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Fuel | Methane
Background temperature - 288K
Background pressure 0.1013MPa
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| Pin Arrangement Dependence of Cooling Performance of an
Integrated Impingement and Pin Fin Cooling Configuration
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Abstract

FUKUYAMA Yoshitaka

SHERE? BT B

MIMURA Fujio MATSUSHITA -Masahiro.

*3
wH S
YOSHIDA Toyoaki

Experimental study was conducted for the development of the integrated impingement and pin—fin

cooling configuration. In the development, the spatial arrangements of impingement holes, pin-fins and

film cooling (discharge) holes were the main concern. The temperature measurement was performed

for different test pieces with various pin arrangements to clarify the cooling effectiveness variation

with the pin arrangement. Experiments were conducted with 673K hot gas flow and room temperature

cooling air. The Reynolds number of gas side flow was 170000-650000 and cooling air Reynolds number

was 2600-40000. Test plate surface temperatures were measured using an infrared camera. It was

confirmed that an arrangement of the pin was an important parameter.

Key words : 4 > ¥~ V% #] Impingement cooling, {ZZLMFEYLK Heat transfer area enhancement,
7 4 W 2% #H Film cooling, ¥ > 7 4 ~ Pin fin
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Unsteady Flow inside the Single Rotor Blade Row with Multistage Tip Turbine
(2nd. Report : Effects of bulkheads positioning on efficiency) .

Abstract

Bl W

IWASE Shiki

Pk 2R

SAITO Yoshio

Numerical simulations of the single rotor blade row with multi stage tip turbine were conducted to
investigate a dependency of enthalpy drop on bulkheads positioning of the tip turbine. When leading
edge of a rotor blade comes close to a stator blade which separates inlets of high pressure turbine
(HPT) and low pressure turbine (LPT), a bulkhead which separate outlets of HPT and LPT should be
placed with distance 2L toward the rotation direction of the turbine from the trailing edge of the rotor
blade, where multiplication of a rotor speed U and mean rotor blade passing time 7" of fluid makes L.

If the bulkhead is placed as mentioned above, the enthalpy drop of the tip turbine increases at a
border where the turbine rotor blades proceed from LPT to HPT. While at a border where the
turbine rotor blades proceed from HPT to LPT, the displacement of bulkhead should be zero instead

of the 2L.

Keywords : v 7% —-¥Y Y, J5RAF—T 7

TV, BEFE, UPACS

Tip Turbine, Cluster Fan Engine, CFD, UPACS
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Numerical Analysis of Tip Leakage Flow Field
in a Transonic Axial Compressor Rotor

YAMADA Kazutoyo* FURUKAWA Masato**

FUNAZAKI Ken-ichi*

ABSTRACT

Tip leakage flow field in a transonic axial compressor rotor, NASA Rotor 37, were investigated by
large-scale numerical simulations. Unsteady three-dimensional flow simulations were conducted by
solving the compressible RANS (Reynolds—averaged Navier-Stokes) equations with k- w turbulence
model using an implicit high-resolution upwind scheme based on a TVD formulation. Vortical flow
structures were focused on in order to investigate the tip leakage flow field in detail. At the tip leakage
flow field in the rotor passage, the tip leakage vortex interacts with the shock wave formed upstream
of the leading edge of rotor blade. This interaction has a great influence on the loss at the tip flow
region. In addition, the simulation shows that the vortex breakdown occurs in the tip leakage vortex at
near-stall condition due to this interaction, generating a large blockage effect near the tip in the rotor
passage enough to trigger the stall of compressor. The breakdown leads to the unsteadiness in the tip
leakage vortex, which causes the periodical fluctuations of blade torque, playing a major role in the

| BefnsmS

INOUE Masahiro***

unsteady phenomena in the tip leakage flow field.

Keywords : Bl AF, Einkhim, HE8E, WHE, FEwmh, B
CFD, Tip Leakage Vortex, Shock Wave, Vortex Breakdown, Unsteady Flow,

Axial Compressor

1. INTRODUCTION
It is well known that the tip leakage flow is very
the
of
compréssors. The shear layer due to the tip leakage

important flow phenomena for decreasing

aerodynamic  performance and efficiency
flow rolls up inside the rotor passage to yield a large-
scale streamwise slender vortex, a so—called ’tip
leakage vortex’. In a transonic compressor rotor, the
with the endwall

boundary layer and shock wave in the passage, which

tip leakage vortex interacts
forms the complicated flow field near the tip region. It
is difficult to clarify these flow phenomena in only an

experimental technique because they occur in the very
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small region near the tip in the rotor passage.
Therefore, a number of numerical studies were
performed to investigate the tip flow field in a transonic
compressor rotor (Copenhaver et al. [1996], Chima
[1998], Gerolymos et al. [1999], and Hoeger et al
[1999]). The the
performance of a transonic compressor rotor were
[1993]. They

indicated that the low—energy fluid appears along the

effects of tip clearance on

investigated by Adamczyk ‘et al

casing due to the interaction of the tip clearance vortex
and the rotor passage shock, and showed that an
increased flow range was achieved without the tip
clearance due to the absence of the vortex/shock
interaction. Suder and Celestina [1996] reports that the
interaction between the tip leakage vortex and the
rotor passage shock generates a larger region of high
blockage near the tip in the passage as the rotor
loadings is increased. In addition, it was indicated that
the blockage effect due to the vortex/shock interaction
leads to high incidence angles at the tip, which may
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Table 1 Design specification of test compressor

Blade number 36
Radius of tip at leading edge 252mm
Aspect ratio 119
Solidity at tip 1.288
Tip clearance 0.400mm(0.51%Span)
Hub-tip ratio 0.7
at design

Tip speed 454m/s(17,188. 7rpm)
Total Pressure rise ratio 2.106
Massflow 20.19kg/s

20.93kg/s

Choke masstlow

Station  Z(mm)* [Span ~ %Span |
1 30 |
50 |

§

95
Station 4

2 20%chord
3 45.7

2
3
4 10.67 4

*Z=0 at intersection of hub and leading edge

Station 2 Station 3

Station 1 -

Casing

l

—Trailing Edge
Leading Edge

Fig. 1 Measurement locations in experiment

play a role in bringing about tip stall of the rotor.
However, in spite of a number of such efforts details of
the blockage'in the tip region of transonic compressor
rotor have not been revealed yet.

The purpose of the present work is to elucidate the
tip flow field in a transonic axial compressor rotor, and
to predict the blockage in the tip region. The tip flow
fields in the transonic rotor -at near peak efficiency
condition and near-stall condition have been
investigated by unsteady three-dimensional Navier—
Stokes based

high-resolution . upwind scheme using the

implicit
TVD
formulation and by a method of identifying vortex

flow simulations on -an

structures based on the critical-point theory.

2. TEST COMPRESSOR ROTOR

Transonic axial compressor rotor, NASA Rotor 37,
was used in the present work. The rotor was originally
designed- as an inlet rotor for a core compressor and
tested at NASA Lewis Research Center in the late
1970’s. The specification of the rotor is summarized in
Table 1. The rotor design pressure ratio is 2.106 at a
mass flow of 20.19kg/s. The inlet relative Mach
number is 1.13 at the hub and 1.48 at the tip at the
design speed of 454m/s (17,188.7rpm). The rotor has

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

36 blades with a hub-tip ratio of 0.7, an aspect ratio of
1.19, and a tip solidity of 1.288. The tip clearance is
0.400mm. Details of the rotor aerodynamic design
were reported by Reid and Moore [1978]. Figure 1
shows the location measured using aerodynamic
probes and laser anemometer system, where radial
distributions of static and total pressure, and total
temperature obtained as well velocity

are as

distributions at some blade~to-blade planes.

3. NUMERICAL ANALYSIS METHOD
3.1
Unsteady three-dimensional flow simulations were

Numerical Scheme

performed by solving the compressible Navier-Stokes
equations using an unfactored implicit upwind
relaxation scheme with inner iterations (Furukawa et
al. [1992]; Inoue and Furukawa [1994]). The numerical
method used in the present flow solver is outlined in
the following.

The three-dimensional Reynolds-averaged Navier—
Stokes equations were discretized in space using a
cell-centered finite volume formulation and in time
using the Euler implicit method. The inviscid fluxes
were evaluated by a high-resolution upwind scheme
based on a TVD formulation (Furukawa et al. [1991]),
where a Roe’s approximate Riemann solver of
Chakravarthy [1986] and a third-order accurate
MUSCL approach of Anderson et al. [1986] with- the
Van Albada limiter were implemented. The viscous
fluxes ‘'were determined in a central differencing
manner with Gauss’s theorem. The k-w turbulence
model (Wilcox [1988]) was employed to estimate the
eddy viscosity. Simultaneous equations linearized in
time were solved by a point Gauss-Seidel relaxation
method using no approximate factorization (Furukawa
et al [1992], [1995]). To obtain a time-accurate
solution, inner iterations, so-called Newton iterations,
were introduced at each time step according to
Chakravarthy [1984].The scheme was kept second-
order accurate in time by applying the three—point-
backward difference approximation to the temporal
derivative (Inoue and Furukawa [1994]). It should be
noted that the present implicit scheme with the
relaxation method has no factorization error, thus
being stable up to much larger size of time step than
implicit schemes with approximate factorization. For
the unsteady flow simulations presented in this paper,
nine inner iterations were performed at each time step,
and a nondimensional time step size normalized by the
rotor tip radius and the inlet sound speed was set to
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(b) Enlarged view of rotor tip near leading edge

Fig. 2 Computational grid

0.0001. More than 1,300 time steps are included in the
interval of time taken for a rotor blade to pass through
one pitch.

3.2 Computational Grid

The computational grid used in the present work is
shown in Fig. 2. The composite-grid system was
employed to the present simulation. A computational
domain was divided into two zones. One zone was a
main flow region outside the blade tip clearance, and
the other was the tip clearance region. A structured
H-type grid was generated in the main flow region,
while in the tip clearance region a structured O-type
grid was generated. The main grid consisted of 160
cells in the streamwise direction (83 cells on the blade),
105 cells in the spanwise direction, and 78 cells in the
pitchwise direction. In order to capture the tip leakage
flow field accurately, the grid resolution near the rotor
tip was kept high as shown in Fig. 2 (a). The grid
embedded in the blade tip clearance consisted of 83 X
20 % 32 cells in the chordwise, spanwise and pitchwise
directions, respectively. The whole grid system had
1,363,520 cells. The grid dependency was investigated
in advance. As a result, it was confirmed that the
present grid had grid convergence. The ratio of the
minimum grid spacing on solid walls to the blade tip
chord length was under 5X 107 to evaluate the viscous
fluxes at the walls by applying the no-slip and

2.2 1
OW
[} | @)
g 200 sallfiow
2
= 18
g
j=1
g
£ 1.6
[] Experiment
1.4} O Calculation
0.90 092 094 096 098 1.00
Mass flow rate
Fig. 3 Total pressure ratio characteristics of rotor
1
O Experiment
o Calculation
0.8} [e]
[e)
g o
= o
] 0.6 | o
I 0
i o
g 0.4 o
o
o)
0.2} [e]
O
3 o)
+ [¢}
0 i Loy
1.8 1.9 2 21 2.2 2.3
Pressure ratio

Fig. 4 Spanwise distributions of total pressure ratio

adiabatic conditions with no wall function method.
This minimum grid spacing gave y* <1 at the walls.
The experimental data measured at Station 1 shown
in Fig. 1 were used for the inlet boundary condition of
the present calculation.

3.3 lIdentification of Vortex Structures
The
understanding the complicated flow fields like those in

identification of vortex is very useful in

turbomachinery. It is hard to have a clear grasp of the
tip
conventional flow visualization techniques such as

leakage flow field in compressor. rotor by
particle traces, contour plots, secondary vector plots
and so on. It is essential and key point to identify the
vortex structure for the purpose of revealing the
unsteady flow phenomena near rotor tip in the
transonic axial compressor rotor.

A trajectory of the vortex core is identified by a
semi-analytic method developed by Sawada {1995]. In
his method, assuming that a local velocity field can be
linearly parametrized in a tetrahedral computational
cell, streamline equations become integrable analytically
for the cell, and as a result the obtained streamline

expression provides a possible vortex center line in
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Fig. b Axial velocity distributions at Station 2 at near
peak efficiency condition '

the cell. In the present study, each hexahedral
computational cell is.divided into five tetrahedra to
apply Sawada’s method.  The computational cell
crossed by the vortex center line is defined as a
fraction of the vortex core. The value of unity is given
at each vertex 'of the cells crossed by the vortex center,
and zero at the vertexes of the other cells. An iso-
surface of the adjusted value is drawn to represent

the whole vortex core structure.

3.4 Validity of Numerical Simulation

In the present work, the numerical simulations were
conducted to investigate the tip flow fields in the rotor
at two operating points of near peak efficiency
condition (98% mass flow rate) and near-stall condition
(92.5% mass flow rate). The total pressure ratio
characteristics are shown in Fig. 3. The predictions of
the simulations give a little lower total pressure ratio
compared to the experimental ones.

In the previous studies (Furukawa et al. [1995,
1999]), the validity of the numerical scheme has been
presented by comparing numerical results with
experimental ones. In Fig. 4, the spanwise distributions
of total
computational and experimental results in order to

pressure ratio are compared between
demonstrate the wvalidity of numerical simulations

performed in the present study. The computed
pressure ratio is a little lower than the experimental
one, especially around the mid-span. It probably
seems to be because of the coarser grid resolution

around the mid-span than that near the rotor tip. This
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Fig. 6 Axial velocity distributions at Station 2 at
near-stall condition

disagreement corresponds to that in Fig. 3. However,
the simulation result has a good agreement with the
experimental one near the hub and the tip region. It
seems to be quite good for analyzing the tip flow field
in the rotor. In Figs. 5 and 6, the comparisons between
numerical and experimental results are shown at near
peak  efficiency condition and near-stall condition,
respectively. In these figures, the axial velocity
distributions are represented at Station 2, which is the
plane perpendicular to the axis as shown in Fig. 1, and
are compared only near the casing. In Fig. 5, it is
found that the shock wave appears near the midpitch
across this plane, and at the same time the low-energy
fluid accumulates just near the casing on the pressure
side of the shock wave. This fact is confirmed for the
both of numerical and experimental results. At near—
stall condition, the accumulation of the low-energy fluid
near the casing becomes larger than that at near peak
efficiency condition, as seen in the both results in Fig.
6. It is found that the present simulations predicted
exactly these flow phenomena at the tip flow field in

the rotor passage.

4. RESULTS AND DISCUSSION
4.1 Flow Field at Near Peak Efficiency Condition
The flow fields at the near peak efficiency condition
are shown in Fig. 7. Experimental result measured by
the laser anemometer shows a relative Mach number
contour at 95% span in Fig. 7 (a). Fig. 7 (b) shows
numerical result with a relative Mach number contour
at 95% span and vortex cores in the rotor identified
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according to the method above-mentioned. Vortex
cores were colored with the relative Mach number
(the upper passage) and the normalized helicity H,
(the bottorg pgssage) defined as follows:
A

€1 |w]

where E and w denote vectors of the absolute vorticity

]

(1)
and the relative flow velocity, respectively. The
magnitude of the normalized helicity H, takes the value
of unity anywhere the streamwise vortex is present
and it can assess the nature of vortex quantitatively,
in any case the vorticity decays. As seen in the relative
Mach number contours in Fig. 7, the shock wave
appears near the leading edge of rotor blade, and
interacting with the suction surface of neighboring
blade. Vortex cores of almost -1 in the normalized
helicity are observed near the tip flow field in rotor,
implying the presence of streamwise vortex, which
represents tip leakage vortex rolling up from the
leading edge of rotor. It is found that the tip leakage
vortex interacts with the shock wave in the rotor
passage, abruptly being decelerated downstream of the
shock as seen in the relative Mach number distribution
on the vortex core. This leads to the expansion of tip
leakage vortex, and finally yielding the decelerated
region just downstream of the shock wave near the tip,
which is also found in the experiment.

4.2 Breakdown of Tip Leakage Vortex at Near-Stall
Condition
At near-stall condition, the unsteady simulation was
conducted to investigate the unsteady tip flow field in
the rotor. Figure 8 shows the time history of blade
torque coefficient , which is defined as follows:
T
pU? v /2
where p, U, n and T are the density, the blade tip

C = (2)
speed, the blade tip radius, and the blade torque,
respectively. Time-averaged flow field, which was
obtained to average the unsteady numerical results
over nearly two nondimensional times after passing
the transitional period of calculation as shown in Fig. 8,
was investigated in this section. Figure 9 describes the
time-averaged flow field in the: rotor at near-stall
condition. Just as shown in Fig. 7, the relative Mach
number contour at 95% span and vortex cores
identified in the rotor are illustrated in this figure,
where the vortex cores were colored with the relative
Mach number (the upper passage) and the normalized
helicity H, (the bottom passage). Although the tip

(a) Experiment

() Calculation

Fig. 7 Tip flow field at near peak efficiency condition:
relative Mach number contour at 95% span and
(b) vortex cores colored with relative Mach
number (upper passage) and normalized helicity
(bottom passage)

leakage vortex appears in the rotor, downstream of the
shock wave it has a positive value of the normalized
helicity contrary to that at the origin of its rolling up
near the leading edge. In addition, it is found that the
relative Mach number of tip leakage wvortex ‘is
decelerated to be almost zero downstream of the shock
wave, where there might be the recirculation region,
and the region with the low-energy fluid downstream
of the shock expands in the rotor passage drastically.
These phenomena mean that the tip leakage vortex has
experienced a significant change in its streamwise
slender- vortex structure. In Fig. 10, distributions of
absolute vorticity -coefficient: ¢, in the rotor passage
are. shown on the clossflow planes nearly perpendicular
to the tip leakage vortex. At the same time, the tip
leakage streamlines are shown ‘in this figure. The
absolute vorticity coefficient ¢, is defined as follows:

_ &)
én_ 2(,&)

3)
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where w is the magnitude of the rotor angular velocity.
As seen on the plane I upstream of the shock wave, the
tip leakage vortex has a concentrated absolute vorticity
before interacting with the shock wave. However, at
the plane IT downstream of the shock wave the region
with a concentrated absolute vorticity has expanded
abruptly. This applies to the tip leakage streamlines,
too. Namely, these mean the sudden expansion of the
tip leakage vortex. In addition, there is no concentrated
absolute vorticity at the center of the tip leakage
vortex at the plane II, as seen in Fig. 10. These flow
phenomena above-mentioned in the tip leakage vortex
downstream of the shock: the stagnation (recirculation)
region, the unexpected expansion of the tip leakage
vortex, and the lack of concentrated absolute vorticity
in the vortex center, correspond to some features of
'vortex breakdown' (Leibovich [1978], Deley [1994]).
It is well known that vortex breakdown occur in
leading edge vortices over delta wings, swirling jets in
combustion chambers, and swirling flows in draft tubes
of hydraulic turbines. Recently, it has been observed
even in turbomachineries: a low-speed axial
compressor rotor (Furukawa et al. [1999]) and a
transonic compressor rotor (Schlechtriem et al. [1997]).
Vortex breakdown represents an abrupt change in the
vortex core structure, but its stability criterion is not
fully elucidated yet. It has been found, however, that
there are two types in vortex breakdown: bubble and
spiral types, vortex breakdown is influenced by the
adverse pressure gradient in streamwise direction and
the swirl intensity of the vortex, and has some
features such as a reversed flow region, a sudden
expansion of the vortex, and large-scale flow
fluctuations. Therefore, the vortex breakdown can be
caused by the shock/vortex interaction, which has been
investigated by Smart et al. [1997] in detail. As a whole,
the breakdown of the tip leakage vortex seems to be

brought about due to the interaction of the tip leakage
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Fig. 9 Tip flow field at near-stall condition: relative Mach

number contour at 95% span and vortex cores
(upper
passage) and normalized helicity (bottom passage)

colored with relative Mach number

Fig. 10 Absolute vorticity distributions on cross flow
planes at near-stall condition

vortex with the shock wave when the swirl intensity of
the tip leakage vortex increasing with the blade loading
at near-stall condition. In this way, it is found that the
tip leakage vortex breakdown leads to the large
blockage effect near the tip in the rotor passage at
near-stall condition.

4.3 Unsteady Behavior of Tip Leakage Vortex Due
to Its Breakdown

As above-mentioned the vortex breakdown has a
large-scale unsteady nature and the unsteady flow
behaviors due to the breakdown of the tip leakage
vortex are investigated in this section. Figs. 11 and 12
show the unsteady flow field in the rotor at near-stall
condition. Some instantaneous flow fields in about one
cycle of the periodic fluctuation of the blade torque in
Fig. 8 are shown in these figures.

The unsteady behaviors of the relative Mach
number contour at 95% span and vortex cores colored
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(b) t=14.72

(0 t=14.78

(o) t=14.90

Fig. 11 Unsteady behavior of relative Mach number
contour at 95% span and vortex cores colored
with normalized helicity at near-stall condition

with the normalized helicity are shown in Fig. 11. It is
found that the breakdown of the tip leakage vortex is
spiral-type and the tip leakage vortex fluctuates with
time in the rotor passage. The tip leakage vortex
twists and turns violently in the pitchwise direction to
interact with the pressure surface of the adjacent
blade.
downstream of the shock wave near the tip fluctuates

At the same time, the low-energy fluid

(a) t=14.66

(b) t=14.72

(o) t=14.78

@ t=14.84

() t=14.90

Fig. 12 Unsteady behavior of limiting streamlines on
blade suction surface at near-stall condition

with the periodical behavior of the tip leakage vortex,
as seen by the relative Mach number contour at 95%
span. The tip leakage vortex decays in the aft part of
the rotor passage soon after impinging on the
pressure surface near the leading edge. This cyclic
interaction of the part of the tip leakage vortex with
the adjacent blade corresponds to the fluctuation of

the blade torque as shown in Fig. 8.
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the ~variation of the limiting
the using LIC
visualization technique (Cabral et al. [1993]). It is found

Fig. 12 shows

streamlines on suction = surface
that there are the bifurcation lines of separation and
attachment lines near mid-chord due to the interaction
of the shock wave. The location and type of these
bifurcation lines do not vary with time near the hub.
The topology of the limiting streamlines, however,
changes with time in the outward radius from 80%
span, and the focal-type critical point, which indicates
three-dimensional - attachment point, appears just
downstream of the shock at t=14.66 and t=14.84. By
it should be considered that three-

dimensional flow field is formed near the tip contrary

such ™~ means,

to two-dimensional flow field near the hub. It is
evident that the variation of limiting streamlines and
three-dimensional flow patterns near the tip are
caused by the tip leakage vortex breakdown.

4.4 Effects of Tip Leakage Vortex Breakdown
Figure 13 shows the distributions of total pressure
loss coefficient ¢, on the meridional planes near the
midpitch of the rotor passage at near peak efficiency
condition and near-stall condition. The total pressure
loss coefficient {, is defined as
{, = w(re,—ricy) — (P=P)/ P
Uz/2 -
where 7 is the radius from the axis of rotation, ¢, is the

(4)

absolute tangential velocity component, P is the total
pressure, and subscript of 1 denotes the rotor inlet.
The interaction between the tip leakage vortex and
the shock wave resulted in the high loss at the tip in
the rotor passage. Its influence nearly reaches the outer
10% span at near peak efficiency condition. The similar
results are described by Suder and Celestina [1996].
At near-stall condition the high loss region near the tip
significantly extends over the outer 20% span due to
the breakdown of tip leakage vortex, as seen in Fig 13
(b). The high loss region corresponds to the blockage
region due to the accumulation of the low-energy fluid,
and the large blockage effect near the tip might finally
give rise to the stall of COMPressor .

Figure 14 shows the breakdown limit curve for
NSVI
introduced by Smart et al. [1997] . The curve shown

(normal shock wave/vortex interaction)
in this figure analytically predicts the presence of
breakdown of the streamwise slender vortex -caused
by the interaction with the normal shock wave, and is
presented with respect to the freestream Mach

number and the swirl ratio ¢ upstream of the shock.
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Fig. 13 Total pressure loss distributions on meridional
plane near midpitch

The swirl ratio ¢ is defined as follows:

A max .
t= Vo (5)
where Aux 1S the maximum of swirl velocity

component in vortex core, and V, is the velocity
component along the vortex axis direction at the
vortex axis. The present numerical simulations (circle
symbols) represent as good correlation with the NSVI
breakdown limit as a number . of shock/vortex
interaction experiments. The simulation result at
near-stall condition is close to the curve, which means
that the breakdown of the tip leakage vortex has
occurred just before the stall point. ,
These flow phenomena above-mentioned due to the
tip leakage vortex breakdown in the tip flow field at
near-stall condition: the unsteady behavior of tip
leakage vortex and the extreme extension of high loss
region and blockage effect, seem to imply the
relationship between the breakdown of tip leakage

vortex and the onset of the stall of compressor rotor.

5. CONCLUSION

Unsteady three-dimensional Navier-Stokes flow
simulations based on the high-resolution upwind
scheme using the TVD formulation were conducted in
order to investigate the tip flow field in a transonic
axial compressor rotor. The results are summarized as

follows:
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(1) Even at near peak efficiency condition the low-
energy fluid appears downstream of the shock wave
near the tip due to the expansion of the tip leakage
vortex in interacting with the shock wave although its
region is small.

(2) At near-stall condition the breakdown of the tip
leakage vortex takes place in the rotor passage just
downstream of the shock because the tip leakage
vortex, which has strong swirl intensity increased at
near-stall condition, interacts with the shock wave.

(3) The breakdown of the tip leakage vortex leads to
not only a large blockage effect near the tip but also
the unsteady flow phenomena in the rotor passage.
The blockage effect extends to 20% span from the
casing, which is two times as large as that at near peak
efficiency condition. The periodic fluctuations of the
blade torque, the low-energy fluid downstream of the
shock near the tip, and limiting streamlines on the blade
suction surface are caused by the unsteady behavior
of the tip leakage vortex due to its breakdown.
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Development of A Grain Defect Resistant
Ni-Based Single Crystal Superalloy YH61
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ABSTRACT

When single crystal (SC) castings are adopted for industrial gas turbine’s (IGT’s) components, some
degree of grain defects should be permitted to increase casting yield and reduce cost of the castings. In
this paper, a new SC superalloy YH61 is proposed to solve the problem of grain defects which are
present in SC buckets or vanes of IGTs. First, the effects of solution heat treatment on various
properties of the SC with and without grain defects were evaluated. Increasing the solution-heat-
treated area was found to have a positive effect on the strength of a defect-free SC but harmful for the
strength across a grain boundary. The solution heat treatment condition for YH61 was determined
after considering compatibility for properties of both the defect-free SC and the SC with grain defects.
The solution heat treatment was also found to improve hot corrosion resistance of the alloy. Secondly,
more detailed creep and hot corrosion tests were performed for YH61 solution-heat-treated by one of
the above-examined conditions. YH61 showed higher creep strength than that of a second-generation
directionally solidified (DS) superalloy although Re content of YH61 is about half as much as that of
seccond-generation DS superalloys. Hot corrosion resistance of YH61 was superior to that of a
second-generation DS superalloy under the whole experimental temperature range and to that of a
14% chromium containing conventional cast (CC) superalloy, which is currently used in some IGTs,
when the test temperature was 1000C.

Keywords : YH61, Superalloy, Single crystal, Grain defect

INTRODUCTION

Application of SC buckets and vanes in aero—engines
has significantly improved the engine performance. In
the field of IGTs, application of SC components is
necessary for improving the efficiency of IGTs due to
increases in gas—firing temperature. Although this
demand is common to all IGT manufacturers, DS
buckets and vanes are still the mainstream technology
for IGTs -especially in the case of heavy-duty
machines. As a result of considerable efforts for
adopting SC components for IGTs (Cybulsky and
1993),
* Z DOFICIE 20034 B E N2 IGTC TRES D OO T
BICIGTC ®XEARE L VEEOD -2 02 BEREALZbD

Bryant, three IGT manufacturers have

announced that they have introduced SC buckets or
vanes into their machineries (Barker, 1995, Kiesow
and Mukherjee, 1997 and Farmer, 2002).

The main reason why SC components have not
been widely adopted for IGTs is the casting problems
of the SC for IGT. Grain defects such as low angle
grain boundaries (LAB), high angle grain boundaries
(HAB) and recrystallization tend to occur in IGT
buckets or vanes, since their sizes are larger and their
shapes are more complicated than those of the
aero—engines’ components. Because of these reasons,
the casting yield of the SC for IGT is significantly
and their than the DS
components. If the resistance of SC superalloys to

lower cost is higher

S LAB or HAB is increased, higher yields and lower
* Hitachi Research Lab., Hitachi, Ltd. . .
’ ’ ts can be realized for buckets and vanes in IGT.
7-1-1 Omika, Hitachi, Tbaraki 319-1292, JAPAN cos zed for 5C vanes
%%  Hitachi Kyowa Engineering Co. Ltd. In order to meet these demands, a new SC superalloy,

% % % Metallurgical Research Lab., Hitachi Metals, Ltd.
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YH61 (Table 1) has been developed (Tamaki et al,
1998) and was found to show similar creep-rupture
strength to a second?generation SC superalloy under
certain conditions although YH61 contains higher
levels of grain boundary strengthening elements
(Tamaki et al, 2000). The highlights of its chemistry
is summarized below:

(1) Higher amounts of refractory elements such as
Ta, W and Re are added in order to realize a
similar level of creep-rupture strength as the
second-generation SC superalloys without full

solution
(2) A higher content of boron compared to
conventional DS alloys is used to keep an

adequate level of boron at grain boundaries after
solution heat treatment.

Table 1 Nominal Composition of YH61, mass%.

Cr Co W Re Mo Ta Nb Al Hf C

7.2 1.0 88 1.4 09 8.8 0.8 50 025 0.07 0.02 Balance

B Ni

Tt was pointed out by Jackson et al. (1977) and has
been generally accepted that higher creep-—rupture
strengths along the solidification direction of SC and
DS can be achieved by increasing the volume percent
of fine y'. Higher solution heat treatment temperatures
are also known to increase the volume percent of fine
y'. . For
temperatures close to the incipient melting points

these reasons, solution heat treatment
have been adopted for conventional SC superalloys.
heat

temperatures can be achieved by removing grain

Because such higher solution treatment
boundary strengthening elements such as boron,
hafnium the the
conventional SC alloys can contain a limited range of
LAB. Ross and O'Hara (1996) have reported a unique
SC superalloy that has moderate LAB strength but
higher grain boundary strength than this alloy is
thought to be required for IGT.

For alloys with grain boundary strengthening
elements, Cetel and Duhl (1992) pointed out that the

creep-ductility for DS in the transverse direction

and zirconium from alloys,

decreases with increasing volume percent of fine »'.
This increase was also found to decrease the creep-
rupture life of DS in the transverse direction even in
an alloy which contains grain boundary strengthening
elements (Tamaki et al, 1998). Especially, the higher

volume percent causes a significant decrease in the
creep-rupture life of DS in the transverse direction.
Thus, for achieving higher strength of LAB and HAB,
both the addition of the grain boundary strengthening
elements and optimizing solution heat treatment
conditions seem to be necessary. This paper discusses
optimization of the solution heat treatment condition
for SC superalloys with grain defects.

When one new superalloy is adopted for IGTs, it
should be required to obtain long-term creep data up
to more than 10,000 hours of rupture life. This is
generally longer than that required for aero—engines
while main test temperatures are lower. Hot corrosion
resistance is also major concern for IGTs, while
oxidation resistance is regarded as more important in
aero—engines application. In case of IGTs, it should be
noted that IGTs may be operated by various kinds of
fuels such as heavy oil or residual oil which contains
higher amount of sulfur than jet fuel. This paper
discusses long-term creep properties of YH61 and hot
of the
applicability of the alloy to IGTs.

corrosion  resistance alloy to confirm

EXPERIMENTAL PROCEDURE

Seven 150 kg - master alloys and two 15 ton -
master alloys of YH61 were prepared for this study.
SC bars (¢ 15 x 165 mm), DS slabs (100 x 15 x 250
mm) and  bi-crystalline slabs described in Figure 1
were cast from the master alloys by a mold
withdrawal method.

The conditions of ‘the multistep solution heat
treatment adopted for this alloy are listed in Table 2.
The aging condition for all specimens was 1080C
/4h/AC followed by 871C/20h/AC.

Specimens for evaluating the defect-free SC's
mechanical properties were machined from SC bars.
The stress axis of the specimens was parallel to the
growth direction of SC bars and was within 10° from
the <100> direction. Specimens machined from DS slabs
were used for evaluating mechanical properties of the
SC with grain defects such as HAB. The stress axis of
the specimens was the DS transverse direction which
was perpendicular to grain boundaries. Bi-crystalline
slabs were used for examining LAB strengths. The
growth direction of  both seeds was 001>, which
corresponded to the longitudinal direction of the slab.
The primary seed was set in order to align the <110>
direction parallel to the transverse direction of the slab.
The <110> direction of the second seed was rotated
from the transverse direction by a. Consequently, a

DoWn\oad service for the GTSJ member of ID , via 216.73.216.204, 2025/07/04.



Vol.34 No.2 2006.3

Development of A Grain Defect Resistant Ni-Based Single Crystal Superalloy YH61 135

grain boundary with a misorientation angle a was
present along the center of the slab. Specimens were
machined from the slabs parallel to the transverse
direction. The grain boundary lay perpendicular to the
stress axis in the middle of the specimen. The stress
axis of the primary grain was parallel to the <110>
direction, and the stress axis of the second grain
deviated from the <110> direction by a in {100} plane.

Although IGTSs' buckets and vanes are expected to

.

\Aag <110>

YH61

Grain
Boundary

| <001>

Fig. 1. Schematic of the bi-crystalline slab for evaluating
the effect of @ on strength of SC with LAB or
HAB. Misorientation angle (a) was defined as
rotation angle of the secondary grain against the
primary grain on the {100} plain.

Table 2 Solution Heat Treatment Conditions

contain a few grain boundaries and their solution heat
treatment conditions should be determined with
considering the possibility and degree of the actual
boundaries, long-term creep strength of the alloy was
evaluated by wusing specimens machined from
defect-free SC castings heat-treated by the condition
D. Creep tests for <110> direction as well as <100> were
conducted to examine anisotropy of the alloy. The test
temperature range studied was 750 to 1040C and the
stress range was determined to make the rupture
lives about 100 to 10,000 hours. The maximum rupture
life in this study was about 11,000 hours. General test
conditions were based on ASTM E 139.

Hot corrosion resistance of the alloy was evaluated
in a burner rig. Test specimens were machined from
heat-treated SC
boundaries. Except for studying the effect of solution

castings containing no grain

Secondary ; Primary | <110> heat treatment condition on the hot . corrosion
Grain Grain resistance, the castings were heat-treated by the
condition D which is the same condition as specimens

Eﬁ T for long-term creep data. Figure 2 shows a schematic
view of the burner rig used in this study. The fuels

Solidification used were diesel oil which contained about 0.04 mass%

Direction sulfur and heavy oil whose sulfur content was about

Seed 25mm 0.06 mass%. The diesel oil was used for the tests
Crystal — studying the effect of solution heat treatment

condition on the hot corrosion resistance while the
heavy oil was used for the other tests. 1 mass% NaCl
solution was sprayed into the combustion gases at the
rate of 18 x 10°m® The test temperature was
monitored at the center of the specimen holder. A
single test cycle was 5 to 10 hours and the weight
change of the specimens was measured after either

Condition No. Condition for Final Step one or two cycles. Before each measurement, the
A 1250°C/4/AC specimens were washed by hot water to remove
0,
2 };ggogﬁgig combustion products other than the scale.
D 1280°C/4W/AC
E 1290°C/4WVAC
F 1295°C/4h/AC
NaCl
1%NaCl :
. ‘ solutlon - f‘glzuzt;g“ Combustor
b 1esgrl‘ oil i ump / The rmo couple
1.8x10°m’/h

Focl ’ Exhaust
Nozde |
: Specimens
max. 15ea.
air>— Fuel adjustvalve (| |%
Blower  Primary air 90Nm/h [~ drom

Fig. 2: A schematic view of the burner rig
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RESULTS AND DISCUSSION
The Effect of Solution Heat Treatment Conditions
The effect of solution heat treatment temperature

on the volume percent of solutioned ¥’ is shown in
Figure 3. The term “volume percent of solutioned ' "
is used to describe the volume percent of the region in
which ¥ is completely solutioned at the solution heat
treatment and precipitated as fine particles during
aging. The term or the vertical line in Figure 3 can be
considered as describing how degree the specimen

was solution-heat treated.

100
< [ time: 4h at fina] step
- 80 -
B
-°:‘ YHe61
£ 60
2 [
& ! .
S 40 /
E
-
E 20 F /
:
= ) J — P R
= 1240 1250 1260 1270 1280 1290 1300

Final Solution Heat Treatment Temperature, °C

Fig. 3: Volume percent of solutioned y' increased linearly
with increasing solution heat treatment temperature
in this temperature range.

A linear relationship between the volume percent of
solutioned y’ and temperature was observed between
1250 and 1295C. Although almost 100% solutioning
with no incipient melting can be achieved in this alloy,
residual eutectic y = ¥’ colonies cannot be dissolved
without incipient melting due to its higher content of
boron.

The effect of solution heat treatment conditions on
the creep—rupture life of defect-free SC longitudinal
direction is shown in Figure 4. The creep-rupture life
of the defect-free SC longitudinal direction was
improved by increasing the volume percent of
solutioned 7y '. Although this result has already been
established, it must be noted that the effects of
solution heat treatment conditions on the creep-
rupture life across the grain boundary showed
different tendency as the defect-free SC- longitudinal
direction depending on misorientation angle a (Figure
5). When a was 24.1°, creep~rupture life across the
grain boundary decreased with increasing the volume
percent of solutioned y’. It was opposite to that
observed for the SC longitudinal direction but similar
tendency as DS transverse direction. It was pointed
out in our previous study (Tamaki et al, 1998) that

—54—

BAAL X2 —E 225

700

s00 [ 1040°C/137MPa
= SC-Longitudinal
£ 500 |
= t
5 400 |
=3 r
i 300 a
g 200 §
1 r
U E

100 £ A ging Only

0 C L 1 1 L n . 1 1 L i L 14 " i
0 20 40 60 80 100

Volume Percent of Solutioned y ', %

Fig. 4: Creep-rupture life of SC longitudinal direction increased
with increasing volume percent of solutioned y’.

400

982°C/207MPa

=

& 300 7 _YH61

A a=10.6"

£

£ 200

5

I

P YH61

5 100 DS-Transverse
. LA -

0 20 40

60 80
Volume Percent of Solutioned y ', %

100

Fig. 5: The effects of solution heat treatment conditions on

the creep-rupture life across the grain boundary
depended on misorientation angle a.

the grain boundary surrounded by the non-solutioned
y' (Figure 6-A) still contains higher levels of boron
after solution heat treatment. On the other hand, the
grain boundary exposed to the solutioned y' (Figure
6-B) was found to contain lower amounts of boron
after solution heat treatment. If the solution heat
treatment temperature or the treatment time is
increased, the increase in the volume percent of
solutioned y’ also increases the percentage of the
these could be
considered as reasons why creep-rupture life for the

exposed grain boundary. Thus,

higher a and DS transverse direction decreased with
increasing the volume percent of solutioned y’.

In case of a = 10.6°, no significant degradation of
creep—rupture life across the grain boundary was
the

Additionally, a moderate fall-off of creep-rupture life

observed with increasing volume percent.
was observed up to about 6° in SC610 which was full
solutioned - and did not contain boron (Figure 10).
From these results, LAB might be defined as a grain
life the

boundary does not show significant decrease with

boundary where creep-rupture across
increasing the volume percent of solutioned y ' while
the life across HAB significantly decreases with

increasing the volume percent. It can be also deduced
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from these results that the presence of boron at grain
boundaries does not play an important role in LAB
while boron is essential for HAB strength. Therefore,
it follows that the solution heat treatment condition
would not influence the LAB strength significantly
since diffusion of boron from the grain boundary
during solution heat treatment is not a major issue for
LAB strength. However, it must be noted that the
addition of boron increases the misorientation angle at
which there is a fall-off of strength, or rather, the
addition of boron extends the range of LAB.

(A) 40pum ®) 20pum

Fig. 6: Two typical grain boundary structures after solution
heat treatment (Final step: 1290 T /4h).

05
< : Aging Only Bl.lrner ‘rig test: 900°C/35h
E 04 & Diesel oil (S: 0.06 mass %)
£o.
g E
Ea E
g5 03
£
)
g 02
£
g
g 0.1
z
= 0 ) M S Py *

0 20 40 60 80

Volume Percent of Solutioned y', %

100

Fig. 7: Hot corrosion resistance of YH61 was improved by
solution heat treatment.

Figure 7 describes the effect of solution heat
treatment conditions on hot corrosion resistance of YH61.
Hot corrosion resistance of YH61 was improved by
increasing the volume percent of solutioned 7’ or
solution heat treatment temperature. Tamaki et al
(2002) found similar tendency in CM186LC which is
one of the most popular second-generation DS alloys.
Although
inhomogeneity by solution heat treatment can be

decrease in element concentration
considered as one of the most possible reason why
solution heat treatment improved hot corrosion
resistance of the superalloy, they also pointed out that
MC-type carbides acted as initiation sites for hot

corrosion and the volume fraction of carbides

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

decreased with increasing solution heat treatment time.
Therefore, they concluded that decreasing the volume
fraction of carbides during solution heat treatment also
could contribute to improving hot corrosion resistance
of the alloy after solution heat treatment. In case of
YHG61, the similar mechanisms can be considered to
improve hot corrosion resistance of the alloy.

The applicability of YH61 to IGTs
In order to confirm the applicability of YH61 to

IGTs, long-term creep properties for both <100> and
<110> direction, creep-rupture life of the specimens
machined from SC buckets and vanes and hot
corrosion resistance of the alloy were evaluated.

10 Eg: <ifi>
Eeo—: <110>
et 2nd-gen. DS supealloy (DS Longitudinal)

107

10°*

L3 A
E slower

10°

Steady state creep rate (s*)

100
100

200 500 700

1000
Stress (MPa)

Fig. 8 The steady state creep rate is plotted as a function
of the applied stress for <100> and <110> orientations
of YH61. The slop of these lines indicates the stress
exponent of the steady state creep rate, n for each

temperature.

The creep-strengths of YH61 <100> and <110>
orientations are represented by the relationship
between steady state creep rate and applied stress for
some temperatures (Figure 8). The steady state creep
rates for both <100> and <110> orientations of YH61
were about one third as slow as that of a second-
generation DS superalloy at 982 C/137MPa. It should
be noted that YH61 showed higher creep-strength
than a second-generation DS alloy although Re
content of YH61 is about half as much as that of
second generation DS superalloys. Since Re is the
most expensive element in Ni-based superalloys, it is
very important to achieve higher creep-strength as
low Re content as possible. It should be more
emphasized in case of IGT components because their
sizes are larger than those of the aero—engines'

Figure 9 shows the effect of test temperature on the
stress exponent of the steady state creep rates for
YH61 <110> as well as <100> orientations. In general,
the higher stress exponent indicates lower creep
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resistance. This result is supposed to mean that the
creep resistance of <110> was lower than that of <100>
at 800C and below. On the other hand, when the test
than 800, - the
exponents for both <100> and <110> came to show

temperatures became higher
almost same value and the creep rate for <110> was
slightly slower than that of <100> at 982C. It can be
concluded from the above results that the anisotropy
for creep strength between <100> and <110> should be
major concern at 800C and below while it was not
significant at temperatures above 800C. Although the
creep strength of YH61 <110> direction was lower than
that of the <100> direction especially at 750, other SC
superalloys also show same tendency as reported by
Wilcock et al. (2002). Shah and Duhl (1984) pointed out
that tension yield strength of <110> is lower than that of
<100> at 593C for a SC superalloy PWA1480 although
<110> and <100> orientations have the identical Schmid
factor for the octahedral slip. It can be deduced that
this lower tension yield strength for <110> caused the
lower creep resistance for <110> at temperatures below
about 800C. When the test temperature was higher

25

<110>

fe<110>
<
£c<100>

N o

£e<110> ¥ £c<100>
. M .

Stress index for steady state creep rate

£e<110> > §c<100>
5 NPT .

700 750 800 850 900 950 1000
Temperature (°C)

Fig. 9: The effect of test temperatures on the stress exponent
of the steady state creep rates for YH61 <110> as
well as <100> orientations
600 m .

b 982°C/207MPa
500 |
= N
é £
£ 400
g 3 2nd. -gene.
2 DS alloy
& 300 DS-T
£200 [ a l
g b
O : -
100 1105 \
0
0 5 10 15 20 25

Grain Boundary Misorientation Angle ¢, degree

Fig. 10: The effect of grain boundary misorientation angle
(a) on fall-off of creep-rupture life across LAB
and HAB for YH61 compared with SC610

than 800C, other slip systems such as the cube slip can
operate. Resultant isotropic deformation behavior can
be considered to make the rate for <110> comparable
to that for <100>. The higher creep rate for <100> at
higher stress of 982C might be caused by different
rate of the rafting formation between <110> and <100>.

Figure 10 shows creep-rupture strength of YH61
across LAB and HAB compared with SC610 (Ni -
75Cr - 7.2W - 14Re - 0.8Mo - 8.8Ta - 1.7Nb - 5.0Al -
0.1Hf - 1.0Co, mass%, Sato et al, 1999) and creep—
rupture strength of DS transverse direction for a
second-generation DS superalloy. Although the creep-
rupture strength of - YH61 across grain boundary
decreased with increasing a, it is higher than that of
DS transverse strength when a was less than 20°. For
comparison with SC610, the addition of boron and
introducing the partial solution heat treatment to
YH61 are supposed to cause higher HAB strength of
YH61 than that of SC610 which contains no boron and
is fully solution-heat-treated.

The casting trials for first stage buckets and vanes
of a 25 MW class gas turbine were performed (Figure
11).
specimens machined from these buckets and vanes.

Figure 12 shows creep-rupture life of the

No significant degradation was observed for the
creep—rupture life of these specimens compared with
that of specimens machined from SC bars (¢ 15mm).

(a) Vane

(b) Bucket
Fig. 11: 25MW class IGT bucket and vane (first stage)
~ made of YH61
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Fig. 12: Comparison of creep-rupture life indicated by using
Larson-Millar parameter between the specimens
machined from SC buckets, vanes and bars

Hot corrosion resistance of YH61 was evaluated by
using the burner rig at 750, 900 and 1000C. The
results are shown in Figure 13 with comparing with
those of a second-generation DS superalloy and a 14%
Cr containing CC superalloy. In the Figure, the
vertical line indicates the time required to reach to
0.02mg'/m2 of hot corrosion weight change. Several
points were eitrapolated from the measured data. Hot
corrosion resistance of YH61 was superior to that of a
second-generation DS superalloy under the whole
experimental temperature range and to that of a 14%
Cr containing CC superalloy, which is currently used
in some IGTs, when the test temperature was 1000C.
Figure 14 shows the secondary electron image and the
corresponding characteristic X-ray images (dot-maps)
of the cross sectional view for YH61 after the burner
rig test (900 /60h). It is found that some dots for Cr
agreed with dots for S near the front of corroded area.
It can be concluded from the above result that Cr
content of YH61 was enough to prevent S from
forming low melting point eutectic with Ni after S
penetrated underneath the oxide protective layer.

Conclusions
When SC IGT’s

components, some degree of grain defects should be

castings are adopted for
permitted to increase casting yield and reduce cost of
the castings. In order to satisfy this demand, a new SC
superalloy YH61 containing some grain boundary
strengthening elements was developed. Although
solution heat treatment has been known to improve
mechanical properties of defect-free SC castings, it
was found that solution heat treatment decreased
mechanical properties of SC with grain defects. It
should suggest that not only addition of grain
boundary strengthening elements but also selecting

proper solution heat treatment condition is important
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Tig. 13: The effect of test temperature on the hot corrosion

resistance of YH61

Fig. 14: A secon‘dary elec‘tron image and corresponding
characteristic X-ray images of corroded area in
YH61 (after the test of 900T /60h)

to permit some grain defects in SC castings. The
solution heat treatment condition for YH61 was
determined after considering compatibility for
properties of both the defect-free SC and the SC with
grain defects. The solution heat treatment was also
found to improve hot corrosion resistance of the alloy.
In order to confirm the applicability of YH61 to IGTs,
some properties, which are required to evaluate life of
SC components, were examined. YH61 showed higher
creep strength than that of a second-generation DS
superalloy although Re content of YH61 is about half
as much as that of second-generation DS superalloys
and also no significant degradation for creep-rupture
life of the specimens machined from SC buckets and
vanes was confirmed. Hot corrosion resistance of
YH61 was superior to that of a second-generation DS
superalloy under the whole experimental temperature
range and to that of a 14% chromium containing CC
superalloy, which is currently used in some IGTs,
when the test temperature was 1000C. Anisotropy for
mechanical properties of SC should be considered to
evaluate the SC components’ life. In this alloy, it was
found that the anisotropy for creep strength between
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<100> and <110> should be major concern at 800C and
below while it was not significant at temperatures
above 800°C. The database for evaluating the life of SC

components made of YH61 is mostly completed

including the fatigue properties presented in another
publication (Yorikawa et al., 2000).
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