173 499
EGT K 790 975
Fn_m N 827 6750
SFC Kg/H/kgf 2.7 1.1
Wa Kg/s 49 12.3
2001.06.05
unit M1.2 M1.2
Flight Idle Normal
PO kPa 40 40
Tt2 K 293 293
Pt2 kPa 69 69
CDP kPa 237 363
EGT K 696 958
Fn_m N 180 3325
SFC Kg/H/kef 1.6 1.4
Wa Kg/s 49 12.3
2001.06.08
unit M2 M2
Flight Idle Max
PO kPa 40 40
Tt2 K 390 390
Pt2 kPa 83 83
CDP kPa 218 319
EGT K 754 1010
Fn_m N -1705 761
SFC Ke/H/kef 25 1.7
Wa Kg/s 49 12.3
2001.06.14

Download service for the GTSJ via 216.73.216.204, 2025/07/04.

NG DOEIRT — % L ZDE % Fig. 4~9
RV TART,
Fig. 4 IZJEJIbE e OHEEAE & BIEM 277,
JEARREE T HIT = P A O~ M2 28 0. 35~F%
HEOBTEWHEEZ LTV (A), Hi L7 A RS
TIEM2 28 0.2 LR, JEAkS 2 AR &R Z—E U A
AA— M F a—27 Ffh2lilo 3020720, K
ERRN ST TN,
Fig. 5 I[ZHEAURE (ECT) OHEEME, ME M, & EEEZ R,
PELIRE (BGT) DHEE (22 T EE (A) 1T 200K~
400K BT~ 7228, =P A HREEEME (W) X
M2 23 0.35 L ECRWHEEAZ L CW\Wb, i ET A KT
134 — B AT v A E ORI 5720
EGT 287 < 720 SFC &AL 5,
Fig. 6 (2@ ¥ U 2250 ik Wa OHEEAE, TS E, & 1E4E
R,
TUVUAD AT A M YU BRI EIIAY
ARELENTEETAZ LIV ET A RAnBHi%
R E THEEHIARIC L —F LTV D (), iEEERRT
ORI~ AL VIR AT BT, £7-, ATF T
mi///ﬁm_ w2 E L CREOEEB A S
nNTnakbeEZbND,
Hgﬂﬂ%%ﬁh@%%@ﬁ%ﬁ%ﬁﬂ%ft
TV COEMHED BEIMEEE T &, M2 12K L
0. 4~FRFHRCHEE AR I — BT D, AP ZERULH IR
HNICETMEASNTEY M2 FYDLMEETHRITT A R
WU EDOVv—F 4 7T —H LTS,
Fig. 8 \Z LAt D EEIHE Wacr vs 7t c) OHEEE, I EMH,
EIEEZ 7T,
ALV OEEREI T T4 T A KAV EDOL—TF ¢
VT TEMBIHEINTND
Fig. 9 ([CHEE &= P JE AL BPR L #HE N DR %
Y,
Z =Rz MBI L TIZ EPR & BERERHE /) 1R BRI
HDHZEDMOENTEY WYI69 =¥ b R R
ZHLTND,

s

6. £&H

Vxy bV OVERRRIT FEICBI LT, BT
ReZp IR FIRE 2o i 72 Hik & LT, HARRAEE %
AW G o6 B & ERICEI VoM Lz, LY
W27 = — 2BV TIE, SAE U 0ichH s k5T
BN Om CIEEMERMBZIER, TR P E R R
~ v TERY ANDLENH Y, B 5 HRE DR
HLLITAMO XV EEOR VT Y U HREREE 1 7
T LY OREAND HNDEN, HEEREEEN ESED
TIFERRHET — X BMET, ISR CFD fi# T
WX VRS NENEET 5, Z 2Tl
R BIfRIZR 2TV B



23 XK

(1) AT, RATEBREANLY =y b YU oElR, F
U ZE 70 BR ZE BT S0 B 28 B, JAXA-RM-21-001(2021)

(2) P. Wilkinson, Aircraft Engines of the World 1970, pp.113

(3) SAE, Aircraft Propulsion System Performance Station
Designation and Nomenclature, AS775 rev. D, 2004

(4) Hill & Peterson, Mechanics and Thermodynamics of Propulsion,
Addison Wesley, 1992, pp. 100-105.

(5) HABAZ =V %8, HAX—E T4, 2013, pp. 14

(6) NIST & JANAF, Thermochemical Tables 4" ed., JPCRD
Monograph 9, 1998, pp.175, 643, 1324, 1621, 1745,

(7) N. Cumpsty, A. Heyes, Jet Propulsion, Cambridge Univ. press,
3" Ed., 2015

(8) D. L. Murray, W. E. Kidd, Low Cost Short Life Gas Turbine
Design, ASME 71-GT-69, 1971971

(9) J. D. Mattingly, Elements of Gas Turbine Propulsion, Mc
Graw-hill, 1996, pp.482-486

(10) SAE, Gas Turbine Engine Performance Presentation for Computer
Programs, AS681J, 2008

(11) J. Hodge, Cycles and Performance Estimation, Butterworths
Scientific publications, 1955

(12) J. Kurzke, Gas Turb 11 Design and Off-Design Performance of
Gas Turbine, 2007

(13) ZfHR, Yy bt 7 VREHIB T 28
FHVEEIZ OV T(Z D 3), FH 22078 B SRS T T BH 5%
%kl JAXA-RM-16-010, 2017

(14) JISaTE—, MZETR8E ¥ — e REeE, A ZE Bl

£, 1981, pp.448

Download service for the GTSJ via 216.73.216.204, 2025/07/04.



FAEBARATRI—EVESTFHEESEERE, 2021.10

(B E]

A-15

/N SOFC-GT A&V A I NV v Vv DiEgiiR

Starting Test of SOFC-GT Combined Cycle Engine

N FZT

S I A 152 % G A 7 NI £

PR R

KOJIMA Takayuki TAGASHIRA Takeshi OKAI Keiichi KOBAYASHI Hiroshi NISHIZAWA Akira

ABSTRACT

For the reduction of CO2 emission of the aircraft, research and development of the emission free aircraft is conducted in

JAXA. The aircraft uses the electric propulsion systems of which electrical power is generated by the SOFC-gas turbine

hybrid system. To realize the hybrid system, starting test of the small scale SOFC-gas turbine engine was carried out.

Combined cycle engine with 1500W planar type SOFC and two-spool 10kW gas turbine engine is fabricated. Control of

SOFC pressure was carried out during engine start.

F—J—F: Vv Uy, NT Uy Rz vy, E@fEdE, SOFC

Key Words: Jet Engine, Hybrid, Electric Propulsion, SOFC
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Fig. 5 SOFC Operation Mode

Table 1 Specification of SOFC-GT Combined Cycle Engine

Gas Turbine (Design Point)

Total Length 685.3 mm

Fuel Kerosene

High Pressure Stage

Design Pressure Ratio 2.7

Compressor Inlet Diameter 50 mm

Turbine Inlet Diameter 66.4 mm

Rotational Speed (HPC, HPT) 126,000 rpm

Low Pressure Stage

Turbine Inlet Diameter 85 mm

Rotational Speed (GEN, LPT) 30,000 rpm

Generator Power 10 kW

SOFC (Design Point)

Fuel Hydrogen

Number of Cell 40

Operation temperature 700 C

Power 1.5 kW
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Heat and Power Supply Demonstration
Applying Hydrogen Dry Low NOx Combustion Technology

ORI BT lhp IEAT KRB BT RR BT OEAR ST

HORIKAWA Atsushi YAMAGUCHI Masato OGINO Tomoyuki =~ ASHIKAGA Mitsugu ~ AOKI Shigeki

ABSTRACT

Kawasaki Heavy Industries, LTD. has research and development projects for a future hydrogen society. Within the
development of the hydrogen gas turbine, the key technology is stable and low NOx hydrogen combustion, namely the Dry
Low NOx (DLN) hydrogen combustion. KHI, Aachen University of Applied Science, and B&B-AGEMA have investigated
the possibility of low NOx micro-mix hydrogen combustion and its application to an industrial gas turbine combustor.

From September 2020, KHI started the heat and power supply demonstration operation by using micro-mix hydrogen
combustion technology in the hydrogen-fueled gas turbine co-generation power plant in Kobe City, Japan. Through the
demonstration period, from September 2020 to January 2021, power output reached to 1800kW, NOx emissions were 60 ppm
(02-16%, 60 RH%) , and equivalent operation hours became 1040 hours . And gas turbine efficiency was improved about 1
point comparing with water injection NOx reduction method.

F—O—F: HRE—E, KFE, 2V Rl—rar, NOx, EEHHE
Key Words: Gas Turbine, Hydrogen, Co-Generation, NOx, Efficiency
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Table 1 Summary of engine demonstration

Test Period From October, 2020
to January, 2021

Number of Engine Starting 55 times

GT Operation Time 254 hours

Equivalent Operation Hours 800 hours
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Differential Pressure Estimation for Gas Turbine Air Intake Filter
with Consideration of Atmospheric Environment

O

OZEKI Takayuki

ABSTRACT

RS R

FUJII Tomoharu

AR R

MATSUI Yohei

In gas turbines, many air intake filters are installed to prevent damage and deterioration of the compressor due to suction

of dust in the atmosphere. For reducing the cost of replacing these filters, it is necessary to estimate the increase in the

differential pressure of the filter, which is the reference for replacement. In this study, we described the relationship between

the differential pressure and the dust collection amount of the filter based on the drag theory. Moreover, we proposed a method

to estimate the dust collection amount of the filter used in atmospheric environmental conditions. The test in which the air

was continuously ventilated through the filter demonstrated that the dust collection amount estimated by the proposed method

was in good agreement with the experimental result. Furthermore, the experimental results suggest that the differential

pressure of the filter can be estimated from the dust collection amount of it.
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BREL, ST, MR

Key Words: Gas Turbine, Air Intake Filter, Atmospheric Environment, Differential Pressure Estimation,

Dust Collection Amount
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Fig.1 Test equipment for GT air intake filter system
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Case Test period 1 Test period 2
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31 air intake filter

HEPA filter
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Development of Oxide/Oxide Composites Using Continuous Zirconia Fiber as a

Reinforcement
R/ BRET R FT #JF R
HASEGAWA Yoshio QIN Qing TETSUI Toshimitsu

ABSTRACT

Development of the ceramics matrix composites (CMC) which can be used at higher temperature than
SiC/SiC composites is being advanced. It is expected that oxide/oxide composites bring performance
improvements of a jet engine. In this research, the heat-resistance of continuous zirconia fiber by dry-spinning was
improved through molecular design of the precursor polymer and optimization of the calcinating condition. Then the uni-
directional reinforced composites (1D-CMC) using improved fiber with BaZrOs-matrix or YSZ-matrix were prepared, and
the flexural strengths were measured. By evaluation of the relationship between the flexural strengths and the properties of
fiber/matrix interface and the improved fibers, the applicability to super environment resistant and high strength CMC as

reinforcements of developed zirconia fiber was estimated.

F—D—F: Py bI oDy, WK, Ua=TidiliE, R, B REASMEL i
Key Words: Jet Engine, Dry-Spinning, Continuous Zirconia Fiber, Fiber/Matrix Interface, Oxide/Oxide Composites,

Flexural Strength
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Fig. 1 Fabrication process of 1D-composites by PIP method
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B L R Ar T ASRFSKH, 1000°C THERL L T
U7 4 —LZERLT-, BazrOs 3= v T D ZB-
103JM-A, 8YSZ [ZA X —7 7 A v —tL# D SL-455 % H
W2,

Z D%, 5mol% Y0 & G/ T D K Oy FkEt L Th
% L 72 5YSZ HiBEIRAR U ~—D 80wt%F o L U IRIE & H
WCHTBEIR O F R L BERL & 1T 5 PIP ( Polymer
Impregnation and Pyrolysis) £ C—RILi{k CMC Th 5
I=ar A Yy b (ID-CMC) Z{ERLL7-, PIP 1%, /T
T CHIBRAIRNE & &im S 7%, 85C D EFIKAR S 7
KT 0.5 RRHATEAD AL 2R S &7l L.
S HICEIR, KRAEKIE A G0 K U720 HEER T
HEVNHTEERAEZ2E#D KT HETI=a R Ryy
N ERIC SYSZ BIBAMN S AT 2~ MY > 7 A&
ST, BEAGIEE LT 1000°C THERR 2 ik & L=,
F 7 BERRIRPH AL, AR T Ar RFEA L L 1ID-CMC
HFIZZL DT PICRFEER ST LR EMFI LT,

Fio. AEAMEIOFHEA & L COa LRSS
7ol RRROIERIFIE T, NGS 7 RNV A R 7 7 AN
—(#F)D SiC f#if. TypeS. & M\ T 1D-CMC (SiC/SiC)
PIERLL 7=,

BonizI=a Ry y bOFHER 3 Ak RER, W
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> SEM BIEET, BRIE & #iED5] & ki) 0% O B
7 AT % 2 & T 1,

3. ERBRBLUBER

3.1 Yo7 ZRiEHMH

ARETCIE, T TITHE LT 5 HESREE 2V RS Sk &
WCEVIET LW & PRI D RIBREOD S R 21T,
THDOF T U RO R T S 1L B RiTBRAHEHE
PN/ & S RN o S AN N Y i g SN
MitEME D B LA R E B & Uiz, ZORES, &
FER B SN THEIC O W T, EAMBHME & 32 L 7=,
Table 1 12, fERD e b S A7 AIBEIA & PCS Z HsAN
U 72 ABE R DR R S th 2 R 3, R D 7 |2 BIfE T
EMBRE T v ADORBBITHOIL TV L ES & TAH
APED R Y VAR T (PCS-UUH) DFLHRT —
HHoR Uiz, BR MR, Zr-Y(0.1)- Al(0.1)-Si(0.01) -
070+PCS(0.1)D 81wt% DIREDIGE A FRE | KRB IAREA
IZx LT PCS-UUH VL EDENE A, #h5RMEIT R AT
ThHhoHIEEHR LT,

Table 1 Dry-spinning condition and the spinnability

Concentration| Temperature . -

Precursor St /°c Spinnability

Zr-Y(0.1)- 775 (RT) 4278
AI(0.1)-Si(0.1) -

061 78.0 (RT) 1168

Zr-Y(0.1)- 78.0 5 748
AI(0.1)-Si(0.01)
~070+PCS(0.1) 81.0 35 40
Zr-Y(0.1)-077+

PCS(0.05) 78.0 30 680

PCS-UUH 56 (RT) 168

Wikt OMEHEIL, SR KZRRULER  (LAtE RE s
Curing, &EFT %) &KV fKEZ T DATEEAR Y <
—O—BOESTREREDED NS, Thebh, KRRt
VR & 1T, & BICHIBRAAR U~ — DKo ki & % itk
B EIEEARVE, Rabz EEBLT 5 7 LD Z & T,
TR BRI 20 BB H TR A7 D AR IR L A DK 53 fiR
2RV S LiRHEAMC i 9~ 2 5803 5, Fig. 2 12,
FEHRFIAR T 1000°C THF & A7 ke O AR IR EE & ik
MEDOBIIE Y BRI & ORRZ /RS, ZOfR, REMLIRE
1% 95°CLL L CHMEDSREE 2 ) | L, miRIE & & BTl
FEIIRE L 2B Z LR ST, KIR, 37eb bR
(bR THEMEIRE 23/ S WIREIE, Fig. 31277 K91
WA RN ET D EB 2 LND, BIRTRAMEL
EHBEIX IO X ) BRI SN tD, Lizhio
T, B FAEHED 72D DO REMESIEIE, 125°CT 1 I
MRS LT,
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Fig.2 The relationship between the curing temperature

and the tensile strength of zirconia fibers from Zr-
Y(0.1)- Al(0.1)-Si(0.01)-070+PCS(0.1) heat-treated
at 1000°C

(b)

Fig.3 SEM photographs of zirconia fibers from Zr-
Y(0.1)- AI(0.1) Si(0.01)-070+PCS(0.1) cured at (a)
45°C and (b) 125°C followed by heat-treating at
1000°C in N2 atmosphere

ZOX T, WHETICMEDORERSEFE L, ML
BEZEEILTD LIk, REF CHMREIT- 725
AT 1300°CREEE LL_E T o Sl CRkHER O Rl g % [l
LT ENTE,

TRHEP ISR T D IRFBRUY T, AR Ol O E
mOHTE . ZTNETIELN TV DRIBMAR Y ~— DR
bz o, KEPCOBRERSIRHEL (7 I v 7GR
BLE 6Twt%) ®L O/ HHEE Lz, 125°CTAMIL
L7 D ERZFEEK T TOL T I v 7 IURIZAE RS
Mo, 10000CT 73wt% TH 0 FRE T D IR FEATIT,
B2 OW%FRE EHEE T X 72, L7adio T, HARMICIE,
HWHEIBR L R E T 2 v 7 ATHER SN TS B X T
S EHIr L7z,

— 05, BIBRIAR R ICAEET D Al 35 L O Si A4y i3, 1300°C
UL EOBR Tk ORI R E R BE 52, SDITR
FRRST DIFAE T Tt Ml O B IR L S Sk
S I U TR R RIS IURIZ 72 D Z & Ny dao
7= (Fig. 4), T7ebb, RENEH L WiE (RET
BERCREHE)  CIIAE T i OB & KB D ZE LN AR
L2l —H ERFERHRBER CIEZELITBIE ST,
HEHEII PR T OB SIR DO £ £ TH D2 ERPBERL TIE,
U AT AR E &I e 22 AL AR BLI X Tz,
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(b)

Fig.4 SEM photographs of zirconia fibers from Zr-
Y(0.1)- Al(0.1)- Si(0.1)-061 heat-treated at 1400°C
in (a) air and (b) N2 atmosphere

Fig. 512, (Zr-Y(0.1)- Al(0.1)- Si(0.01)-070 +PCS(0.1))
DHERPEERCHELNTMHER 0T 4 Ah—0
SEM BEE % 5T, UA AB—DAEKE & bHITHEHER O
ME LRI o7z, ZORRIZBERFTCTH DM, Zr-
Y(0.1)-Si(0.01)-077 +PCS(0.075) TlI & Bl S 72 o
oo LIEW o T AR 25 LA IIXERA TR o
DELHE Z Y LT VS DR E 2 B, CMC D
HALMEHE S LTI R TH D 2 EBRIE ST,

Fig.5 SEM photograph of the whisker formed on the
zirconia fiber strand ((Zr-Y(0.1)- A1(0.1)-Si(0.01)-
070 +PCS(0.1))

ARFT T, OB E Ar BT TITo A
Wi, BEACE OMEHER ORIAS 3 L OZEALD AR, ¥ 1 A
T — DRI AR < B S 3T CMC AR biME & L Cix
Ar BRI P BERHE S il T D LTI 2, LanL
NG, ERPHERMHED 1000°CHERL TH AT Ar FhE
B & RIS ORFEOMHETH D LI L, IR TORMERT
fliFH D CMC Dbl s L CIIEAT 22 & & L,
3.2 2TzavkRTy b

1D-CMC TERLINC Ak L 72 ke 0 Bt e s L Ok
% Table 2 (27~ LLEEOD 72 DI KK FBEARL L 7= e DR
B4 Ze-Y(0.1) - AL(0.1)- Si(0.1) 061 7> 545 5 AU 7= filHEIZ
WTHRLE, £7-. 1D-CMC BAEEOA FPE 2R
D72V Type S DF[HED MR LR LTz,



Table 2 The preparation conditions and the tensile strengths

of zirconia fibers as reinforcements

Table 3  Characteristics of 1D-CMC

Flexural
1D-CMC Precursor |Interphase|V¢* | p* |Strength
/MPa
Zr-Y(0.1)-
CMC(ZB)-1 |AI(0.1)-Si(0.1) - — 0.24|0.13| 149
061
Zr-Y(0.1)-
CMC(YSZ)-2| Al(0.1)-Si(0.01) - 0.29/0.32 62

-070+PCS(0.1)

CMC(Ysz)-4| PCS(0.05) c  |o26l025 137

Type S/SIC PCS C 0.31/0.23| 674

Curing Calcination .
o Tensile
Precursor temperature [temperature/°C trength/GP
/°C (atmosphere) streng @
Zr-Y(0.1)-
Al(0.1)-Si(0.1) 85 1000 (Air) 1.11(0.41)
-061
95 1.01(0.69)
Zr-Y(0.1)- 125 1.20(0.44)
AI(0.1)-Si(0.01) 1000 (N,)
-070+PCS(0.1) 150 1.25(0.54)
200 1.15(0.57)
Zr-Y(0.1)-077+
PCS(0.05) 125 1000 (Ar) 0.95(0.29)
Type S - — 3.18(0.87)

ARFFECIE, M bAHE S L Co v a =7 Rk,
FTCICHE L7 EE & ik (~Fonryrrm—ik)
®T, Zr-Y(0.1)- Al(0.1)-Si(0.01) -070+PCS(0.1)3 L O} Zr-
Y(0.1)-077+ PCS(0.05) > & 15 & 4172 #iE s O #1112
10000CCTC &Za—T 47 Lz, TypeS IZh REED Sk
TCa—7 47 LTz,

Ca—7 4 > 7 LI=#fi#t > SEM 5 HE %  Fig. 6 |~
BEZ 1~2um OELDO C 2—F 4 IR LTH
LT ENERTEI,

Fig. 6 SEM photograph of C-coated zirconia fiber obtained
from Zr-Y(0.1)-077+ PCS(0.05)

Table3 |2, C a—7 ¢ > 7 %&£ L T 7AWl % A
W72 CMC b & OERLL 72 1 D-CMC O#EHES A 2R (V) |
SALE (p). BLO3 M MELZ RS, Yra=T%
CMC @ Vi B LW p ITffkiER L~ MY v 7 ADEEN
RREDT=, 7T 5g-em™> & LTCWDH I L filliER
ENEMICIETE RN &R B bR KRE VR,
AOHRZE L TORET—X L7205 5,

Download service for the GTSJ via 216.73.216.204, 2025/07/04.

*Densities of Zirconia fiber and the matrices were

estimated about 5g-cm™

FF ARHFIED 1D-CMC OIERITIER X Ol D %24
PE% 1D-SiC/SiC Dl 3R CHigt L7z, Fig. 7 12, Type
S/SiC DAMAEHE %73, fthod 1 D-CMC b RIARICIER©
70, 3 RHEIT B HREHT 2 ¢ X110 OFEND 26 X
50 OFERZ 2 ALY H L TERI L 72, v 3 =77 5% CMC
TITAUBHERIL 1.6-1.7 I L TV D 2 & AR LT,

6
Fig. 7 Photograph of Type S/SiC

Fig. 8 12, 1D-SiC/SiC @ 3 st FakBR DIt - iR %
T, BRI RS I XHE SR PIP 7% SiC/SiC TG & T
WD IR D L [§4 DL EOfETdH D 700MPa L E
oL, ol 2HIT b+ oEETNDZEERLT
Wh, Thbbh, RIFRICE TSI =a R Yy hOfE
BT 1 D-CMC DR 2 RE 32 72 1258 L7 ik
ThHEER D,

Db a =T RHEC K D 1D-CMC 0 BT R BRRE SL &
Fig. 9 3 LU Table 3 1277 L7z, HHIFIRIE (X Type S/SiC &
5 &, MRVIRVMEZRLTWDR, ZOHBT
UTFOE2BEZLND,

FPUBHET O UL = T EHHE L, Type S & FEX,
RMER DN SBEE DN E < (BE U 72 s fgeidlote A 1 s
Jis 7D R CHERL L TRl O #EfE A & 1E T 5 TR R IR D
72D ThD), I=aFRYy MO ViZ KR&E<T5HZ
ERRNEETH D, EBE, Table3 (TR L7z & 21/ EWVME




Lo TG, SHICKERRKE LT, Yva=TRk
TEHEDTREE DS Type S L b, E20 e D /hI N &R
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Fig. 8 Stress-strain curve of Type S/SiC
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Fig. 9 Stress-strain curve of 1D-CMC using zirconia fibers

as reinforcements

LOLBRRN G, KRS TR, o BRETH LUV
=7 % CMC O#iIF A 300MPa [ZITVMEE 1S5 Z & A
T&7, ZOEROZDICIE, WHERE L 2GPa LI E L
THZE b, RmEe UCRFERE L @R CIIERS
FCX Yy 7REEH DL VEZIE LTI v 7 AEE L
THRESH D Z EORMETH DA, ZZTERLEZ1
D-CMC DB~ 6, C Rl OFIMES R TE
72

Fig. 10 {2, 45 1 D-CMC O #hiF B 1% DA ia © SEM
FEE5RY, C REEx a4 25 CMCEZB)-3 8LV
CMC(YSZ)-4 TI3AWrim 2ttt O 5| & $1F 23 B2 8LH)
TX, Fig 9 O S-EBlfroOZFEER & K< —FH LT 5,
~ Ny 7 AbHEMIC RS i TW D,

—7J., C REfER LD CMC Tid, ~ VU v 7 20k
RIKEL THHEE ~ R U v 7 2D O E A ORREECZE
BEARD5ND, CMC(ZB)-1 TiX, e 5] X ik
MBI S AL, Z AL, Table3. Fig. 9 C. Hulefl &gk
THHILLEBEBRLTVWDLIICAZD,
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XKZBA 188mm

CMC(YSZ)-4
Fig. 10 SEM photographs of fracture surfaces of zirconia
fiber 1D-CMCs

CMC(YSZ)-2 Tl 05| & i 3@l =9, Kok
JECT IR Th D L T D, ZOBRIT,
T OO THERGE, Fig 11IRT L2012, s~ Y



v 7 AR OREEZ S 5 LEEL BT 2 & CMC(ZB)-
I CIHdERmE ~ Y v 7 2A0BEFITEESET. oL
AX Yy v TN TETCWDEIICR 2D, — 7,
CMC(YSZ)-2 Tid, fikiERm &~ MY v 7 ADEER TI,
YSZ X YSZ HiBEIAR Y ~— DR TR S
5~ bY w7 APMHEREICEZ L TWD I ENbad,
O LTS E D TR T E 20, MatEfkEE o7
RThHdEEF25,

CMC(YSZ)-2

Fig. 11 SEM photographs of fiber/matrix interface of
CMC(ZB)-1 and CMC(YSZ)-2

INHORERIE, Bk L= L 9T, 5%, SiC/SiC LD
MHEMEIZEN - TR R CMC OBIRO—2> 0 FmtEs
FRTEY v SREE,. HDHVITLIVEREEORREIC L
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MLV =T RME L EE LI WD EERAL.C R
HEOFATTLVEETY N v 7 AE B SE20
H, ¥y rREE. ZLENEREICIT 52 LT,
BT & D BRERRLY R CMC 22BN ARETH D &
THEIND,

4. FLo

B EANERR LR CMC DR R bigkie & LT
F O RIC L B UL a = 7 Rl O THEWE O
WEE, BIBREROS TR L O, ARMEAE, BEks
P& 78 & Ok E1T 5 2 &2 L 0 FEhE LT,

Z O E LA AT, 1D-CMC THorI==2
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Damage evaluation of SiC/SiC composites using laser holography for vibration
measurement system
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ABSTRACT

A

TANAKA Yoshihisa

FH B
KAGAWA Yutaka

Damage evaluation of SiC fiber reinforced SiC matrix composites after tensile loading-unloading was repeatedly conducted

using laser holography system for measuring natural vibration frequency. The result showed that this system can detect

degradation of elastic moduli in its early phases and provide a precise nondestructive testing.
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Key Words: Jet Engine, SiC fiber reinforced SiC matrix composite, Damage evaluation, Nondestructive testing, Tensile test

1. [ECHIZ

SiC #HEIR(L SiC <My AEEME (LT SiC/SiC & R
T IIMUZEREY oy by v ORI & L C o A
HEiL, Atk EAGEITAHINT S 2 LB AAER T
%, SiC/SIC D A LT 5 T2 DIT 1L, 0N 57 26 8h
R AR LIS HEME A 1) b S5 72 O IR A 2SR AT R
Th D, ARFGEIE, v —kn)" 574-T35 (LT T35 &
9 &Mz SiC/SiC OREFHIICED 2 D TH Y |
Rl B BRI R 35 1 2 MM SR D 28 b & IR R e A
A& UCEHAIT 5 Z &1 & v iR o 15 2 411 Be s
D ERMICEH T 5 2 e 2R BT b D TH S,

2. & SiC OIERAKE

T-#hEt1E. Optonor #-H! VibroMap1000 % V7=, Z D
THERHZIE 5320m D Nd:YAG V=" =% AT T 0
HXGRY ORIIREE 2509 5, B ORIx, 55
AR (Tektronix : AFG3022C) 12 L 0 iBRIKICEERS L7z
JEEF T (TDK : PS1550L40N) (ZHEIE 6V O IEH % 5
2 THTo Tz,

WO BER L& U CRME SR O B 72 248 SiC (R
7 SC211, BPESR E : 430GPa, I p : 3.2g/cm?) O
HHT 3 L OMHEE O 1 kD 3 ek ToOIRE N (L
Thi~f ERRT) ZFHIL7Z, BB o~TEE BE )
120mm, 1§ () 15mm. JE X (h)3mm T. ZOuHHICE
BHRFEEE Lz, B 1ICRBRA 25T, FHIE, ol
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DIRNT)=T)=DIRRETIT o T, I TliX, B & LRSI
WCHEEZE (b A, £ L CHEICHE, 18 SRS i
B 720 (b-h i) % bR S ¥ CEER &2 LKt
ZEHAIL 7=,

B 1 Zidh SiC Wi
VISR LT fi~fs 2T, Wi 23— Th v,
T 3 L OMR B O LR A UL, FhE kA TRk E
LM,y TIREDFRETH D,
i Oh) #RE)

/12 EI bh3

f=51 o4 (H2) (1="5,4=bh)

ol (ft) HRE

L E ()
f 2ml |p 8
F 1 LA SIC ORI 5
Zez | SHEIERES. | EREEH | rYr2
£ (kHz) fLkH2) |Ew#=oH)
1 2,440 2.480 0.968
iiilvg 2 6.750 6.834 0.976
3 13.250 13330 0.988
1 47.1 48.260 0.977
e 2 95.6 96 520 0.981
3 143.7 144.780 0.985

K —FATFH () & PR A B (L) D 2 I T,



BPEROEZRL TWD, IO FUEHTHM L 725k
FITFRRMICKT L TR 3% D2 Th o7, K 2 13#hiF o
fin~fs LA OIRBIE-N TH DD EOREIT-L ( fi~f)
WX _CRBR o (b-h i) 2 B FIEET 5720, fi
DHZ R LTz,

Amplitude
- ~ MAX.
#h(F 1R :2.440kHz ;

.

(2R :6.750kHz

S

BH (F322:13.250kHz

B312:47 TkHz
MAX.

2 IR LOE RS-

3. SiC/SiC aaA MO EIRE B

SiC/SiC 1%, k¥ (NGS 4k : =huy) op-K va-54v)°
%12 SiC v} y/2% CVI (Chemical Vapor Infiltration) WLER
L7=bOT, BEIX2.14 (gem’) ThHolz, X3 ICHBR
Fro~HERRT, 112, 5liEREE (MTS £t : Criterion
Model 45) T 6MPa % TOZIERER (Juasy b at =} -
0.05mm/min) Z17\V>, 2MPa T DO AFEN HEE O 720
OIHEEPESR Z 110GPa & ked7=, = LC. #im (b-h M)
WZIEBR T a5 L, 2k SiC AR A ZFRIL, 2
AR R L LT, RIZ 60MPa E THEMGE1T
W, BRI fi ZRHI L, Z OO 90MPa % TO AT
(F45y 30MPa) %179 Z &% 180MPa & TV IR L7,
B 4 (ZAMBRARBROGD-ERKCTH D, BT IE.
180MPa D Fafaf i H CHINr L 7 72 O BRA 7% D FHHIT 4 A
DI THREETH - 7,

B 5 1%, EREEE (f4) BLOK 4 OAELOZELD
HROFEMEROK N CTH D, HENIE T, MO RIH
WYERNSDIRT 273, KB o Eau X, X 4 O
DOFAMRFIZ 2MPa (UT O A 5K D Fz kR (1
) R (110GPa) THRLZbL DO TH D, EoLld
AT &L BITEAT D, K5 O AFSISINTBIT S
FHEME (G5 2 FERYMED 2 FTRLIZ LD TH
1 ERBRICTEMER O (RF) 227, ARG EED
W T 228, EaL &I13ERR>TnD, ZOEBIX, Ea
WERBR A OATES (5 =Y & 30 mm) OFEPEROEKT T
B0, fi 1T 2RoHEE (W) oK T ThD
Rk D, B BARTIEIZE R HEIEROK T 24
EHPEDIKR T E LTHRIHTE 2 2L &2RB LTS, X
A rea (X FAMIGS O EaL & FATHE O GMER & LT
A IREEHEMENT (Abaqus 2021.HF5) (210 BAEY . FHHIE
FARICHISMEIC /92 2 e (KF) 2RLEHOTH
Do BWHEIT4 AV VEZRZEZ AV, fyvald Imm B+ & L
Tz EHRITIX. X4 OATERATIC X 0 3BT O AT O
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Estimation of operating temperature focusing on YSZ-monoclinic phase of TBC
in an in-service gas turbine blade

ABSTRACT

L *
Ot
TAKAHASHI Satoru  OKADA Mitsutoshi

FE A2 PhEE BT

ITO Akihiro

Plasma-sprayed YSZ (ZrO2-8mass%Y20s) coatings, which are typical top-coats of TBCs (thermal barrier coatings), were

thermally aged at different temperatures and times, and the changes in microstructure and crystal structure were investigated.

As a result, it was found that the monoclinic phase of YSZ appeared as the thermal aging progressed, and the fraction of

monoclinic phase increased with increasing the thermal aging temperature and the thermal aging time. Using these data and

the Hollomon-Jaffe parameter (HJP), an approximate equation was derived to relate the fraction of monoclinic phase and the

thermal aging conditions. According to this equation, the operating temperature of the blade was estimated based on the

fraction of monoclinic phase of YSZ detected on the TBC of the blade used in the 1300°C-class gas turbine. It was found that

the operating temperature was higher around the leading edge of the blade.

F—T—F AT —T ¢, R, HEAME, BRY, REHEE
Key Words: Thermal barrier coating (TBC), Crystal structure, Monoclinic phase, Aging, Temperature estimation
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Table 1 Sprayig process conditions

Code Coating powder Spray process
YSZ-C | ZrO2-8mass%Y203 APS

YSZ-P | ZrO2-8mass%Y203 APS
+Polyester + Heat treatment




Fig.1 Typical cross-sectional microstructures of two types of
YSZ coatings. (a)YSZ-C, (b) YSZ-P.

Table 2 Aging conditions for two kinds of YSZ coatings

Code Aging condition

YSZ-C | 1000°C x 2, 500, 1000, 3000, 5000h in air
1100°C x 2, 500, 1000, 3000, 5000h in air
1200°C x 2, 500, 1000, 3000, 5000h in air
1400°C x 2, 100, 300h in air

YSZ-P | 1400°C x 2, 100, 300h in air
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Fig.2 A cross section of the blade used in actual gas turbine

and several sections cut out from the blade.

Fig.3 Typical cross-sectional microstructures of aged YSZ-C.
Aging condition : (a)1000°Cx500h, (b) 1200°Cx5000h.
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Fig.4 XRD patterns of aged YSZ-C: (a)1200°Cx2h, (b).
1200°Cx5000h.
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Fig.5 XRD patterns focusing on the monoclinic phase for
YSZ-C aged at 1200°C.
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Fig.6 Influence of aging condition on monoclinic fraction.
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Fig.6 XRD patterns detected on the section Al of the blade.
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Fig.7 XRD patterns focusing on the monoclinic phase for

several sections of the blade.
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Fig.9 Relationship between monoclinic fraction and HJP.
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fraction of monoclinic phase of YSZ measured on the TBC of
the blade used in the 1300°C-class gas turbine.
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Delamination Conditions of Thermal Barrier Coating
subject to Thermal Cycling under Temperature Gradient

ORI AT ALEE T SiE R B &
OKADA Mitsutoshi ~ KITAZAWA Rumi TAKAHASHI Toshihiko OZEKI Takayuki

ABSTRACT

Thermal cycling tests are carried out under temperature gradient using specimens of thermal barrier coating (TBC). After
the tests, vertical cracks in topcoat grow in the direction of coating thickness, and transverse cracks in topcoat, which lead to
delamination, grow in the vicinity of the interface with bondcoat. Under the condition of 1223K at substrate surface with heat
flux of 1.39MW/m?, remarkable growth of transverse cracks is observed while the growth is slower at lower temperature
conditions. The transverse crack growth is evaluated using energy release rate based on Hutchinson’s manner. The energy
release rate is also calculated for TBC on an in-service blade of F-class gas turbine. The result of a numerical simulation for
temperature distribution of blade is used for the calculation. The conditions for TBC delamination are discussed based on the

energy release rates in the thermal cycling tests and in the in-service blade.

F—O—F: Rz —vr, EEa—T 7, T IREAR, BV A 7, Fa Tl

Key Words: Gas Turbine, Thermal Barrier Coating, Delamination, Temperature Gradient, Thermal cycling, Life Estimation
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Fig. 1 Schematic representation of TBC test specimen

Table 1 Chemical composition of Inconel738LC (wt%)

C Si Mn Ni Cr Mo
0.09 0.02 0.01 Bal 16.00 1.70
Co w Al Ti Fe Ta

8.48 2.54 3.52 3.45 0.06 1.74

Exhaust gas Plasma Gas supply

generator

dq
I

TBC spec1men/H/ Coohng

Specimen water
Cooling water
holder & Power

Chamber

Cooling
water

Fig. 2 Schematic representation of High heat flux test apparatus
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Table 2

temperature gradient

Test conditions of thermal cycling test under

Temp. at Temp. at topcoat
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Fig. 4 Morphologies of cross sections of TBC specimen after the test under test condition 3

(Substrate surface temperature: 1193K, Heat flux: 1.31MW/m?, Topcoat surface temperature 1623K)
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Fig. 6 Morphologies of cross sections of TBC specimen after the test under test condition 4
(Substrate surface temperature: 1223K, Heat flux: 1.39MW/m?, Topcoat surface temperature 1673K, 900cycles)

Fig. 4 1%, #BRZEM: 3 EMRmEIEE : 1193K) R
@ TBC 35k 7 7 i AR Lk O FRAH % 7 97, Fig. 4(a), (b),
©)IF, FNFh 300 ¥4 7 A%, 900 FA 7 A%, 1200
PA 7N EORF AR, T OO X ZOREH % 84
L, EHEIZWELEZ, KIZRT L5112, #Bgo b
v 7 a— ML, by 7 a— ORI FIZHEET Dt
TR ELTWD, =L, MtExdx, ry7a—+
LRy Ra— MAmEIFETER L, Ay Ra— MRS
M~ E LT B & 83y, fMtxR®oRy Ra
— MBLOEM~OREE, hoRBREFTHEESN
emot, £, by a— /Ry Ra— M@y
TR ET AHEANEELTRY, oM
1%, REEFEO by a— MR EREL TS, MER
DEEL, IBOBEREGERT L LICE-T, by
7:wh0)i<%ﬁ75>ibé<‘:%x6ﬂé MEgL, it
FROTICRETL2MEMICH Y, #HEEHPREEEE T
RET D&, Zhi EILTE%W#%E?ék%K%
N5, BREREME 3 TIE, 300 Y1 7 VLI, FRCMITH
FL, 1200 14 7 VT, B{EHOKERESIE, £ 1.2mm
Th b,

Fig. 513, #UBRSGME 1 CEMEREIRE : 1113K) T 900
P A 7 NRITE T D TBC #BR A Wi SRR O B4R %
AT, ARBREMTH, RBREO by T a— Mok, it
THLBEANAEEIND, %o%%&»f@ﬁ%%@

Download service for the GTSJ via 216.73.216.204, 2025/07/04.

, ARBRSE 1 THY 0.8mm, FRBRGME 2 (GEH
1153K) T#J 0.5mm TH 5,

BSR4 (M FRAEITRE - 1223K) T 900
P A IR T D ERE O TBC #AER 7 I8 i o0 #A 5%
OMZETRT, RBREBEO by 7 a— MTiE, MM

TRPBIEIND, ARBRM T, BEZUE, 300 W
A I NETH, MORBRSEM L X CTHFICRE LT
2o EBIT, 900 A 7L A 7 RRICIE, REEZNT
2mm LA B2 LT 5

Fig.7(a)3 L Ob)iE, 3l ics 72 by Fa—kf
DOEEHDOER R EB LR ARE S #ELEhRd, &
WL=L T, Mex2E, by 7a—reR Fa—F
RUGEECIEET 20T, RKMEHESIE, by 72
— MNEXLITFThHY, FHHEE AR X8 L OR K 2

RRESIX
FEE
Fig. 6 I,

E Xz, BBREbicEbL L9, BEERMEMIRD LN
AN
Fig.8(a)is L UN(b) 1%, &-akli i OBIEEIIC 1T 5 k>

Ta— MOMEX RO PR IBIORKESEZZNE
TR, RS 1~3 T, BEE Ao E I iR
MHDHVITIER- L TEY, 1200 Y4 7 V1% THERKTH
1.2mm Th b, —JF, #BREM 4 TIE, 300 A 71T
BAMEAESIE 2mm DLETHY, TOHRLEEL,
900 YA 7 L TlE, Smm L ETH 5,



—B- Test condition 4

-{- Test condition 3
--A- Test condition 2 -~ Test condition 1

Number of cycles (cycles)

(a) Average length of vertical crack

E 500 E 500
¥ ¥
&) [ 7
S 400 S 400 ;,- — =B = |
o r — . T ee———
3 p——a— | 8 fe e
5 VL P 5 /-
< 200 + ;;’/f/ ~ %200 - /U
= /) b 1
2 900 - =100 A
g }’/ S /
s s £ :
g 0 — ] . . 1 L i | 0 ﬁ 1 . L L L ; )
< 0 300 600 900 1200 § 0 300 600 900 1200
Number of cycles (cycles) Number of cycles (cycles)
(a) Average length of vertical crack (b) Maximum length of vertical crack
Fig. 7 Vertical crack growth in topcoat
— Test condition 4 - - Test condition 3
- --A- Test condition 2 —%+- Test condition 1
£
1 —_~
2000 | £ 6000
5 P
o ':] © 5000 + /_,//
® 1500 f g 3] ~
o 54000 |- Ve
g 1 5 ‘
S 1000 - >3000
E Ju ° .
s . L 52000 | Ve
o 200 = T T e 5 |
S s - = ;.’ﬁ = — -
% S E1000 F T
o S - — £ S - e EES R A
© 0 &= e b L = =T 1 L |
E 0 300 600 900 1 200§ 0 300 600 900 1200

Number of cycles (cycles)

(b) Maximum length of vertical crack

Fig. 8 Transverse crack growth in topcoat

. REAETRY A IIZLSDTBC X< BKE

2ETHATZL DL, IREARL TS A 7 VRETIE,
by 73— FOES HEICHEE HBEE L, T itim
WFIZET D L, by 7 a— FiTHUE S O E A
RET D, TOMESED, lE - T2 LTI
WELDEEZLND, £T2, RESERM 1~3 TiE, B
HORRIIEE TITRVA, RBREM 41280 T, M
HPRESHEELTND, ZOF<BELE B E R
BT D82 W 60T IIE, 1Z<BEREL 25047
T2 LiledBEABND,

Hutchinson &U2-093, JREAR TIZH51F 5 TBC DI

Download service for the GTSJ via 216.73.216.204, 2025/07/04.

< BED G2 13 < B LB e = ROV — ORLE D DR
L C\ %, Hutchinson Dz IZE 2 5 &, BEL
Bl N OB A 7 VA TFIZRBWT, @RIl TBC
N7V —=F U TCUSTFER L, HERICHEE R4 L,
ZIMBREE R EE T 209, i 51%, Fig 9 (KR T
ETNEREL, MEHORESRMEEZBRFLTND,
\RTE T VIE, Fig 4~Fig. 6 (R LIZ XL 91T, 1REA
Bl TRV A 7 VRSB D by 7T a— Mot L
BEAOBMERE L CWD EEZLND,



Vertical crack
T sur(Temperature at topcoat surface)

Transverse
—

crack

Topcoat |T

T sub(temperature at
substrate surface)

Substrate

Fig. 9 TBC model to analyze transverse crack growth under
temperature gradient (204

ERRANEARE 2> & O m ANETRE TIX, JEp & oBZRRE
WD BUS EIRE AR X > THEC LIS AN EE L
Thy 72— RMIZAELU D, Hutchinson H1F, HmELEFET
ENS 1B S D BRORE & RO = RV X — R = % DL
ToXTHRLTWD

1+v
G=——— {(acATsur/sub)

6(1— v)
- 3(acATsur/sub)(AaATsub) (D

+ 3(AATy,)?}

ZIT, GIEZ RNV —MRECE, E., H, v, acl, £
EFNhyTa—bsovrrE JBE, K7V Uk, B
RRETDH, T, o ZEMOBZESRLE LT, Ao=as-
ac & T D, TOTRK—FRICER G A, WV E A
5L, EHRNEET D, IBI,

ATsur/sub = (T (0) = T*¥") — (Tsub 0) - Tsub) (2)

ATgyp = T#P(0) — TP 3)

ThHhbd, P"BLOP?IE, hy 7 a— bREREL LY
HEMEmMIREZZNEIR L, P0)E L O PO, &
IEINEF D 7" 20— N FRIRE 6 K OHEA F HiE %
R, REARNNIWIGERL, BEMEN /NS WSS
Wi, =X —fERRE, R TEFIENTE, B
HSE TR =RV X — RN R E 72D, ol AKX
EEMNT HICHToTE, EMITHOELS, B oRE
E—EEWEL, EMOBITIEZRWEGE L TV DM,
LoaL, WMEARAKE <, MEEESHBRIHRE WS
HIE, WERRRRIC B B = L ¥ — R HR O I KAE
UToXTHEBS L0,

1+ v)
G = 6(1 E H((l ATsw‘/sub) (4)

Download service for the GTSJ via 216.73.216.204, 2025/07/04.

O TBC blade in service
(Numerical simulation)
O Test results
(Slow growth of transverse crack)
B Test results
(Remarkable growth of transverse crack)

1.5

__ Conditions for
< remarkable crack
growth

Boundary for
___transverse crack
growth
0.5 |
Conditions for slow
—crack growth
(No. of cycles to
delamination=1200)

Normalized energy release rate

0 2 L g
700 900 1100 1300

Substrate surface temperature [K]

Fig. 10 Evaluation of Transverse crack growth based on energy
release rate

kw7 a— FOBMRERT, EMOZNIZHEAT/HEWN
ZEND, REOBRBET ARENMETT A0~y 72
— FOREEE, EMOZNICHERTRENWEEZD
N5, £~-7T, Hutchinson HRERLTWVD L 52, b
v 73— N RIAREE D M R EIRE ORI HMEIET 5 &
x, EMOBREZITNENET B L, EROATwsw 1,
WO Xyl Eh5,

ATsur/sub =T (0) — Tsub (O) (5)

KD BNERDITR LI G OWThpn, ky 7=
— N OTIEEIEAE G AT D &, BE AN BE IR T
HEZEZBND, ERMEWHCBIT S My T a— ok
RIS L O RIEEE, BHEHEO Ny 7a— B X
wﬁﬁwﬁﬁﬁ%‘vDﬁi@fm:thi*wﬁﬁ
R EFIR L, KEWHEZOFHRMICBIT =31 X
—FRRCER O f RAE & ﬁ¢50_®i9_,$ﬂn;

WC, ZRAF—FHEENFETE 201, BRI
BRR ORESAAZRET S Z LIk » CIREAR Z R
TEXHMLTHD,

70, MHADHIZEAHBTO by 73— b HERKER
FOBFRBROFER S, by 72— hOMEE, =il
W BIEERT T2 ERREINTWD, T748b5, |k
v 73— N OWERIVE Ge 13, 13 < BEM A U 2 b i
RIS ORI G B E 2T B2 N5, AR
2B W Th, MBS 3 GEMEEIRE : 1193K) & 3Bk
St 4 GEMERWEIRE | 1223K) T, BEHORENK
S ER-THEY, Rl (T7206BMRimRE)
mmﬁ@%@%k%m LRI EN D,

U Eo#amn b, MERO VX —fifeRis JOE
H%ﬁﬁgﬁ,Fy7:~h®ﬁ<%@ﬁﬁ%ﬁ%éﬁ
B RTA—HThHDHLEEZLND,



Fig. 10 1%, REAR TEY A 7 ViRERO S 1~5
4 2B HIEHIL LT = RV 5 —fiffileR & Fabf 2 mmie g
7y MLEMERT, TR —MEEREOFREICH
Too TIE, TR EHB1C, LD X ICEMERE
L7,

1=0.2, E=30GPa, a.=11 X 10%/K, as=14 X 10%/K (6)

728, Fig. 10 O 3 VX — R, &3 oo x
X —fEREE (8 70 Jm?) TESMEL TRL TN D,

G 1~ 4 OREXE FEY 1 7 VB TIE, 1R
JERBLR KR E W8, TR F—MFRRIIRE)TEZ DS
N5, X@%EB 7200 Pw0)F L P0)i%, Table 2
D~y 7 a— MNRERER LOEMEmIREZ 5 %72,
Mhe it L7 SehiE, &fF 4 ThHY, BEEHEBEEIC
RET ORI THDEE XD, 2L, &Kh4D=xL
XL, B 100J/m? FEEECTH D, SCHROO THiel
INTVD kv 72— hOMELMEE L FERETH D
ZEMbBRYEREEZOND, £, £33 T,
1200 A Z VEL EDIZ < BiFEm ThHh D Z &5, Fig. 10
IZBWNT, &3 O R X — R T oMb £ H
EELL T O (R CHEOMEE) i, 1R~
7 VERIE 1200 A Z VLA ETH D &, AL TIXRE
Uiz, —J, REREME3 OV F—fifiiE L K& wn
7y, BEMRIEIRE LD moiEE (K TlREomE) T
X, X< EEY A 7 T 1200 A 2 AR THD EE X
LD,

Fig. 10 {21%, 1300°C # 4 % % — > TBC Jii TE#)# D
by 7 a—MIBWT, ftEHEBEANELTLEGD
THRNANX R EFAH LR LR LTS, =RL
Xk A2 B A L=EAriE, TBC it THR OIS
20%, 50%, 80%IZEBWTC, i LEZEE CTOREE
HMEIEMcENEN 1055 LioR, §H60 mE Lz,
BERE 09 TIT o T2 ERFE O IR BEFRAT OFRE R S, BAiR
LHEMEmIRE VmiRE) 2k, LT, hy7
a— hOBYREREZ 0.8W/mK £ LT, by a—#E
EIREAHEE LTz, 2 DE S, (1) B LU 4)
IZHANWT, =R VX —fRFEEHH L, Fig. 10 1277
J L 9IC, TBC i LEIFRIZIIT 2 = /L F — AR & 5
R, IREAE TR 1 7 VRBRICK T 2 E T
[l CTWa, KBS, TBCHE LEIEO by 72— b &#l
BUTAER, MUl sniy, BEzidEssh
Rholz, ZhUE, TBC i TEIER TIE, a2z mlE s
BB RN —RRNEC TR EARIBEN S,

4. £

TBC (< BEFH @ ICIRE AR KIZ T HEEZ I S I
95729, TBC R A MAWT, HisIRESM TR
AR FEY A 7 VRBRA ATV, TBC H D EHDOMERE %
O3 L7, JEAF R mmEE 1223K 0% T, 1< Eflco

Download service for the GTSJ via 216.73.216.204, 2025/07/04.

RN DEEEANBE IR Lo, BRERDPET 5540
IZOWTHRFIT 5728, Hutchinson HI(Z X D MaHIHD
WG, IREAE TS COR & HO T RV X — R
BHH L7, 2L T, MEABMET ST 3L X — MR
ERMEBEEBEE D, X HENEL D&M EET ST
BERE Lz, S 61, FEHCHEM L7z TBC it LA
BRI E AN E L GEAE O RV —MECREZ R L,
BEAEL TR A 7 S Lo TUEILS BERE U D RMELIT
ThdILafiE Uiz, FERICHEREEE A O Lok
B, TRV —BHCRAHEE LI EAL T, 1< B4
CTWienoie,

2 EZ XK

(1) FJFIEY, PHE, KD A2 —v rEiRit, masRbosd:
HELBRDOBERE, AR AL —E 255, Vol. 43, No. 5
(2015), pp. 308-313.

() WBBESE. TAZ—C Vit a—T 1 7 BHJE O Eof Bl
., HARTAZ — 75, 638 &, 2 5 (2010),
pp. 85-90.

G) WMEH, HA%, AR, HIIET, WREE RES
HAY—E AT —F 7 DB A 7 VR T
EDOBJE SRS A 7 VA TR 21X HEFm T
WFEIZB T D% B PROFEFTHE M15010.2016.

(4) Retting, U., Bast, U., Steiner, D., and Oeschsner, M.,
Characterization of Fatigue Mechanism of Thermal Barrier
Coating by a Novel Laser-based Test, Journal of Engineering for
Gas Trubines and power, Vol. 121 (1999), pp. 259-264.

(5) Zhou, Y., and Hashida, T., Thermal Fatigue in thermal Barrier
Coating, JSME International journal Series A. Solid Mechanics
and Material Engineering, Vol. 45, No. 1 (2002), pp. 57-64.

(6) Liu, Y., Persson, C., and Wigren, J., Experimental and numerical
life prediction of thermally cycled thermal barrier coatings,
Journal of Thermal Spray Technology, Vol. 13 (2004), pp. 415-
424

(7) OHEREATE:, e/, BRI, LA, SEREEEE O
L 72 TBC D4 & HEEH M OGRS, 5 43 Mmoo
R T AHIMIEE2005), pp. 162-165.

(8) VaBen, R., Giesen, S., and Stover, D., Lifetime of Plasma-Sprayed
Thermal Barrier Coatings: Comparison of Numerical and
Experimental Results, Journal of Thermal Spray Technology, Vol.
18, No. 5 (2009), pp. 835-845.

9) FBwER, KakE—, WEBEE, GIFHT, TAZ—v ik
Ba—7 1 T DM A 7 VEVERHTFEOB % —
TBC O EHEARN NS THEY A 7 VRN LR —, )
TRBFFEFTE S Q04017. 2005.

(10) W HEER], AAstg, Gash, AINHT, REEE, T2
— BB —T o T DB A 7 VR AL A O B
B — RGN A 7 VB LR E AR NV A 7 VBRI
B SHCHEGIREOE—, BN RFEAT RS
M10001 (2010).

(11) Straroselsky, A., Martin, T. J., and Borkowski, L., The Influence
of Thermal Transient Rates on Coated Turbine Parts’ Life
expectancy, Journal of Engineering for Gas Turbines and Power,
Vol. 141 (2019), 041034.

(12) Hutchinson, J. W., and Evans, A. G., On the delamination of
thermal barrier coatings in a thermal gradient, Surface and



Coating Technology, Vol. 149 (2002), pp. 179-184.

(13) Evans, A. G., and Hutchinson, J. W., The mechanics of coating
delamination in thermal gradients. Surface and Coating
Technology, Vol. 201 (2007), pp. 7905-7916.

(14) Sundaram, S., Lipkin, D. M., Johnson, C.A., and Hutchinson, J.
W., The influence of transient thermal gradients and substrate
constraint on delamination of thermal barrier coatings. Journal of
applied mechanics. Vol. 80 (2013), 011002.

(15) BITRNE, @S, il B A2 —vrfa—7 v
IO -B1W a—T 1 TE LA D
B PR E 3 KOV IAA o Eeig - FE ) Je i S s
W97017. 1998.

(16) [ MTEH], @G, BRMME, BIEEN, Witxe, 2
BImAT, MELFITE, H A % — &' TBC i LEYHE D {LFM,
546 [0 H AR A 7 — L B S TR TR SCHE(2018),
C-20.

(17) FRIFIEAT, VEAIRRE, A, FEAEARE, R,
TT AP 3 =7 o i T iR &S o i KA
Journal of the Ceramic Society of Japan. vol. 106, no. 2, pp.
198-202.

(18) Malzbender, J., and Steinbrech, R. W., Fracture resistance of
atmospheric plasma sprayed thermal barrier coatings. Surface and
Coating Technology, Vol. 209 (2012), pp. 97-102.

Download service for the GTSJ via 216.73.216.204, 2025/07/04.



FAOEBAHTRE—EVFSEHRRERBERIE, 2021.10

€7 =)

A-22

B 4 bY. »] b

WE o —TF ¢ 7 (TBC) DISARAREMRZE( L IEE AR T
B A 7 I KD EHBERICKITTREREIZET 25

Influence of Microstructural Change on Crack Growth in Thermal Barrier
Coating Subject to Thermal Cycling under Temperature Gradient

O By R R

KITAZAWA Rumi  OKADA Mitsutoshi

R =T
OZEKI Takayuki

ABSTRACT

The influence of thermally grown oxide (TGO) growing at the topcoat/bondcoat interface in thermal barrier
coating (TBC) on the crack growth leading to delamination is investigated under the condition of thermal cycling with
temperature gradient. The stress states in the topcoat of TBC after TGO growth modeling the cooling process of the thermal
cycling is examined by finite element method (FEM), and it suggests that the TGO thinner than 10um does not give
remarkable influence on the stress distribution in topcoat except in the vicinity of the interface. The thermal cycling tests
under temperature gradient are also carried out using plasma gas stream as a heating source. Before the thermal cycling tests,
TBC specimens are subject to thermal aging at high temperature in air in order that TGO grows at the interface. TGO thinner

than 10mm does not give remarkable influence on the crack growth in topcoat.
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A Study on Development of Supersonic Turbine Stages with High Efficiency
Aided by Sensitivity Analysis

Offaily fE—"1 UNHEEERRT IR RS

FUNAZAKI Ken-ichi ODAJIMA Tatsuya KAWASAKI Satoshi

ABSTRACT

This study deals with an attempt to develop a new methodology for improving aerodynamic efficiency of supersonic
turbine stages for rocket turbo-pump system. A key technology employed in this study is a sensitivity analysis based on
ANOVA (Analysis of Variation) decomposition and Sobol’ indices, which is applied to an analysis of the database formerly
obtained by Namba et al. ) during the optimization process of turbine blade profiles in a rocket turbo-pump. In this case a
surrogate model is constructed from the database using Radial Basis Function Network (RNFN) since a huge amount of
data are necessary to calculate the Sobol’ indices. It is found from the investigation based on the Sobol’s indices that two
parameters belonging to the 1% rotor and 2" stator have dominant impacts on total-to-static turbine efficiency, which are the
ones that control camber lines near the trailing edges. Two and three dimensional flow analyses using a commercial flow
solver are then executed to elucidate the reason why those two parameters can bring about higher turbine efficiency.
Furthermore, structural static analyses are made to confirm that there surely appears a trade-off relationship between the

turbine efficiency and structural soundness.

F—O—F:uorv b, BEEF—E, KEMIT, Sobol LR, mzh®(t
Key Words: Rocket, Supersonic Turbine, Sensitivity Analysis, Sobol” Index, High Efficiency
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Table 1 Comparison of Sobol’ first-order sensitivity indices
obtained by LHS and QMC

Parameter LHS QMC
2S- 8 30.3% 30.4%
1R-B 29.1% 29.0%
1R-L12 4.65% 4.66%
1R-Lt1 3.88% 3.68%
1R-L1e 2.67% 2.63%

Table 2 Sobol’ second-order sensitivity indices

Parameter Sensitivity indices
IR-Ltg — 1R-y 4.83%
IR-Lti — IR-vy 2.64%
IR-Lte — 1R- o 1.25%
IR-Lt2 — 1R- LtE 1.10%

1R-Lt2— 1R-y 1.04%
IR-Lt1 — 1R- L1E 1.02%

F1121%, Sobol’® 1 IRA— X REFEEEDOH H OFRIC
W= FEDEWIC X 2 HER ROk Z =7, ik
D, X —EUBOMRICHEL X2 DT HER O
(2% LT, LHS #EKT QMC HEO DT T HIZIFEKEN
RN LR & T, #2121 Sobol’ D 2 kA — K
FEHEAZRY, 22T, 100000 ¥ F i kb QMC
ETIHl L7, ZOENS, 1BEBIOAZ HHITH
P TIRREE 13/ S VY, IR-Lre <2 1R-Lri & OFH A A
IR EBENEGE>TWDZ ERNND,

-53 0.64
-54 0.63
>
—_— 5]
D s 062
= =}
@ 061 55
' @
) -5 0.60 —
N
-s3 1 0.59
591 ' 058
—60 0.57
58 59
1R — (3 [deg]

Fig. 5 Impacts of two dominant parameters on the turbine
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Fig. 9 Mass-averaged entropy increase obtained in 2D flow
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Table 3 2D loss coefficients for all combinations (deeper
shade means larger loss)

0.4304
0.4060

0.4151
0.3928 0.3838
0.3875 0.3583

#3I20E, RELEZIY—AE2TOX—EVERIERNS
B U7e 2 ocB R A2 7R T,

(=1-1rs (M
ZORNL LT —AQODERDBE B DI LA 5D
%, DentonD|Z LiE, ¥ —bE U EETCOEKITIF—E
BEToxzy bob— BRI Z EaRERTWS
23, 90 3 OREREN S bRE OEM AR TE 5,

4.3 3RTHNBHFER

HiEG & RARIS, 1R-B RON2S-B 2L LS =8F 97
— ADETIZTOWT 3 KTt RANS i 47> 72, K%
i 2 7= 3 o — A2 B9 % mid-span fi k<~ v N R DN v
faE—ar%—%K 10 2R3, X 1121E, FEEEy
T ha =0l A b 7, K10 1RO
AR ZRFFBIEE 8 D ZIRSTIRHT OFER L FALLL TW D
B, BRIy e B —0ARENINL, <~ v R
BETFLTCWDZERETOND K TR R =
vheE—EK9 L CARDE, 1 BEEANTOME
iy hrtE— EH, #—bEUEBEAkOxzy hrY
—AREOHN (5F—20@7T 117 fi7, ¥ —2@@T
L18f%, 7—AQ@@T 1.22 %) MRS A, 7—=A
0O, QODHAETITF —E B2k THZ hob—
FRICED D 2B HOEAEN 3RILOLA THEML TV
5 (2WRITDFAITR 10%, 3ERITOHFEITK 20%),
BB, r—AQOQDHAIE, 2%WIt, 3WILk HIT 2 Bk
HCTOEIEBIL30%RETH D,



Mach Number

Case @ @

Fig. 10 Mid-span contours obtained by 3D flow analyses for
three cases with different combinations of dominant control
parameters (left: absolute Mach number, right:entropy)

IN IR 2§ 2R

3500
case D) @
3000+ /}_:’: Case @ @
U —
1 Case 3 ©
2500+ d:/ //
> /
Qo
£ 2000~ Y/ JI
w
1A s
1500~ } ©
1000- K — Case D @
- A SaT — Case D @
| tA8p — Case ® ©
. 02 04 0.6 0.8 1.0
Non-dimensional Axial Distance
Fig. 11 Mass-averaged entropy increase obtained in 3D flow

analyses for three cases with different combinations of
dominant control parameters

1BEE N2 B E E D O 3T AR
WEHOLNIT D700, ZNENOREBEIKIZI T 2 il
AN B2 E N TOBGREER ¢ (Va7 —2 12 1T
R, ZORTIE, WS eERIRL & 2 Wik
LDz o E— Al ~DHFEERRE VWD EIRREN
TWb, £72, IR-B KO2S- 5 Ol 2845 2 &
Tl1EHRTOZ Y ba —AENEL T 50, 2B
BMETO2RTNOFGEN ER>TNDZ ENSND,
KAWL - VBT 3 W RS A R, 2o
DFEOEIARIIL, Y — T VDA & FREEIC
IR- B KON 28- BTk L TR 72 5@ 2 75 L CUN 23,
3WITDBA DEIAZEIL S- B 125 L TIMBERICIR
DI S D, IR- BASKT L TR HE®Z R & 2 0D & 9 7e A
WZId7e o T, 72720, R/ h o\ IAREIT S — 2@
OThHY, THIE2RIEOHBELFRLTHD,

F 51T 3T RREL & 2 WottR MRS L D% 7R
T, ZIT, &5 HMOBEIMRELIL & FiH O R T

Download service for the GTSJ via 216.73.216.204, 2025/07/04.

b o E—HNZEAA LTV AR BRIV, 20
FERNG, KEQTOMLD 2 KHEOHE LD HRE
<, BRIZHZD SRTMEDOIEN 1B, 2B L i
FolEBXDHIENTES, ZOZ LI, 2WEite
LTl T =2 ThmahE bz b b3l T A —%
BRRIBHIEEFETHDLLOD, 3 WO LR

DEEERZ YWD TRL TN D,
Dissipation Function

1x1072 EEE W 5x1012

Fig. 12 Dissipation function contours for 1R (left) and 2S
(right)

Table 4 3D loss coefficients for all combinations (deeper
shade means larger loss)
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Numerical and Experimental Investigation of Laser Processed Riblets
on Turbine Exit Guide Vanes and the Impact on the Performance
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ABSTRACT

The reduction of pressure loss and wake in a low-pressure turbine test rig containing turbine exit guide vanes (TEGVs)
with laser-processed riblet surfaces were numerically and experimentally investigated. Riblets are streamwise grooved
surfaces which reduce the viscous drag in a turbulent boundary layer, similar to shar-skin. An optimized riblet design was
calculated by computational fluid dynamics (CFD), and the designed riblets were laser-processed directly onto the suction
side of steel TEGVs. The TEGVs with and without riblets were installed on the test rig, and the effect of the riblets on the
flow were measured. Pressure loss around the TEGVs was reduced by 6.3%. This result shows the benefit of laser-processed
riblets directly fabricated on 3-dimensionally curved parts, such as gas turbine blades, which operate at high temperature.
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Fig.1 Eddy-wall interaction without and with riblets.
The flow is in the depth direction of the paper.
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Equation 1  Definition of dimensionless riblet size s*,
where Ty is wall shear stress, p is density of fluid,
and v is kinematic viscosity of fluid.
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Fig.2 Drag reduction effect by riblets with various cross
section. The number s* is a dimensionless riblet size.
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Fig. 7 Display of distribution of physical quantities by a
single section of TEGVs. TE is a trailing edge of TEGV.
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Fig. 11  Simulated wake width without and with riblets
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Fig. 12 Riblet design (suction side) obtained by CFD
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Fig. 13 Laser processing on the surface of TEGV using
a development tool with green pulsed laser beam

Fig. 14 (left) TEGV (suction side) with lasered riblet
(right) A microscopic profile of lasered riblet sample
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Table I Measurement uncertainties of the five-hole probe
(left) and the trailing-edge probe (right)

Uncertainty,

Flow variable +
Mach number 0.002 —— total 28 [Pa)
Bressure total 35 [Pa) static 28 [Pa)
ssur static 63 [Pa] Velocity |absolute| 0.60 [m/s]
Tairsarati total 60 [K]
SMPeratire ™ Static 80 (K]
pitch 0.70 [deg]
Flow angle yaw 0.70 [deg]
absolute .| 0.90 [m/s]
. axial 0.90 [m/s]
Velodly radial 0.90 [m/s]
circumferential | 0.90 [m/s]

5.2 5 7 a—TJIc &k 3N ET{

TEGV #[#ii® Plane C 35 & f TEGV £ Plane D IZ
B AEELFELO I —AIZOWTRSREHORT 1
77 A VORIEERE Fig. 17 (27T, V7 vy MEDOH
N TEGV ERali CEEIME T, TEGV Hitk CREN LH L
b, EBRMNERLEZZ ENShotz, Fe, Y
7Ly MEDFNTEGV #Hi# & bifthoa —AlEn

Download service for the GTSJ via 216.73.216.204, 2025/07/04.

Total Pressure Yaw angle

I radial profile
{ i~ IEERT || (ircumferential
. l c average)
without 2 with

ow B B Heh Low e o
P el weatimt
less pressure loss smaller yaw angle riblet

Blue means
&M less pressure
o loss.

withoutriblets == withriblets = difference

G

At A AT
= A 4l ‘l:

Fig. 17 Difference in total pressure and yaw angle between
without and with riblets measured with the five-hole probe

(top) Radial profile (circumferential average)
(bottom) 2D cross-sectional profile

| Total Press.

Blue means
flow follows
axis direction.

=
(L]
w
=
3
=
o
(=]

v

c
=
o

Yaw angle

IOESWTWA Z NG hoT-, iz, BIEERAOS
BT 7Ly NEEDERNGIE, VT Ly M
Lo TAEKMICERMEY . FAREH RIS T4 K
HRmELEZ ERDhoT,

5.3 ##& 70— JI= &k % Wake FE{fi

#zxTo— 713, FIEOERMBEIZBWCEFRICBE)
SERNLHMERY . wake DIRZFHECX %, Fig. 18
g7 a—71 5B 50%A /3 TORFRFET 1 7
A NVOREEREZTT, V7 Ly hEDOFH wake D
ERFLT 2L bz, &V TEGV OREIZH oL e
BB LR Mol MOBRMBEIZEW TS RERZRBER
AHEIE S iz,

IOl AERICHELED 7Ly MLV EEIK
PNER L CRER{OFEN ERDHZ & T, Fig.191C
BRIICTRT L D ICBRECAR Lfhicls W TRES

Velocity
Traiing Edge 50% Span
High [ —
b
:E:
&
- .
Wake
-
refluced width
.
Low Q
3N =30 -29 -28 ~27 -26
phi [deg)

Fig. 18 Difference in velocity profile (wake)
between without riblets and with riblets
measured by trailing-edge probe



3 PS
Riblets no Riblet
more speed less speed

1 Wake without Riblets

L

b

without riblets with riblets
Yaw angle

Fig. 19 Schematic concept of assumed effect on the flow
velocity and direction by riblets on SS (suction side).
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Table 2 Reduction of pressure loss between Plane C

(before TEGV) and Plane D (after TEGV) by riblet:
(top) Area-weighted, (bottom) Mass-weighted

reduction of
pressure loss

Total pressure loss AP
(PlaneC — PlaneD) [Pa]

without riblets 677.1 ref
with riblets 634.2 -6.3% *
without riblets 640.8 ref
with riblets 595.1 -7.1% '
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Numerical and Experimental Investigation of Laser Processed Riblets
on Ultra-small Jet Engines and the Impact on the Performance
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ABSTRACT

Riblets are streamwise grooved surfaces which reduce the viscous drag in a turbulent boundary layer, similar to shark skin.
We experimentally confirmed improved engine performance by forming riblets on the compressor, diffuser, and turbine blades
of an ultra-small jet engine. The optimum riblet design was calculated by computational fluid dynamics (CFD) using a 3D
model of the engine, and the improvement was predicted to be 1.81% in engine thrust. The calculated riblet design was formed
on the actual parts by laser ablation. It was experimentally confirmed that the laser processed riblets improved engine thrust
by 1.44%. This work is the world’s first experimental demonstration of improved turbomachinery performance through the
application of laser processed riblets on parts exposed to high temperatures and rotating at high speed.
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Fig. 1 Eddy-wall interaction without and with riblets.
The flow is in the depth direction of the paper.
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Fig.2 Drag reduction effect by riblets with various cross
section. The number s* is a dimensionless riblet size.
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Fig. 4 Ultra-small Jet engine evaluation bench overview.
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Fig. 11 Diffuser with lasered riblet
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Fig. 12 Turbine with lasered riblet
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Table 1 Riblet improvement effect (experimental value,
measurement reproducibility, CFD forecast)

Correct Corrected fuel | Corrected fuel
thrust flow rate efficiency
CFD 1.81% 0% 1.81%
Measured value 1.44% -0.20% 1.22%
Measurement 0.42% 0.34% 0.59%
reproducibility 3
CFD - Measured value | 0.37% 0% 0.59%
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Measurement of Tip Leakage Flow to Improve Stalling Behaviour of Compressor
Cascade and Tip Treatment
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TAKASHIMA Ryotaro OKA Yusuke SATO Taku MORISHITA Yuki
Bpikr PR ZKEP AT R RRET
NOZAKI Osamu OGINO Yousuke TSUTSUI Yasukata
ABSTRACT
Tip clearance flows in a linear cascade wind tunnel with a moving wall have been measured. In order to get the knowledge
of the behavior of the tip leakage flow before and after the stall, the flow between the wing tip and the moving wall was
measured for the angle of attack just before the stall and that after the stall. As a result, it was observed that the center of the
wing tip leakage vortex moves toward the blade suction surface as the angle of attack increases. In addition, CFD culculation
has been conducted and the effect of improving stall characteristics by tip treatment has been obtained.
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Key Words: Compressor, Cascade, Linear cascade wind tunnel, Laser doppler velocimeter, Tip leakage flow, CFD, Tip
treatment
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Fig. 11  Effect of tip treatment on total pressure loss
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The effect of inlet distortion for transonic fan aerodynamic performance in BLI

CEER BT D ACTE™

GOTO Hikaru WATANABE Toshinori

ABSTRACT

R SETEE S EE R S /S N (<
HIMENO Takehiro OKADA Ryuichi SATO Daisuke

To improve the aerodynamic performance of aircraft, Boundary Layer Ingestion (BLI) is proposed in which the boundary

layer on the airframe surface is sucked into the jet engine fan. This method has possible disadvantages such as decreasing

fan efficiency and stall margin due to the inlet distortion. The inlet distortion also causes aerodynamic excitation on the fan

blade. The unsteady flow field of a fan rotor in a BLI configuration was numerically analyzed in the present study to clarify

the effect of the inlet distortion on the aerodynamic performance and the flow characteristics of the fan rotor. The results

showed significant change in the adiabatic efficiency and the stall margin of the rotor.

¥F—O—F: Vv bV, Ty, EhEM, BERETGAS BLD, A YLy FT 4R F—vay
Key Words: Jet Engine, Fan, Aerodynamic Characteristics, BLI, Inlet Distortion
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Table 1 Numerical scheme of CFD

Governing equation 3D-RANS
Discretization FVM,cell-centered
Variables u,v,w,T,p,vturb
Convective term SHUS+3rd order MUSCL
Diffusive term 2nd order central difference
Time marching PCGS-RBGS
Turbulence model Spalart-Allmaras modes(SA)

Table 2 Boundary condition for CFD

Boundary Boundary conditions
Inlet Fixed Pt, Tt, and flow angle, extrapolated R-
Outlet p: Symple radial equilibrium(SRE), v,T: Extrapolated
Blade surface v: Non-slip wall, T,p:Extrapoted
Hub wall v: Non-slip wall, T,p:Extrapoted
Casing wall v: Non-slip wall, T,p:Extrapoted

Pitch direction periodic ,full annulus
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Approximation of Hub Leakage in a High Speed Axial Flow Compressor Rotor
with Adjoint Method
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ABSTRACT
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YAMADA Kazutoyo

This paper focuses the effect of hub leakage flow on the performance of a high speed transonic rotor which is NASA Rotor

37. General computational fluid dynamics of this rotor have been unable to predict a total pressure deficit at the downstream

cross section of the rotor in the experiments. We have performed RANS simulations with a hub leakage flow boundary to

predict the deficit. In addition, we have used an adjoint method to optimize the mass flow quantity from a tip gap at the

upstream of the rotor. The RANS simulation with the optimized mass flow quantity shows good agreements with the

experiments.
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Table 1 Aerodynamic design parameters

of NASA Rotor 37
Number of blades [-] 36

Tip diameter at leading edge [m] 0.5074
Hub diameter at leading edge [m] 0.3576
Rotational speed [rpm] 17188.7

Tip solidity [-] 1.288

Tip clearance [mm)] 0.356

Tip speed [m/s] 454.14

Pressure ratio [-] 2.106

Mass flow rate [kg/s] 20.19
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Fig. 2 Computational domain for NASA Rotor 37
Table 2 Mesh characteristics

Property
Cells in radial direction 120
Cells in axial direction 498
Cells in circumferential direction 72

Total number of cells 4,996,606
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Unsteady flow simulation for an actual gas-turbine compressor
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ABSTRACT

Unsteady flows thorough the inlet guide vanes (IGV) and 1.5 stages in an actual gas-turbine compressor were

numerically investigated. Three different cases under part-load conditions were simulated and the results were compared

with the designed and start-up conditions. The full-anulus computation in the low flow-rate condition reproduced a rotating

stall similar to that in the start-up condition. The unsteady flows induced by the rotating stall resulted in the large variation

of inflow angle and the load on the blade surface, especially in the lower flow-rate condition. The peak of frequency for a

part-load case coincided with that in the start-up condition, which induced a rotating stall. The obtained results indicates

that a large unsteady force is generated on the blades even in the part-load conditions.
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Effect of Internal Flow Field within Impeller Passages on the Diffuser Stall
Behavior in a Centrifugal Compressor with a Vaneless Diffuser

O FBF] HiE" W (RS PR (5iE? KHE A7
AGARI Yuki YAMAO Yoshifumi  FUJISAWA Nobumichi ~ OHTA Yutaka

ABSTRACT

The rotating stall in a centrifugal compressor with a vaneless diffuser was investigated both experimentally and
numerically with focus on the effect of the impeller stall on the diffuser stall behavior. The experimental results showed that
an impeller stall rotated at 58 % of the impeller rotational speed was generated inside the impeller. And two-cell diffuser stalls
(each of the cell rotated at 25~30 % of the impeller rotational speed) was generated inside the diffuser. The same phenomenon
was confirmed by numerical analysis. The numerical results showed that boundary layer separation occurred near the hub
side at 45~90° of the diffuser because of the circumferential adverse pressure gradient. After that, the low-velocity region

discharged from the impeller caused by the impeller stall merged into the boundary layer separation which was generated

near the hub side at 45~90°. Through this mechanism, the diffuser stall was generated and expanded.

F—0— K BOEMEE, PR LT 72—V, B - WEAE, e, FERSE
Key Words: Centrifugal Compressor, Vaneless Diffuser, Pressure and Velocity Measurement, CFD, Rotating Stall.
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Table. 1 Dimensions of Tested Compressor.

Tested Centrifugal Compressor

Rotational Speed N 6000 min!
FERIJGEIZ B3 2 HEIZ WV < 223 T 5. Senoo B Mass Flow Rate G 0.82 kg/s
W, 2B & BUEARHT 208 L C o Dk JES O R i Pressure Ratio Ps 1.1
ZANAL L, BEm Sl o g4 24205 L /2. Ohuchida® & Tmpeller
FPIVIITE Z N T, 7 o 7 2 — P REOISFEHEE 2 Number of Blades 7z 14
E L7, 51T, FojisawabOI A7 m— /L ->THED (Main + Splitter) (7+7)
BB R AR FE N AT 4 7 2 —F Rl DRI Inlet Diameter ) 548 mm
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Diffuser
o REREACENE SOE TR MMERE - MZEFHE T oo Dismerer D, 260 mm
ﬁﬁf T 1§9_8555 ﬁﬁ‘%ﬁ%ﬁ%j{ﬁ‘\%%-&l . Outlet Diameter Dy 559 mm
2 RAREORY EEEL L BB - AT R , )
Diffuser Width By 19.55 mm
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Fig. 1 Experimental Apparatus and Measuring Systems.
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Fig.2 Overview of Computational Grids.
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Diffuser Inlet (EXP and CFD: ¢ = 0.08).
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Fig. 5 Static Pressure Distributions at Diffuser
Midsection (EXP and CFD: ¢ = 0.24, 0.08).
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(iii) Simultaneous Measurement Results of Velocity
Fluctuation (L.I1.0, 1.I90).
Fig. 6 Velocity Measurement Results at Impeller Inlet
(EXP: ¢=0.08).
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(iii) Simultaneous Measurement Results of Pressure
Fluctuation (D.M.1~3).
Fig. 7 Pressure Measurement Results at Diffuser
Midsection (EXP: ¢ = 0.08).
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Fig. 8 Mass Flow Fluctuation at Impeller Exit (CFD: ¢=0.08).
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Fig. 9 Mass Flow Fluctuation at Diffuser Exit (CFD: ¢=0.08).
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Fig. 10 Instantaneous Distribution of Span-averaged Radial Velocity Fluctuations (CFD: ¢ = 0.08).
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Performance Evaluation of Pressure-gain Combustion Gas Turbine Combining
Pulse Combustion and Constant Pressure Combustion

CRm R A

SEKIGUCHI Takahiro NAKANURA Shunsuke

ABSTRACT
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SAKURAI Takashi

We have studied the thermal efficiency improvement of gas turbines by using pressure-gain combustion. A gas turbine that

was operated by combustion combining pulse combustion and constant pressure combustion was constructed. In this paper,

we describe the performance of this gas turbine. In the pulse combustion, two patterns of pressure variation were observed.

One was the intended normal pulse combustion which generated large pressure increase, and the other was irregular

combustion caused by residual burned gas. The engine performance was evaluated based on the thrust measurement. In the

case of normal pulse combustion, the highest thermal efficiency was achieved than constant pressure combustion.
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Model Construction of Wave Rotor for Gas Turbine for Cycle Analysis
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Topping a wave rotor on a gas turbine is an attractive method to improve its thermal efficiency. In order to clarify suitable wave

rotor for a particular gas turbine, it is necessary to perform the cycle analysis of a gas turbine equipped with a wave rotor and evaluate

its performance. In this study, a wave rotor model that can be incorporated into the cycle analysis was developed based on the method

of characteristics, and was compared with a validated one-dimensional numerical analysis model based on the Euler equations.
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Table. 1 Condition in 4 ports

2JEp, [atm] 2IRT,[K]
Gas-HP 23.6 1702.4
Air-HP 25.9 1236.9
Gas-LP 9.52 1327.4
Air-LP 7.69 600.2

Table. 2 Opening and closing timing of 4 ports

CiIs P e Oz A7
[degree] [degree]
Gas-HP 0 46
Air-HP 21.6 61.6
Gas-LP 83 128
Air-LP 115.63 159.28

Table. 3 Wave Rotor Design Summary

Rotor Mean Radius 81.53 mm
Passage Height 22.33 mm
Rotor Length 152.4 mm
Rotor Speed 16800 rpm
Passages 52
Cycles per revolution 2

Table. 4 Comparison of rotation angle between the

timings of pressure wave arrival and port

opening/closing
Cell Width I I il
[degree] [degree] [degree] [degree]
6.92 3.37 6.62 1.16
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Improving Load Changing Rate of Heavy Duty Gas Turbine Applied with
Overground Compressed Air Energy Storage (CAES) System

BRI AR

KENTA Goto

ABSTRACT
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Pri B—"2

SUSUMU Nakano  YOUICHI Takeda

In order to stabilize power grid systems, thermal power generation systems, especially gas turbine systems, are used frequently

to regulate the electric power demand. One of functions required for electric power generators as load following is to improve

in the load changing rate. However, most existing gas turbine systems have an issue that is the so-called “a booting-up

congestion owing to the high temperature exhaust gas”. In this study, we propose an overground compressed air energy storage

(CAES) system to solve the issue. The operation method of an existing medium-capacity gas turbine applying the overground

CAES is presented to improve the load changing rate. It is shown that the time to reach the rated power output from the partial

load can be reduced to 1/3 of the normal operation of the existing turbine system by increasing the air supply from the CAES.
F—J— K HAX—EL, CAES, AM#eE, HUVELHE, Efi Uy—
Key Words: Gas turbine, CAES, Load-following, load changing rate, Compressor, Reservoir
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Tablel Specifications of Target Plant and
Over Ground CAES

Rated power of turbine system 109 MW ((GT+5T)=2)

Rated rotational speed 7280 rprm

Compressor 17 stages axial flow
Turbine 3 stages axial flow
Combustor Low NOx combustor

Storage and discharge tanks Sperical shape with a diameter of 18 m

Intermediate Compression ratio 4
compressor Rated flow rate 10% of turbine systern compressor
Diameter of piping 014m
Initial tank pressure 5 Mpa
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Fundamental study on hybrid system of existing heavy-duty gas turbine and
solid oxide fuel cell
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ABSTRACT
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NAKANO Susumu  TAKEDA Yoichi

A solid oxide fuel cell (SOFC) hybrid system combined with an existing medium-capacity heavy-duty gas turbine (GT) is

proposed to promote the use of hydrogen. As the output power of SOFC is about 10 % of total output power the system, this

hybrid system maintains a function of load following by the GT. A calculation method to analysis cell performance and flow

conditions of the cell tube for the actual-scale SOFC is presented, and is validated by comparing with the measured results of

the performance tests of the actual SOFC. An increase in the output power of the SOFC is obtained when the SOFC operates

at the compressor discharge pressure in the medium-capacity GT. For the same fuel mass flow rate condition, the output

power of this system increases by 11% compared to the existing GT, and 4% compared to the 30 volume % hydrogen co-

firing GT.
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Table 1  Specifications of cell stuck tube for temperature

and voltage distribution test

Total 1.5 m (for calculation)
Tube length
Cell stack 1.0 m
Tube outer diameter 0.028 m

Diameter of virtual tube for air | 0.05 m (for calculation)

Cell number 48

Table 2  Experiment and calculation conditions for

temperature and voltage distribution test

Items Unit | Experiment Calculation
Fuel ) Hy/N, Hy/N,
.. 0.7/0.3 0.7/0.3
Gas composition
Air 0, 0,/N,/CO,
0.21 0.209/0.781/0.01
Inlet Fuell °C - 920
T tur - o
conditions cmperaturel o C - 300
| of gas flow Pressure MPa 0.101 0.101
Fuel utilization ratio % 25 25
. 379.4
Current densif 2 380
vy mA/em (Calculation result)
. e . 14.5
Oxidant utilization ratio 9 14.5
& (Calculation result)

WRIZ SOFC DAFENE ) Dsg#%, #IEL 1.5MPa TD
T REE O FHANRE ROD & bl U7z, IRV a0 R
X7 OftAE% Table 3 (2, F7-EBREGAM &R LM%
Table 4 (27~

Table 3  Specifications of cell stuck tube for current-voltage

characteristic test

Total 0.83 m (for calculation)
Tube length
Cell stack 0.55m
Tube outer diameter 0.028 m

Diameter of virtual tube for air | 0.05 m (for calculation)
Cell number 22

Table 4 Experiment and calculation conditions for current-

voltage characteristic test

Items Unit Experiment Calculation
H,/N.
Fuel| - Hydrogen 22
. 0.7/0.3
Gas composition
. 0,/N,/CO,
Air
0.209/0.781/0.01
Inlet Temperature Fuell C 900 900
conditions P Air| °C | (Operation temperature) 900
|_of gas flow Pressure MPa 0.101, 15 0.101, 15
Fuel utilization ratio % 60 60
Oxidant utilization ratio % 20 19.9 B 201
(Calculation result)

AT, GT Y AT MMZB T D KFEFRIH OBRFTOI=9,
IRFBRBET A H — 2 ERIBZED SOFC AT U » Ko
AT LOWMDFHEZITS . BRI 38 MW, #iiiH A
(BAZREE LTEBEFIT AR BT AZ —E VAT Mk
HEOR—2L LT, BREOTAY - v I alb—



K092 W CRER LTz, BHEICH WAL T T A D A
FHE% % Table 5 127”7, AKFRBEY — ORI, 20
PR RS — B L ERMREVE R R A A2 L AR
30%DKFEERBE LI EOM N EFHEST S, £z,
SOFC ™A 7V VAT A TIIAKRIBEEST A X — B
DIkFHE LR DKFEZ SOFC IZHERG L, 750 OB
EWHH AL LTH AL —E NS L2384 D SOFC
L GT o1& ZHET 5. SOFC OEHFIAHEIX
F SOFC & RI%ED 60% & L7, FHHIX Table 6 1279
oIz, R=RLBEEF GT OHEEZED T4 r—2A
Fi L7=. SOFC A 7Y » R AT A TiE, SOFC DOk
A% GT THIHT 256 L, FIHETHRT 28560
2 F—ADFEEIT-TZ. SOFC PEU A EHMT 5546
I, PETARICE ENHFKFEE, ABREESRIC L - T
FERITIRBES B 721, #—bE LT s L e 5.

Table 5 Gas composition of 13A

Gas composition | Methane | Ethane | Propane | Butane
Volume ratio 0.882 0.053 0.048 0.017

Table 6 GT system calculation conditions

Case System
1 Existing GT
2 Hydrogen co-firing GT
3 | SOFC hybrid system without use of SOFC exhaust gas
4 SOFC hybrid system with catalytic burner
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Fig. 5 Temperature distribution
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Fig. 6 Cell voltage distribution
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Fig. 7 Voltage characteristics
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Table 7 Comparison of output power

Case | Case 2 Case 3 Case 4
Fuelgas [ 13A 1.0 0.7 0.7 0.7
composition | H, 0.0 0.3 0.3 0.3
TIT C 1280 1310 1280 1170
Output ratio i 10 107 0.94 L.11
(GT+SOFC) (0.81+0.13) | (0.98+0.13)
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A modeling for three-dimensional liquid film structure and entrainment
sheared by turbulent gas flow

ABSTRACT

Of b e R BT

INOUE Takuya INOUE Chihiro

Water droplet impingement on a low-pressure steam turbine blade causing erosion has been recognized as a crucial issue. In

order to absorb the effects of erosion, it is essential to elucidate a comprehensive droplet detachment mechanism, not only

from the trailing edge but also from the liquid film surface. In the present paper, we formulate the droplet entrainment detached

from a three-dimensionally destabilized thin liquid film surface sheared by a turbulent gas in a circular pipe and on a flat plate

as a general manner, employing the shear factor. In a time-averaged sense, the liquid film has a Couette flow with a mean

velocity u,,. Then, the film is destabilized to be a roll wave of wavelength A, proceeding with a phase velocity u,, in the

axial direction, followed by a ripple wave of wavelength A, in the transverse direction. Considering the three-dimensional

film structure superposing the two types of waves, the droplet entrainment rate is simply derived as (Ap //1) X (Ue/Um),

validated by recent experimental results.

F—O—F:EKRF -y, mu—Uar, KK, W, B, REN
Key Words: Steam Turbine, Erosion, Gas-liquid two-phase flow, Droplet, Liquid sheet, Instability
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Fig. 1 Schematic events of thin liquid film dynamics on

a channel wall subjected to fast gas stream (D

Table 1 Definition of characteristic length and velocity

L[m] U[m/s]
Pipe D Q/(mD?)
Plate x Q/(bx)
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Table 2 Experiment conditions in a circular pipe ®

Gas/Liquid Air/Ethanol
D[m)] 1072
Q[m’/s] 42 %1077
nig[g/s] 0.4~20
Reg 3x103~1.6 x 10°
ug[m/s] 6.9~320
1g[Pas] 1.9 x 1075
n;[Pas] 1.2x 1073
pglkg/m®] 1.2
pi[kg/m?] 790
o[mN/m] 23
3
107r T -5
A ow |
\.b 1
=)
\E 10 -
=
1
7/87 @® Exp..D/h
I O Exp.:Film front
== Present Calc.
1 1
10 =°
10° 10" 10°
Re,
10"
~L 2]
:E 10
(J
® Exp. .. )
== Present Calc. L -
S 'H
10 "5 - ey
10 10 10
Re,

(b) Mean film thickness
Fig. 3 Comparison between experimental results and

calculation results in a circular pipe



10} T Table 3 Experiment conditions on a flat plate )
® Exp. Gas/Liquid Air/Water
== Present Calc. b[m] 0.13
Re, 1.1 X 105~3.0 x 105
Re, 26~130
@ x[m] 0.25
= 10 g ug[m/s] 21~57
: n,[Pas] 19x 103
n;[Pas] 1.0 x 1073
pglkg/m?] 1.2
pulkg/m?] 1000
o[mN/m] 73
-1 —u . . PP
100 10* 10° ]
Reg 10 F T
Fig. 4 Phase velocity in a circular pipe 8 Eip-fﬁjz i? .
pg =12 kgm®* DT T, uy 2L SETHEITIBNT, OExg;;RejZZJ’? 1[7
B HE & R O FHELRE B & EBRAE R & i L T, Fig.3 @ E;lj-fgj: s
RT, RUSEEREMNT 5 &, KIROE AEIE I X = == Present Calec.
0, TR S N Cup BSHIAN L(Fig. 3(a), ISR =, g
D7 (Fig. 30)). 7=, RAITHBNT, FEHIRES ) Re, SHE :
D-14 RICHHIT 5 2 L 206, K(S)E Y upocRe,™, =
(6)& Y hocRey ™ITHED . — T, MIFERFER LD BJE
CHRBLLNTWD, T, BRREOELZEL
TWRWeHTh D, BIRICFHRES T & R R X
K—ET2Zenb, WhinE 7 =y Mi& LTHRD
REITZETH D, 101304 1;)5 10°
WA, AEAEEEu, DFHRAE R & EBRE R & i L T, Re,
Fig. 4 [Z7”9°, Rey < 4 X 10*OHIPH TIIFHHHER & R (a) Mean film velocity
FERD L —H LTS, LA L, Rey >4 x10*Tidil 15—
HFOTREN R 55, EBRICBWT, MR 2 53
H7-012, 5mm fET2 DOBBEAER 70— 7 %2/
L7, Reyg=4x10*Z 22 L, #mEE A2 5
mm LV HELS 2D, 5T, Rey >4 x 104281 2%
Bk R OB O & b KOG RER & oL, EHRo n
AR AR LT - E AR E B X BN, &
3.2 FARE 7L OWREE QY )
SR L DRIHALIC ST O Shinan & DER O12 % = kg ol
R B ORI & T B, RIS Table 3 107 O ExpRe =77
T MEHAURIZZER, REIRIRIZKE HWT, SiRo L 4 Exp.He,— 102
£ AR TR BN ST, BRI AR Ve
fiEi % 7z (9,
f =007 (13) 1ﬁ& 1& "
RIS & R DR RAE R & R %, Fig. 5 1R Re,
T, EREOu L, FHILZ A ZHNT, MEHREND (b) Mean film thickness
ROT, FTRPITERFROMIAZ & RATODAR, Fig. 5 Comparison between experimental results and

RIZERME LY IR WAL - T, 2, ERICE
F2EDOFAR(3) R b/AhEW, DF Y IBRE LR/
EWDTHD, hEDLTNITNS S FEHUER, un

calculation results on a flat plate

7t KA AR L7z,

Download service for the GTSJ via 216.73.216.204, 2025/07/04. 4



10 T

O Exp.:Re, =26
O Exp.:Re, =51
& Exp.iRe, =77
A Exp.Re =102
V Exp.:Re, =128 b
== Present Calc.

¢

u,m/s

i Y 4 e
10 10° 10°

Re,
Fig. 6 Phase velocity on a flat plate
107 T T

O Exp.:Re =26
[0 Exp.:Re, =51
O Exp.iRe, =77
A Exp.:Re, = 102
V Exp..Re,= 128
= Present Calc.

<B &

10°F

oK

Wave frequency, Hz

10 2
10° 10° 10
Re,

Fig. 7 Wave frequency of roll wave on a flat plate

WIZ, NABEEu DRGSR E Fig. 6 1ORT, sHEER L
FEBERITLL LTS, LavL, EBiESIIRe, 2
BT 225N T, ARBKEL R2E0NEET 5, 2
M, I E O E > TROBIEIHERKL O, &
WRI B2 T DKM T 5 2 LT, WIEN LY
g < ME S AL HFER TH D, ARK IR T CTldRe M uc il
B2 28BN NSO LT, ERFGEE T CliRe 23
REWFEuNRKEL 2D,

u/ATHFE & D, Roll wave D I ELIZ SOV T O R
% Fig. 712 ¥, FHEAERITEBRAEROMI A4 2 TV
2Hb00, FERFERE ERIDFER L oz, KREEOEE
BARESfDNERGFME LV b REVWZ LT, WERERBE
WA L, WEAVELS BT IhD, TORE, Kt
FCIHEREENRRE S AEL bR,
SIABEETIEERETILORE

PLEDW G, FHEWN &R EORBESRAUIZ DWW T,
ZNENHELET NV OZEERRRES iz, 22 T,

6

Download service for the GTSJ via 216.73.216.204, 2025/07/04.

10 —

@ Exp.:Circular pipe
O Exp.:Flat plate
== Present Calc.

10"
u /U Cale.
(a) Dimensionless mean film velocity
10™ . .
@ Exp.:Circular pipe 1
O Exp.:Flat plate )
= Present Calc.
A
=%
4
LIJ‘
~
=
10"

WL Cale.

(b) Dimensionless mean film thickness
Fig. 8 Results of unified model in a circular pipe and on

a flat plate

WE DOhE LD, 2 —MICHERT D720, h/LE
Uy JUDFHEAE B A B, EBRFE R A S LT, Fig
IR, HEmfE & EBAMAENELVE X, fHix 1 OFE
MECHERR 7oy hEnb, HERN &R ORI
AUCIEE U CESLE ISR RN 7 e b &4, BlamfE &
EBERIT LS BT DL EERTE S, O L0
b, WUIRBEERE ANV Z LT, RGN o)IE, HE
W &R ORISRV O BT ATRECd 5 2 & D36
RWCE T, NLEWK O & RFEREBCERIZ OV T,
BATE L AR B E HICR LA THETE 5,
3.4 mEMEE

BRI, TN Z FiEA 2 IR 2 B O R RIS
DNT, R(IDDOFRFEFR & FERAER O4% il LT, Fig.
91T, TITC, RIRHEIT—E(uy =320 m/s) T, &
R pg MEALT D, TR OWe, 1%, REhE RFER



10 T
® Exp.
== Present Calc.
[
\QJ ./ [ ] )
QT .1. @
[ ]
4
-1 anl N
10
10° 10' 10°
VVE?;,

Fig. 9 Entrainment ratio in a circular pipe

SELLET=—EaKL, Wey =pyuih/cTEFRT D,

FEAERIIFERE R E B 8L, We,olME &I
TR AR IR IR R D 50 %I2ET 5, Lo, &
AW S B SN HRIEIZIE, Roll wave & Ripple wave
LW 2RO RNLEWRZAEL, MENEL-TTEL
cusp 2 BRI NI L S T 5, & LC, WIHR T &
NORERBEE R NTCQ — QeI EE B T D 5K
B, Fof iU Tt A 0IZRE LIRS 2,

4. &=
ARFIETIE, SR ICERE S iz, ENE KL ONEKR

L OFNERIBEFEAV R LT, RO S Hs B IR R AR

23 DR A4 RIS RN T 2 BORE T L A EL LTz,

DLFIcE b fima =7,

I RBEGRZ 7 =y Mt &, RIS C O BEEER A
EEATHZ LT, BB LU EORRE & iR
(TR BT i o il DI NV EE= W | o RS B a5 =) B
Too TORYMEAE, FEEFER & Ot & @ U CRGE
L7z,

2. EEHOBLREIRIC & o T, B EOWRBE, W
BILOBEZERLEIZE > TS 3 RoohdEz
HT 52 ENRENT,

3. RIS D B AEH T 2 W AR HE & s AL T
U7, BEM 2 i 2 ERm & T oz
OIS 2RI A RS 5 Rl L 21572,

A%, BIEREETNOZYWERGAEEZITW R D,

RIS CTIIAR L ERENMET 2R E B ZE L

BRI ET L~ & FERT HTETH D,

BEXH
(1) —MFEENEAN =R s, AR2—vr, HAL
FEHRR (2013), pp. 4.

(2) Q. Zhou, N. Li, X. Chen, Yonezu, A., T. Xu, S. Hui, D. Zhang,

Download service for the GTSJ via 216.73.216.204, 2025/07/04.

“Water Drop Erosion on Turbine Blades: Numerical Framework
and Applications,” Mater. Transactions, 49, 7 (2008), pp. 1606-
1615.

() fexRmE, WERE, FERE EHEET e —U e 0
AT A A = X LB 2 BUBRIREIE,” & — AR 5 48 &
% 175 (2020), pp. 47-52.

4) fimEE), HEMEL, SSRBELE, RS —EITELD
Fie DB X — R 24 &5 5 5 (1996), pp. 55-61.

(5) M. E. Ibrahim, M. Medraj, “Water Droplet Erosion of Wind
Turbine Blades: Mechanics, Testing, Modeling and
Future Perspectives,” Materials, 13, 157 (2020).

(6) SARED, BEW—, BRI —ErIlBToTrn—Us
v A — RS 4 5855 3 5 (1976), pp. 27-32.

(7) H. S. Kirols, D. Kevorkov, A. Uihlein, M. Medraj, “Water
droplet erosion of stainless steel steam turbine blades,” Mater.

Res. Express 4 (2017).

(8) V. N. Yarygin, V. G. Prikhodko, I. V. Yarygin, Y. N. Vyazov,
“Near-wall liquid film interaction with co-current gas flow
inside nozzle and under outflow into vacuum,” Vacuum, 159,

494 (2019).

(9) C. Shinan, Y. Weidong, S. Mengjie, L. Mengyao, S. Qiyu,
“Investigation on wavy characteristics of shear-driven water
film using the planar laser induced fluorescence method,” Int. J.

Multiphase Flow 118, 242 (2019).

(10) R. Zhou, T. Xia, A. Wei, X. Zhang, “Investigation on liquid
nitrogen and vaporous nitrogen countercurrent flow considering

droplet entrainment,” Cryogenics 109 (2020).

(11) Inoue, C., Maeda, I., “On the droplet entrainment from gas-

sheared liquid film,” Physics of Fluids, Vol. 33 (2021).

(12) B. N. S. W. J. Himmelsbach, “Experimental and numerical
studies of evaporating wavy fuel films in turbulent air flow,” Int.

J. Heat Mass Transfer (1994), pp. 1217-1226.

(13) P. Marmottant and E. Villermaux, “On spray formation,” J. Fluid
Mech. 498, 73 (2004).

(14) P. E. Dimotakis, “Two-dimensional shear-layer entrainment,”

ATAAJ. 24,1791 (1986).

(15) J. Nikuradse, “Gesetzmassigkeiten der turbulenten stromung in
glatten rohren,” Forsch. Geb. Ingenieurwes. 4, 44 (1933).

(16) L. Moody, “Friction factors for pipe flow,” Trans. ASME 66,
671 (1944).

(17) H. Schlichiting, Boundary Layer Theory, McGaw-Hill Series in
Mechanical, McGaw-Hill (1968).

(18) M. Leng, S. Chang, H. Wu, “Experimental investigation of
shear-driven water film flows on horizontal metal plate,”

Experimental Thermal and Fluid Science 94, 134 (2018).



FARBAHTRA2—EUZETFEHRERFERRIE, 2021.10

(BF3RERE]

B-12

KB FABHEL~AVF gy NEEALL
TART Y RHIVEXDEEWFIE

Numerical Investigation of Ice Crystal Accretion introducing Ice Particle
Sticking Judgement and Multishot Method
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ABSTRACT

I NP

FUKUDOME Koji YAMAMOTO Makoto

Ice crystal accretion due to ice particles causes engine power loss events in the flight. This paper describes the improvement

of the computational simulation model to predict the ice crystal accretion around an airfoil. The computational target is a

NACAG65-210 airfoil for the stator vane in a jet engine compressor. There are two objectives in this study, to improve ice

crystal icing simulations. One of these is introducing the sticking judgement of ice crystal into the previous icing model and

to investigate the effects on the ice shape. The sticking judgement plays an important role for the behavior of ice particles

impingement on the airfoil. By the judgement, bound and breakup of ice particles can be reproduced, and consequent ice

shapes become smaller. The other is to introduce multi-shot method and investigate the effects on the ice shape. By the method,

sticking ice mass reduces and ice shapes change.
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Table | Computational conditions

Total water content (TWC) [g/m?] 8.0
Medium volume dimeter (MVD)  [um] 100
Angle of attack [deg.] 3.0
Chord length [m] 0.1
Inflow velocity [m/s] 85.9
Inflow total pressure [MPa] 0.1128
Inflow total temperature [K] 323.8
Blade specific heat [J/(kg'K)] | 905.0
Blade thermal conductivity [W/m-K] | 237.0
Exposure time [s] 1.0
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A Study of Electrification Method to Effective Heating for Anti-icing Systems
Based on Electro-Thermal CFRP Heating

ABSTRACT

OTE I FnAT A O KEP FhER

NISHIYAMA Kazuki IWAMA Teruyoshi MIZUNO Takuya

AR RN B JIHT BRR

SUZUKI Masaya  KAZAWA Junichi NOZAKI Osamu

Icing on jet engines can be a serious problem for aircrafts such as damages to the engine core. We focus on the CFRP

(Carbon Fiber Reinforced Plastic) that is recently used for fan blades. It has the property of generating heat when an electric

current is applied. Our goal is to propose an anti- /de- icing system for fan blades using the electro-thermal effect. In the

present research, we changed conductive adhesives from our previous study and used different conductive adhesives of

electrical resistivity in leading edge and trailing edge on the CFRP test piece. We conducted anti-icing tests using an icing

wind tunnel and found the improvement of anti-icing effect. It is considered that the present layout for the electro-thermal

heat generation has raised the temperature intensively at the leading edge.

X—J—F: Vv b= Vy, 7727 L—FR, CFRP, BEEGRE, Bk
Key Words: Jet Engine, Fan Blade, CFRP, Electro-Thermal Effect, Anti-Icing
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Fig. 1 Icing Wind Tunnel

Table 1 Specification of Icing Wind Tunnel

Maximum Airflow Speed [m/s] 50
Temperature [°C] -30 ~ -5
Freezing Room [mm?] 2500 x 4500 x 2400
Spray Tunnel [mm?] 400x400
Air Outlet [mm?] 200x200
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Spray Nozzle

CFRP Test Piece

Fig. 2 Spray Nozzle Position
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Fig. 4 Overview and Appearance of CFRP Test Piece

Table 2 Electrical Resistivity of Conductive Adhesives

Conductive materials Range of Electrical Resistivity

[Q * cm]
D-500 3x10* ~ 5x10°°
FA-705BN 3x103 ~ 8x10*
XA-910 8x10* ~ 2x10*
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Table 3 Test Conditions

Temperature [°C] -10
Airflow Speed [m/s] 20 40
Droplet Diameter [pum] 15 | 29 15 I 29
Droplet Flow Rate [ml/min] 60
Spray Time [min] 2
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Fig. 7 Comparision of Icing Area after Icing Tests
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Effect of hydrogen injection hole diameter on burning condition of lifted flame

OBy FBE

HANYA Kazusa

ABSTRACT

M e

SAKURAI Takashi

Btk —BE™

YUASA Saburo

Four hydrogen injectors with the hole diameters of 0.2, 0.4, 0.8, and 1 mm were used to investigate the effect of the hole

diameter on the combustion characteristics of the lifted flame. It was found that as the hole diameter decreased the mixing of

air and hydrogen improved due to the increase in hydrogen injection velocity which caused high shear mixing. In the case of

hole diameters of 0.4 and 0.2 mm, the hydrogen mixed with air more uniform than those of 0.8 and 1 mm and the reaction

zone of the lifted flame became smaller. For these hole diameters, the measured NOx concentrations were less than 1 ppm,

which was also predicted by the chemical reaction computation of the premixed flame.

F—O—F: JKHE, FE LBV KK, NOxRE, A ¥=7 2R
Key Words: Hydrogen, Lifted flame, NOx concentration, Injector hole diameter
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Fig.1  Schematic diagram of a burner
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Fig. 2 Picture of a swirler (Sg=0) and an injector
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3. ERERBLUER
3.1. BBIhf-HK=pai k5%

AT CBIERS IR EM KRG EE Figd (ORT.
Fig. 3(a)l3A/ N —F DIRWRBESA RIS IV2i7E 23D
k4 (Lifted flame) Tdb2. /K SEME HIE L2 R, 2K
MEHIC Lo TRE EROEIX E T 75000, #iar
T/ X5 30mm FRIE TSRS, 7238, ARAF
ZE A LK B BREER T ENOI R L Y R s
BERY BILEFESZEIZT D, AP/ Z L8 0.4mm Tl
FEEDVAEORETEERYBILEREILZGAITAE
HEEOEEE EROALE I ZEIR N — T BIRICKIBICEEIL,
KRDESOBREEE DAMICELT 250 BFEL. 2
DOLEEIBESNT Fig3b)D KKKV iEE B3 k5
(Low lifted flame) EFESS. ZD K AIT RS B LA EL< 2>
T e CRREEEE DS INU VR & ESONE DS BB EILT-
EEZLND. Tk, BE ERVIRED R BT A
VB 0.4mm DOEEDIHILBI, EDIEDDFLEE
TIEEE BN EOZALITER A Th 72, Figle)lda
R gAY 1 PLEOLXICBIZ25i7 Burke-Schumann k
RKTHY, ARFBAITEREE EBRDKREZTERLTODD, B
FARROTD K RIT—E R 272720, HOY PR TR
POBFEHBZF THORREIERTD. AN—F 20
TA V27 Z DI LIS E LT KRB RSN ERIT
B L TR, AR—FTHEA P = XD IR N
1.2 7200 14mm, FVAESH 02mm EL7Z720 Y A5
KARNTZELIRIED Tm/s LLT OO SRIEIC O B R E BT
RS,

(a) Lift | (b)Low lift | (c)B.S.

Air velocity [m/s] 2.8 2.8 2.9

H2 velocity [m/s] 1042 1186 1082
Air mass flow [g/s] 0.6 0.6 0.6
H2 mass flow [g/s] 0.007 0.013 0.037
Equivalence ratio [-] 0.44 0.79 2.13
Hole diameter [mm)] 0.4 0.4 0.8

Fig. 3 Typical flame appearances in this burner
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3.3. ZERMBEPLLHBLARBEREICRITIEE
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TEE U TERIE & KRE L2 A (b S gL Dk
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Fig. 4  Flame stability limits
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Air velocity [m/s] 10.4 14.9 20.1

H2 velocity [m/s] 557 770 976
Air mass flow [g/s] 2.2 3.2 4.4

H2 mass flow [g/s] 0.025 0.037 0.052
Equivalence ratio [-] 0.39 0.40 0.41

Fig. 5

(Injector hole diameter: 1mm)

Flame appearances at constant equivalence ratio

Air velocity [m/s] 4.8 14.3 23.8

H2 velocity [m/s] 375 951 1192
Air mass flow [g/s] 1.0 3.0 5.2
H2 mass flow [g/s] 0.010 0.031 0.054
Equivalence ratio [-] 0.36 0.36 0.35

Fig. 6

(Injector hole diameter: 0.8mm)

Flame appearances at constant equivalence ratio
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Air velocity [m/s] 7.7 9.6 11.5

H2 velocity [m/s] 1194 1192 1192
Air mass flow [g/s] 1.61 2.01 2.41

H2 mass flow [g/s] 0.012 0.015 0.018
Equivalence ratio [-] 0.25 0.25 0.25

Fig.7 Flame appearances at constant equivalence ratio (Injector

hole diameter: 0.4mm)

6.8

Air velocity [m/s] 2.9 4.9

H2 velocity [m/s] 1192 1192 1194
Air mass flow [g/s] 0.6 1.0 1.4
H2 mass flow [g/s] 0.006 0.010 0.015
Equivalence ratio [-] 0.34 0.36 0.36

Fig. 8

(Injector hole diameter: 0.2mm)

Flame appearances at constant equivalence ratio




EFNENDA V= 7 ZARITE N TR E —E
ELTafkY RSt E0kEOHET%
Fig9~11 127, WTFROFHFRIZE N TS H & &<
T2 BN DIV CTIRBEER FE 2NN~ 2 72 80 KR HAB 1T N —F
FRABE LTS, AL 0.8mm Tl kR IEEER S BRI
BEIT 5 DICMA TRISHEEOE S ML TS, —
77, L 0.4mm <X° 0.2mm ClEOomE O R S 02 kX
hEL, FOMRDYICRISTEB OB 5 S 38 L TRIGA
BRI TNDZEBNDND. Zb ORI
0.4mm <> 0.2mm TIESSHEIR CRADE—LLTn5
TEERELTND.

3.4, NOx BELNA—FHOHREE

AVl XA 0.4mm £ 0.2mm (ZOWTEHAIL 72
NOx RS & H 1 4 AR D FHI S & GHIfE % Table 1
L Table2 |2, £7-7 7 7 CH,BM L7 D% Fig.12 & Fig.
13 (28T, %o D5AMh1T Fig.10 B8 X OV Fig.11 D k%5

BICHE LTS, FHI L7 2 T ORI THRIBKEIE 0 Ainvelocity (] | 9.6 26 26 26
ppm TV, S2AMEEL T BO EEZ TS, Figl2 fvdocivims) | 1192 | 1192 | 1192 | 1192
DKRBEETITBBAKRIBEZ R L TWBER, L& Air mass flow [¢/s] 2.0 2.0 2.0 2.0
0.4mm OFEFITALIRE L 0 b 200K 12 EEHVMETH - H2mass flow[gs] | 0.015 | 0016 | 0018 | 0.019
7=. Fig.10 TR BN D L5 —F A E TITkEDK Equivalence ratio [-] 0.25 0.28 0.31 0.33
AT R 2 e oo THBY, RIBAELH TN Fig. 10  Flame appearances at constant air velocity (Injector
EDBEISEFERMLTVD b0 EEX NS, RAK  hole diameter: 0.4mm)

IR Y B RS IR Y, HEEO WIS

Air velocity [m/s] 24.5 24.1 239 Air velocity [m/s] 5.8 5.8 5.8
H2 velocity [m/s] 910 1066 1191 H2 velocity [m/s] 1194 1194 1194
Air mass flow[g/s] 5.2 5.2 5.2 Air mass flow [g/s] 1.2 1.2 1.2
H2 mass flow [g/s] 0.030 0.037 0.045 H2 mass flow [g/s] 0.010 0.012 0.015
Equivalence ratio [-] 0.20 0.24 0.29 Equivalence ratio [-] 0.30 0.34 0.42
Fig. 9  Flame appearances at constant air velocity (Injector Fig. 11 ~ Flame appearances at constant air velocity (Injector
hole diameter: 0.8mm) hole diameter: 0.2mm)
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Table 1 NOx concentration and outlet gas temperature
(Injector hole diameter: 0.4mm)

Viz | Vair | Equivalence ratio |Combustion efficiency| NOx |Outlet gas
m/s | m/s - % ppm K
1194 | 7.7 0.25 100 0.25 1397
1192 | 7.7 0.29 100 0.47 1463
1192 | 7.7 0.32 100 0.61 1473
1192 | 9.6 0.25 100 0.25 1426
1192 | 9.6 0.28 100 0.33 1431
1192 9.6 0.31 100 0.53 | 1504
1192 | 9.6 0.33 100 0.69 1563
1192 | 11.5 0.25 100 0.25 1413
1192 | 11.5 0.28 100 0.42 1492

Table 2 NOx concentration and outlet gas temperature

(Injector hole diameter: 0.2mm)

Via | Vair | Equivalence ratio [Combustion efficiency| NOx |Outlet gas
m/s | m/s - % ppm K
1192 | 2.9 0.34 100 0.02 988
1192 | 49 0.36 100 0.04 | 1123
1194 | 6.8 0.36 100 0.06 | 1165
1194| 5.8 0.42 100 0.11 | 1194
1194 | 5.8 0.34 100 0.04 | 1122
1194 5.8 0.30 100 0.03 | 1052

TFETHHER, HOBENELhoTztEX BN, L
£20.2mm TUI M MR IZEr VK IR X0 B R VE &
72572, Fig. 13 1IZBWTAkEIZ S—F B D 20~50mm
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55, L 0.2mm O NOx JEFEE 0.4mm LY & X5
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7=, JESIE 101.3kPa, IREEIL 298.15K & L, YHEbz 8
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Adiabatic Flame Temperature
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Fig. 12 Outlet gas temperature
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