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Abstract

In the development of high durable Thermal Barrier Coating (TBC) for gas turbines, thermal stress

relief of ceramic topcoat and growth suppression of thermally grown oxide (TGO) formed on top

boundary are important technical subjects. In this paper, it was investigated that a trial production and

a heat cycle test of the columnar structure ceramic topcoat TBC by Ion-beam assisted EB-PVD

advantageous to thermal stress relief. Furthermore, columnar structure TBC applied Al203 barrier

layer was investigated for the growth suppression of TGO.

Consequently, the columnar structure TBC showed the excellent heat cycle durability compared

with plasma sprayed TBC. It was shown that the columnar structure TBC applied AlpO3 barrier layer

could suppress TGO growth to half in thickness.
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Effects of Airfoil Clocking on Aero—performance and
Unsteady Blade Loading in a High-Speed Axial Compressor

KATO Dai* IMANARI Kuniyuki**

ABSTRACT

This paper investigates numerically the effects of airfoil clocking on aero-performance and unsteady
blade loading in low-speed and high-speed compressor rotor-stator-rotor stages using a quasi-3D
unsteady multi—stage Navier-Stokes code. In each of the 1.5-stage cases, four computations are
performed at different clocking positions between the upstream rotor and the downstream rotor, in
25% blade-pitch increment. Computation of the low-speed case shows that the maximum efficiency is
achieved when the upstream rotor wake impinges on the leading edge of downstream rotor, a similar
efficiency variation trend with that of the previous studies for low-speed cascades. The high-speed
case, on the other hand, indicates different efficlency variation trend from the low-speed case.
Underlying mechanism is related to the change in the downstream rotor blade suction-surface shock
strength depending on the path of the upstream rotor blade wake through the downstream rotor
blade-to-blade passage. Furthermoré, due to the change in the rotor shock strength, unsteady loading
on the stator vane in between the two rotors is found to vary significantly. The present computation’s

ability to predict unsteady vane-surface pressures is also validated using in-house rig test data.

INTRODUCTION

Airfoil clocking has been investigated recently by
several researchers, for it possesses an attractive
efficiency improvement potential for turbomachinery
without any design changes on the airfoils. In turbines,
Huber, et al (1995) measured 0.8 point efficiency
variation in a two-stage turbine by clocking the first
stage stator relative to the second stage stator. Griffin,
et al (1995) obtained a maximum efficiency at the
same clocking position by conducting a 2-D unsteady
Navier-Stokes analysis at the mid span of the same
turbine. Arnone, et al (2001) reported, using a quasi-
3D unsteady N-S analysis, a 0.7 point efficiency
variation by clocking the rotors and the stators of a
three-stage low pressure turbine.

For compressors, effects of stator clocking were
investigated numerically by Gundy-Burlet, et al (1997)
for a low-speed 2.5 stage case using a 2-D N-S
analysis. Dorney, et al (1998) studied a mid-subsonic
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HICIGTCAXREEIVHEDO - - b0 2 BERE LD
DTT,
Advanced Technology Department, Aero-Engine&Space
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% % Ishikawajima-Harima Heavy Industries Co., Ltd.
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1.5 stage case using a quasi-3D N-S analysis. These
studies reported roughly 0.6 point efficiency variations.
In an experimental study by Saren, et al (1998), 0.8
point efficiency variation was reported by clocking the
inlet guide vanes and the downstream stator vanes in
a high-subsonic 1.5 stage machine.

One of the major conclusions from these studies is
that the maximum performance is achieved when the
upstream airfoil wake impinges on the leading-edge of
downstream airfoil in the same frame of reference.
These
low-speed

studies are however mostly limited to

configurations, and question remains
whether the same effect can be found in high-speed
compressor stages. A recent study by He, et al (2002)
using an efficient multi-stage, single-passage harmonic
solver revealed a different loss variation trend by
rotor-rotor clocking in a transonic flow compared to
the trend in a subsonic flow. Even though their
explanation that the loss variation in the transonic
case was related to interaction between the upstream
rotor wake and the downstream rotor suction-surface
it lacked detailed

supporting evidence, partly because of the simplified

shock was very interesting,
analysis approach.

One of the concerns for applying clocking in
compressors is its effect on the unsteady blade loading



580 Etfects of Airfoil Clocking on Aero-performance and Unsteady Blade Loading in a High-Speed Axial Compressor FlZSH X & — I L %45

on the middle airfoil in between the upstream and
downstream airfoils. Cizmas, et al (1999) showed by a
quasi-3D unsteady N-S study on IGV-rotor -stator
configuration that unsteady pressure on the rotor at
the maximum efficiency IGV-stator position could be
more than three-times larger in magnitude than at
the minimum efficiency position. Hsu, et al (1997)
reported in their experimental study that by clocking
the rotors in a low-speed rig, the unsteady force on
the stator could be changed by more than 60%.
Question remains whether such variation in blade
forces could be observed in high-speed cases as well.
This paper investigates the effects of airfoil clocking
on performance in both high-speed and low-speed
compressor rotor-stator-rotor stages using a quasi-3D
unsteady multi-stage Navier-Stokes code. In the high-
speed case, an efficiency variation mechanism, unique
for transonic flow, is described, which is related to the
change in the downstream rotor blade suction-surface
shock strength depending on the path of the upstream
rotor blade wake through the downstream rotor
blade-to-blade passage. Furthermore, variation of the
unsteady loading on the stator vane in between the
two rotor blade rows is studied for the transonic case
to see the effects of rotor clocking on its aeromechanics.

COMPRESSOR CASCADES

Two 1.5-stage, ie. rotor-stator-rotor, cases are
extracted for the present quasi-3D clocking study
from the mid-span of a modern multistage high-
pressure compressor. The first case represents
low-speed or subsonic configuration, found in
rear-stages of the compressor. Table 1 shows its main
aerodynamic and geometric design parameters. The
second case represents high-speed or transonic
configuration, whose main  specifications are
summarized in Table 2. In this high-speed case,
representative of the mid-stages of the multistage
compressor, flow enters both the upstream and the
downstream rotors with subsonic relative Mach
number, and become supersonic near their suction
surfaces, locally creating shock waves.

NUMERICAL PROCEDURE

The numerical scheme and the grid system used in
this study were originally developed and validated by
Outa, et al (1994) using a subsonic compressor rig test
data. The scheme was applied afterwards to transonic
rotor-stator system and its ability to predict rotor
wake profile and the downstream stator vane surface
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Table 1 = Specifications for subsonic 1.5-stage case

Upstream Middle Downstream
rotor - stator_ rotor

Airfoil count ratio 3 4 3
Solidity 1.64 1.70 1.60
Inlet axial velocity /
Blade speed 0.51 0.47 0.47
Inlet Mach number * 0.75 0.56 0.74
Exit Mach number 0.45 0.35 0.41
Inlet flow angle deg * 59.0 51.0 63.0
Exit flow angle deg 39.0 13.0 36.0
Diffusion factor 0.54 0.54 0.60
Pressure ratio 1.34 - 1.40
AVDR 1.09 1.08 1.08
Reynolds number 10° 1.79 1.22 2.08

*) Mach number and flow angle defined in respective frames

Table 2 Specifications for transonic 1.5-stage case

Upstream Middle Downstream
rotor stator rotor

Airfoil count ratio 5 8 5
Solidity 1.70 1.61 1.77
Inlet axial velocity /
Blade speed 0.58 0.59 0.57
Inlet Mach number 0.91 0.80 0.85
Exit Mach number 0.55 0.48 0.47
Inlet flow angle deg 54.0 51.0 57.0
Exit flow angle deg 25.0 14.0 27.0
Diffusion factor 0.48 0.56 0.54
Pressure ratio 1.62 - 1.57
AVDR 1.21 1.12 1.16
[Reynolds number 10° 1.53 0.94 2.02

pressure was validated. Comparison of the computed
stator vane unsteady pressure with the in-house rig
test data is made in later section. Summary of the
numerical system is described below.

Governing flow-field equations at mid span are
approximated by quasi-3D unsteady Reynolds—
averaged Navier-Stokes equations, assuming that the
flow is parallel to a stream—-tube. A two-layer algebraic
turbulence model by Baldwin and Lomax (1978) is
used for turbulence closure. A third-order upstream
TVD finite difference scheme of Chakravarthy-Osher
(1985) is applied for the convective terms. A
second-order central finite~ difference is applied for
viscous terms. A first-order Euler backward scheme
is used for temporal discretization with a relatively
small global time step width, and Newton-Raphson
sub-iteration is applied to reduce the linearization and
factorization errors in the time integration.

As shown in Figl, a structured computational grid
system is constructed with an O-grid around the
airfoils and an H-grid filling the rest of the passages.
Normal grid width on the surface is kept to y +=3-5.
Number of grid points for each of the O-grid is
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Overlapped
slide boundary

stator e
H-grid in passage

O-grid around airfoils

H-grid in passage rotor

Fig.l Numerical grid system for unsteady stage analysis

201x21, while for the H-grids in the transonic case,
151x51 (axial x circumferential) nodes are provided
per passage for the upstream rotor, 131x121 per
passage for the stator, and 141x151 per passage for
the downstream rotor. The middle stator and the
downstream rotor domains are densely discretized to
capture the upstream rotor wakes. Total number of
grid points is around 350,000 for 5-rotor-blade/
8-stator-vane/5-rotor-blade case. Note that the B-L
turbulence model is solved not only in O-grids but
also in H-grids by handing over information at the
grid interfaces. The model is, however, applied only
around the airfoils, and not in the wakes.

On the inlet boundary, total pressure, total
temperature and absolute flow angle are specified, and
static pressure is specified on the exit boundary. At
the overlapped sliding boundary. between the rotor
and the stator domains, boundary conditions at one
domain are obtained by simply linear-interpolating
locally the physical variables from the other domain at
each time step. Cyclic boundary condition is applied on
the circumferential periodic boundary. No-slip and
adiabatic condition are assumed on the airfoil surfaces.
As shown in Fig.2, the downstream rotor blade is
clocked with respect to the upstream rotor blade.
Four clocking positions, designated as shift=0%pitch,
25%pitch, 50%pitch, and 75%pitch, are computed for
each of the cases.

PREDICTED PERFORMANCE VARIATION FOR
SUBSONIC CASCADE CASE

Figure 3 shows the variation in efficiency with
respect to the clocking position for the subsonic case.
Here, efficiency 7 is calculated using Eq. (1):
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where P, T; and y indicate absolute total pressure,
absolute total temperature and specific heat ratio,
respectively. Subscripts 7z and ex respectively indicate
inlet and exit, while () and ﬁ indicate spatial-
average and time-average. Spatial averaging at the
stage inlet is mass—weighted, while at the stage exit,
mixed-out averaging is performed to take mixing loss
into account; see Appendix for detail of the averaging
process. It is found that the maximum efficiency as a
whole, as well as for the downstream rotor blade
alone, is achieved at shift=25% position. Figure 4 (a)
shows the phase-lock averaged entropy field at this
clocking position. The upstream rotor blade wake is
seen to impinge on the leading-edge of the
downstream rotor blade. Such an observation is in
accordance with findings from other published papers.
Only 0.2point efficiency variation is predicted for this
case. One reason for the small difference in efficiency
among the clocking positions may be attributed to the

Downstream

15%pitch
50%pitch

Fig.2 Definition of clocking positions

0.2 | —a—Efficiency, Downstream RB alone 1
——Efficiency, 1.5 stage
——Massflow

X
£ 01 | 05
(=N
S S
: 3
T ~ g
& 0= SO A
k)
g A 053
S -0.1 '0'5§
=

-0.2 ' -1
0% 25% 50% 75% 100%
Clocking postion, percentage of pitch

Fig.3 Variation of predicted efficiency against clocking
position for subsonic case.
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Phase-lock-averaged
for 10 cycles

a

(a) Phase-lock averaged entropy field

i

(b) Instantaneous entropy field

Fig4 Computed flow field at maximum efficiency clocking
position (shift=25%pitch) for subsonic case.

wake trajectory of the upstream rotor blades being
disturbed by the vortices shed from their trailing
edges .under this computed condition; see Fig4 (b).
Reynolds number based on the relative flow velocity
at the rotor exit and the rotor blade trailing edge
radius is around 1.0 x 10*, which indicates that such a
Karman-like vortex shedding may be possible if the
trailing edge is thought of as a 2-D circular cylinder.
Strouhal number is found to be around 0.16 for the
present case. Dense O-grid around the edge region
might have enabled the present simulation to capture
such behavior. This type of vortex shedding is not,
however, observed for the transonic case in the next
section, although the Reynolds number is about the
same with that of the present case. Further study is
needed to clarify the reason for such wake behavior.
Lack of wake model in the present Baldwin-Lomax
simulation is another candidate that caused this type
of wake behavior.

Figure 5 shows the energy dissipation thickness d3
of the boundary layer on the downstream rotor blade
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Fig5 Time-averaged energy dissipation thickness of
downstream rotor blade surface boundary layer
at max/min positions for subsonic case
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Fig6 Time-averaged relative dynamic pressure at
downstream rotor inlet for subsonic case

surfaces. Here, 6; is calculated by Eq. (2) using the
time-averaged quantities;

= = =2
83(s)= f———pﬁ’”)is’”) by,

P ko) | ()

where p, #, and ¢ indicate density, relative flow
velocity, and boundary layer thickness, respectively,
while s and # respectively indicate surface-wise
distance from the leading edge and a local coordinate
normal to the blade surface. Subscript e denotes
quantities at the edge of the boundary layer. As
shown in the figure, no significant difference in energy
dissipation thickness of the downstream rotor blade
surface is found between the maximum- efficiency
(25%pitch) and minimum efficiency (75%pitch) cases,
indicating no significant difference in loss coefficient
between them. On the other hand, the time-averaged
dynamic pressure at the leading edge position of the
downstream rotor, Fig.6, becomes nearly minimum at
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the maximum efficiency case and nearly maximum at
the minimum efficiency case. Since total pressure loss
is the product of loss coefficient and dynamic pressure,
the efficiency drop should be related with the
difference of dynamic pressure at the downstream
rotor leading edge.

PREDICTED PERFORMANCE VARIATION FOR
TRANSONIC CASCADE CASE

For the transonic case, three operating points, pl, p2
and p3 are computed as shown in Fig.7. Efficiency
variation mechanism is discussed in detail using the
results at pl, followed by a brief discussion on the
effect of loading, or throttling, on optimum efficiency
position.

Figure 8 shows the predicted efficiency variation
with respect to the clocking position for the transonic
case pl. For this case, maximum efficiency is reached
at shift=0%pitch
is

clocking position and minimum
shift=50%pitch
position. Variation in efficiency is computed to be

efficiency reached at clocking

0.4points for 1.5-stage. Downstream rotor alone shows

1.02
Transonic Case
1
3 p!
S 098
i 0.96 \
e .
2 p2
& 094
E
92
= 0.9 o3 L]
0.9 ‘ :
0.96 0.98 1 1.02 1.04
Mass-fow W/W,,

Fig.7 Computed operating points for transonic case
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Fig.8 Variation of predicted efficiency against clocking
position for transonic case, operating point pl
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1.4-point efficiency change. A slight difference in the
computed mass flow among the four clocking positions
should have caused some variation for upstream rotor
efficiency (negative incidence for higher mass flow
cases, shift=0% and 75%pitch clocking positions caused
some loss increase). This variation would diminish if
the mass flow were adjusted, possibly bringing the
15-stage efficiency variation level closer to the
downstream rotor alone efficiency variation level.
Figure 9 shows the computed flow fields for the
maximum and minimum efficiency clocking positions
by instantaneous entropy presentation. It is found that
efficiency (shift=0%pitch)
transonic case is achieved when the upstream rotor

the maximum in this
blade wake passes through the downstream rotor
blade-to-blade passage near the suction surface. On
the other hand, minimum efficiency (shift = 50%pitch)
is achieved when the upstream rotor blade wake
passes through the downstream rotor blade-to-blade
passage closer to the pressure surface. As shown in
Fig.10(a) by the time-averaged pressure contours and
in Fig.10(b) by the time-averaged blade surface Mach

i

ptch (maximum efficiency)

(b) Shift = 50%pitch (minimum efficiency)

Fig.9 Computed instantaneous flow field for transonic case,
operating point pl (entropy contours)
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Fig.10 Difference in strength of suction-surface shock of

downstream rotor blade at maximum and minimum
efficiency clocking positions; transonic case, pl.
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number distribution, the shock wave on the suction
surface of the downstream rotor blade is weaker in
the maximum efficiency clocking position than in the
minimum efficiency position. Such a difference in the
shock strength is found to be caused by the difference
in the relative inlet Mach number near the suction
surface of the downstream rotor blade. In the
maximum efficiency case, lower Mach number flow of
the wupstream rotor blade wake passes over the
suction surface, compared to the minimum efficiency
case when the wake passes near the pressure side.
Due to the weakened shock wave, the energy
dissipation thickness on the suction surface of the
downstream rotor blade is found not to grow as
drastically behind the shock foot as in the minimum
in Figll (a), thus
contributing to the suppression of the loss increase of

efficiency case, as shown
the downstream rotor blade. In addition, weakened
shock is found also to delay the suction surface flow
separation toward the trailing-edge for the maximum
efficiency case; see Fig.11(b).

He, et al (2002) observed in their transonic rotor-
stator-rotor CFD that the maximum loss, or the
minimum efficiency, was obtained when the upstream
rotor wake passed over the suction surface of the
downstream rotor, which was contrary to the present
result. They stated that at this clocking position, the
upstream rotor wake passed across the strongest part,
ie. the foot, of the downstream rotor passage shock
among other positions, resulting in most severe
deceleration of the wake fluid and highest mixing loss.
Their nonlinear harmonic CFD, on the other hand,
seems not to have predicted the weakening of the
shock foot due to coming of the lower inlet Mach
number flow of the upstream rotor wake, as
mentioned in the present case. It may be assumed
that, at this clocking position, the present case
predicted the decrease of the downstream rotor blade
profile loss due to the shock weakening to be larger
than the increase of the upstream rotor wake mixing
loss described by He, et al. Such difference in the
the
computations is believed to be largely due to the
difference in the Mach number. The computation by

He, et al, is done for the front stage of a transonic

optimum clocking position between two

compressor, so that the incoming Mach number should
be higher and the shock stronger and more developed
than in the present case. Difference in the Mach
number level may determine which loss mechanism
overrides the other in the downstream rotor region.
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Adequacy of the present computation to accurately
predict He's loss mechanism should also be addressed
in the authors’ future research.

Figure 12 summarizes the effect of loading on the
efficiency variation trend with respect to rotor
clocking for the transonic case. Maximum efficiency is
achieved at roughly the same clocking position
(shift=0%pitch) at p2 and pl, indicating that clocking
is not sensitive to loading for moderate to high loading
conditions in the computed case. Optimum clocking
position for low loading condition p3 is changed to
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w 0.2
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(a) 1.5-stage efficiency variation
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(b) Upstream rotor efficiency variation
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(¢) Downstream rotor efficiency variation
Fig.12 Effect of loading on computed efficiency variation

with respect to clocking position for transonic case.

shift=50%. Computed data showed some overturning of
the upstream rotor exit flow at p3 compared to pl and
p2 cases, which resulted in change of the upstream
rotor wake circumferential position at the downstream
rotor blade inlet. Such overturning at p3 resulted from
the upstream rotor inlet flow being more negative
incidence than in pl and p2, causing more attached
flow on the suction surface, while producing some flow

separation on the pressure surface.

UNSTEADY BLADE LOADING

Clocking is often reported to accompany variation in
the amplitude of the unsteady loading on the middle
blade/vane in between the upstream and downstream
vane/blade rows. In this section, unsteady aerodynamic
loading on the middle stator vane in the transonic case
is studied using the computed data.

Before analyzing the vane surface pressure data in
the present transonic case, the present numerical code
is validated first for its ability to predict such unsteady
pressures. Another computation is performed at the
mid-span of a single-stage transonic axial compressor,
in which a series of rig test has been performed
in-house to obtain unsteady pressure data on the
stator vane surface generated by the upstream rotor
blade wakes. Unsteady pressure was measured by
flush mounting arrays of pressure transducers at the
mid span of the stator vane’s suction and pressure
surfaces. Details are described in Kato, et al (1999).
Figure 13 shows the computed flow field using the
present numerical code. Computed time-dependent
pressure on the stator vane is Fourier decomposed to
obtain the first blade-passing-frequency (BPF)
component, which is usually of primary concern in
aeromechanical design. \Figure 14 compares chord-
wise distribution of the predicted and measured 1st
BPF component of unsteady pressure in 75%design
speed case. It is seen that the present numerical code
predicts the vane surface unsteady pressure well.

Returning to the transonic 1.5-stage case, Fig.15
compares the chord-wise distribution of the unsteady
pressure difference on the stator between different
clocking positions. These are the averaged profile over
the eight vanes in the stator. Here, the unsteady
pressure difference is defined as the difference of the
pressure between the pressure surface and the
suction surface at the same percentage of the surface-
wise distance from the leading edge. Specifically, it is
calculated as follows;

—81—
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8P, R(5) = By () 005 s (5) = By () 005 s ()
&DS,I (s)= ﬁs,ps (s)sin ¢ps (s)— ﬁs,ss‘(s) sin ¢ss (s)

Amplitude = 1/5Ps,R2 + 5Ps,12 (3)
Phase = tan™" (&JS'%PM )

where P, and ¢ denote amplitude and phase of the
first BPF Fourier coefficient of the static pressure on
the stator vane, s denotes surface-wise distance from
the leading edge, and subscripts ps and ss denote
pressure surface and suction surface.

It is found from Fig.15 that, in this transonic case,
unsteady loading is much larger at the minimum
efficiency clocking position, shift=50%pitch, than at the
maximum efficiency clocking position, shift=0%pitch.
This is somewhat contrary to previous observations
for low speed cases in open literature, for example

Fig.13 Computed flow field of an in-house single-stage
compressor; relative Mach number (75%speed,
design-load)
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Fig 14 Comparison of computed stator vane unsteady
pressure to measured data of single-stage
compressor rig test (Kato, et al 1999);
75%design speed, design-load, mid-span.

Cizmas, et al (1999), that higher unsteady loading is
usually generated at maximum efficiency position. An
explanation for the variation in unsteady loading for
the present case is related to the difference in the
shock strength on the suction surface of the
downstream rotor blade as mentioned in the last
section. As shown in Fig.16, stronger shock waves are
seen for shift=50%pitch clocking position than for
shift=0%pitch clocking position, which is again due to
the . difference in the' circumferential position of the
upstream rotor blade wake at the downstream rotor

1 r T =
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Fig.l5 Computed unsteady loading on stator of transonic
case, operating point p2, at different clocking position.

Fig.16 Comparison of computed pressure field for two
clocking position; transonic case, p2.
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inlet. Due to the stronger shock wave, stronger
potential disturbance response is generated on the
upstream stator for shift=50%pitch case.

Such an unsteady load variation mechanism
attributed to the variation of the downstream rotor
blade shock strength by interaction with the upstream
rotor blade wake flow is thought to be unique to high-
speed rotor/stator/rotor cascades as studied in the
present paper, and has not been mentioned previously
in low speed cascades, for example Hsu, et al (1997).
Present results indicate that it is possible by clocking
to achieve higher efficiency and lower unsteady
loading at the same time in such a transonic system.

CONCLUSIONS
Effects of airfoil clocking on aerodynamic performance
and unsteady loading in subsonic and transonic
15-stage rotor-stator-rotor cases in a multistage
compressor are investigated using a quasi-3D
unsteady Navier-Stokes simulation. Following findings
are obtained from the present study:
(1) In the subsonic case, maximum efficiency is
obtained when the upstream rotor blade wakes
impinge on the leading edges of the downstream
" rotor blades. This is in accordance with previous
findings in open literature. Efficiency variation in
the computed case is only 0.2points.
In the transonic case, maximum efficiency is
attained when the upstream rotor blade wake
passes through the downstream rotor blade-to-
blade passage near the suction surface. At this
position, suction surface shock of the downstream
blade is weakened due to the lower Mach number
flow of the upstream rotor blade wake passing
over the suction surface. Profile loss behind the
shock foot

efficiency, shift=50%pitch, case, in which the shock

is lower than in the minimum
is intensified by higher Mach number main flow
over the suction surface. Computed 1.5-stage
efficiency variation is 0.4points.

"Clocking is found to be relatively insensitive to
loading, or throttling in the computed transonic
case from mid to high loading conditions.

The present numerical code is validated using in—
house rig test data for prediction of unsteady
blade loading. Unsteady pressure on the middle
stator vane of the transonic 1.5-stage case is then
investigated. Due to the weaker shock of the
downstream rotor blade, as mentioned in (2),
weaker potential response is observed for the
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maximum efficiency, shift=0%pitch clocking position,
than in the minimum efficiency, shift=50%pitch
clocking position. It may be possible in transonic
configurations to attain high efficiency and low
unsteady blade loading at the same clocking
position.
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APPENDIX

In order to evaluate 1.5-stage efficiency using Eq. (1), following
averaging is performed. Flow quantities are spatial averaged
first at each time step. At the stage inlet, this spatial averaging
is mass-weighted, as expressed in Eq. (A1), since no mixing
processs takes place in front of the upstream rotor.
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Here, ¢ is the flow quantity to be averaged, », is the
meridional velocity, y is the circumferential coordinate, and S,, is
the circumferential length of the computed domain at the inlet.
At the stage exit, mixed-out averaging is performed to take
mixing loss into account. The mixed-out averaged density,
meridional velocity, circumferential velocity »4 , and static
pressure P, are obtained by solving the following set of
equations (A2);
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Time-averaged quantities are obtained by averaging the
above spatial-averaged instantaneous quantities over certain
time span. In the present study, time span for the rotor blade to
travel 25 rotor blade pitches (five sweeps) are taken for the
high-speed case, and 30 rotor blade pitches (ten sweeps) are
taken for the low-speed case. Data sampling is performed at
each time the rotor traveled one-fiftieth of the rotor blade pitch.
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The Effects of Oblique Discrete Rib Arrangement on
Heat Transfer Performance of a Square Duct
TATSUMI Kazuya* IWAI Hiroshi** SUZUKI Kenjiro™***
ABSTRACT
Three-dimensional numerical simulation was conducted by making use of a RANS approach for the flow
in a duct accompanying longitudinal vortices and discussions are given for the related thermal fields. In the
first half of this paper, applicability of the three turbulence models adopted in the present study is
discussed based on the comparison with published experimental results both for the flow around a
rectangular winglet vortex generator and for the inclined impinging jets.
Main part of the article treats the numerical results for the flow around a discrete rib attached obliquely
to the flow direction onto the bottom wall of a square duct. The rib attack angle effect on heat transfer and
pressure loss performance was investigated and the most effective angle on heat transfer augmentation
appeared to be § = 45 among the tested cases. Further comparison was also made with several other
types of rib arrangement in order to evaluate the oblique discrete rib performance.
Keywords : Discrete oblique ribs, Heat transfer and friction loss, Rib attack angle effect,
Rib arrangement effect, Turbulent flow, Numerical simulation.
NOMENCLATURE r circulation
AR duct aspect ratio I jet skew angle
d jet nozzle diameter Qumax Maximum vorticity
D hydraulic diameter ¢ jet pitch angle
Cy pressure loss coefficient Subscripts
e rib height, winglet height 0 value for a smooth circular tube
H duct height
k turbulent kinetic energy 1. INTRODUCTION
Nu Nusselt number based on D and fluid local Use of a rib-roughened channel is one of the basic and
bulk mean temperature effective tools for the enhancement of internal flow
P rib streamwise pitch convective heat transfer. It has been used in various
Pr Prandtl number industrial  applications such as corrugated plate heat
Re Reynolds number U,, D/ v exchangers or serpentine cooling passages in high
U, channel mean streamwise velocity temperature gas turbine blades. Flow within the rib-
VR  velocity ratio between the cross—flow and jet roughened channels is highly three-dimensional especially
Wp duct width for the cases of small aspect ratio. So the pattern of
We gap width accompanying flows and the mechanism of related heat
w, rib width transfer strongly depend on the rib geometry. Therefore,
Greek symbols numerous investigations have been conducted for many
B angle of attack of oblique rib and winglet kinds of rib arrays in the past few decades.
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* Department of Energy Systems Engineering Osaka
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* %k Department of Mechanical Engineering Kyoto University
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A full-span rib mounted perpendicularly to the flow
direction is the standard one and its friction and heat
transfer characteristics have been studied first”®. Oblique
ribs and V-shaped ribs possessing certain angle of attack
have been studied next® . Inclination of the ribs to the
flow direction invokes secondary flow downstream the rib.
Mixing to be produced between the duct core region and
the wall vicinity region effectively enhances the wall heat
transfer®®. Furthermore, several references demonstrate
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that introduction of discrete ribs, the ribs interrupted by
gaps in their spanwise direction, is effective in the
augmentation of heat transfer™". Flow passing through
the gap directly produces the enhancement of heat
transfer. It also affects the pattern of recirculating flow
behind the rib and reduces the size of the low effciency

1

region of heat transfer". Therefore, oblique ribs with
spanwise gaps are expected to further improve the wall
heat transfer in relation with the secondary flow or the
longitudiﬁal vortices to be generated” in addition to the
shrinkage of the ineffective recirculating flow region.
They may produce even a chance to reduce the pressure
loss penalty". However, flow pattern to be produced
should be complicated and must be studied in detail.

In the present article, discussion will be developed for
the flow pattern to be produced around an oblique
discrete rib attached onto the duct bottom wall in a fully
developed turbulent flow region, based on the results of
a three-dimensional numerical computation. The
discussion aims at giving insight for the flow pattern and
related heat transfer to be produced in a duct and at
providing hints to experimentalists for future detailed
study. Unfortunately, Direct Numerical Simulation is yet
very difficult even with the most advanced super-
computer. So, the present numerical computation adopts
a RANS approach which introduces ambiguity to some
extent depending on the applicability of the turbulence

models to be employed. In this connection, preliminary -

computations were carried out for two types of flows
similar to the one to be treated in the present article in a
sense that longitudinal vortices are generated in a
channel. One is the vortex generated with a rectangular
winglet vortex generator and another is the one
generated with a skewed and pitched jet injected into a
cross—flow in a channel. The discussions in this part show
that the present numerical computation may work for the
purpose mentioned above, at least, in a qualitative sense.

2. NUMERICAL PROCEDURE

Due to the high Reynolds number and the complicated
geometrical structure of the rib treated here, adoption of
Direct Numerical Simulation is impractical as a means to
tackle the problem. Therefore, a RANS approach was
employed in the present study by applying eddy
viscosity models for solving the momentum equation. As
a numerical procedure, time-dependent forms of the
governing equations are solved for the following reason.
For a separating and reattaching flow, such as the
backward-facing step flow, separated shear layer
contains large-scale vortices periodically formed and
moving toward the reattachment point. This produces
periodical fluctuation of velocity and other quantities and
can significantly contribute to the heat transfer
characteristics especially at the reattachment point®.
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With an approach to solve the time-dependent forms of
the momentum and energy equations, effects of apparent
shear stresses and heat fluxes to be produced by these
large-scale vortical motions can automatically be taken
into account in the computation.

Thus the governing equations solved in the present
study are the following three-dimensional, incompressible,
time-dependent forms of continuity, momentum and
energy equations:

o (1)
DpU; aP

DF " o ai ( iy ) ®
Dp® _ 9 (K 90 _—

Dt~ oxj (Pr ax; pu 0) (3)

The turbulence models employed here to determine the
Reynolds stresses, ie. the last term of Eq. (2), are
categorized as a low Reynolds number version of eddy
viscosity model. Three different models are tested in the
present study, ie. the ones proposed by Launder and
Sharma" (hereafter referred to as LS model), by Abe,
Kondoh and Nagano™ (hereafter referred to as NLAKN
model) and by Craft, Launder and Suga"
referred to as CLS model). LS model is one of the classic
models and has been tested most frequently so far by
many researchers. It is simple in form and is numerically
stable. NLAKN model is one of the typical non-linear eddy

(hereafter

viscosity models and has been demonstrated to work well
for various heat transfer problems. CLS model is another
non-linear eddy viscosity model retaining third order
terms ignored in NLAKN model and is therefore expected
to work better for flows containing rotating velocity
components. For the turbulent heat flux in Eq. (3), the
following gradient type assumption was adopted in the
present computation.
v

30 e )
where the turbulent Prandtl number, Pr; was set to be
constant and equal to 0.9. Fully implicit forms of finite-

difference equivalents of the governing equations were
solved numerically along the time axis in the manner
adopted in reference” For finite-differencing of the
momentum equations, a fourth-order central difference
scheme was employed for the diffusion terms while a
fiftth-order upwind scheme was employed for the
convection terms. In the energy equation and the two
governing equations for k and ¢, a first-order upwind
scheme was adopted for the convection terms and a
central-difference scheme for the diffusion terms. The
pressure gradient in the momentum equation was
evaluated with the SIMPLE algorithm which solves the
pressure correction so as to satisfy the finite difference
equivalent of Eq. (1). Alternating direction implicit (ADI)
method was employed to accelerate the conversion in
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iterative procedure needed to solve the elliptic-type
partial differential equations.

For the winglet vortex generators and oblique ribs, in
order to calculate the flow and thermal fields adjacent to
the bodies with high accuracy, a composite grid system
was employed in the computation. The grid system is thus
composed of two different grid frames. One is the main
grid system allocating the grids aligned with the duct
geometric structure, ie. the streamwise, spanwise and
transverse directions. The other is a sub-grid system for
which grid points are aligned with another Cartesian
frame of reference rotated to match the geometry of the
winglet vortex generator or oblique rib. The values of the
solved quantities on each of the grid system were adjusted
so as to share the common values at their overlapping
boundaries at every iterative process at any time.

3. PRELIMINARY TEST CASES FOR
TURBULENCE MODELS EMPLOYED
Code validation was conducted in the authors’ previous
paper" in which comparison with experimental data has
been conducted for flow in a duct with 90° full-span ribs
and discrete ribs. Since the presently discussing oblique
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Figure 1 Computational domain of the winglet vortex
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Figure 2 Transverse distributions of U/U,, and u v’/ U?,,.
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discrete ribs are believed to induce longitudinal vortices,
it is essential to evaluate the applied turbulence model for
such flows also. Thus, here is shortly discussed some of the
results obtained in the preliminary tests made for the two
types of flows. One is a flow passing a rectangular vortex
generator and the other is an inclined impinging jet.

3.1 Rectangular Winglet Vortex Generator

The first test flow is the one in a channel in which
in-line arrays of the pairs of rectangular winglet vortex
generators (hereafter referred to as WVG) are flush-
mounted to its bottom wall. The results are compared
with the experiment conducted by Lau et al”.
Geometrical configuration of the WVG treated in the
present study is shown in Fig. 1 together with the
adopted coordinate system. The coordinate origin is
located at the center of the winglet, which is located at a
distance of 4e from the upstream boundary. A bair of
rectangular winglets, having an angle of attack and facing
to each other, is attached to the duct bottom wall in a
symmetric pattern. The arrays are arranged in a
spatially periodical manner in the spanwise directions.
Considering these conditions for the arrangement of the
WVG, periodic and symmetric boundary conditions are
employed at the streamwise and spanwise boundaries,
respectively. The geometric condition of the WVG is set
to be identical with the experiment of Lau et al”.
Reynolds number, which is based on the winglet height,
is taken to be Re = 10,000. The turbulence models applied
here in the computation are the LS model and CLS model.

Figures 2 (a) and (b) illustrate the cross—sectional
distributions of the streamwise velocity, U/U,, and
Reynolds stress, # v/ U?,, respectively. Here U,, denotes
the cross sectional mean velocity in the channel. Each
includes three figures and shows the values obtained at
three spanwise locations of 2/ Wp = -0.125, 0.125 and 0.375
at the streamwise location of x = -2.92e, namely a position
of 5.35¢ downstream the trailing edge of the WVG. The
three spanwise locations roughly correspond to the
downwash flow, the vortex center core and the upwash
flow regions. The results of hot wire measurement
presented by Lau et al. * are depicted together in the
figures. They used two types of hot wire probes in their
study, ie. a quadruple-wire probe (referred to as probe-
A) and an X-probe (referred to as probe-B). Thus, the
results for z v’/ U?,, obtained with both probes are shown
in Fig. 2(b). Comparison of the numerical results with the
data plotted in the
discussed with reservation giving -consideration to
the

experimental figure must be

noticeable difference two
measurements.

As for the distribution of U/U,, both models show
underprediction in the center region at 2/ Wp = 0.125, a

position close to the vortex core. The LS model shows a

existing between -
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better prediction at z/Wp = -0.125 whereas it largely
differs with the experimental data at z/ Wp = 0.375. CLS
model overpredicts the mean streamwise velocity at
z/Wp = -0.125. However good agreement is observed at
z/Wp=0375. On the whole, the present results obtained
with CLS model show a reasonable agreement with the
experimental data. As for the turbulence quantities, it is
noticed that CLS model shows a better performance in
predicting #’’/U?%, values than the LS model
Additionally to be marked here, the present results of
u'v’/U%, show better accordance with the data of probe-
B, the probe of simpler geometry. Higher accuracy
expected in the measurement with the probe-A may not
have been achieved because of its positioning diffculty
related to its complicated geometry.

3.2 Inclined Impinging Jets

The second test flow is a skewed- and pitched jet
injected into a cross flow in a channel. Such inclined jet
is known to produce longitudinal vortex at the
downstream of the jet which induces heat transfer
augmentation at the channel walls. This is similar to the
flow to be studied as the main target of the present study
so that it is taken to be one of the test flows to study the
applicability of the turbulence models. The present
results are compared with the experiment carried out
by Nakabe et al”.

The computational domain of this case is schematically
shown in Fig. 3 together with the geometrical parameters
and coordinate systems to be used here. Jet is inclined in
a way characterized by two angles: the skew angle 4= 90°
and the pitch angle ¢ = 45° The origin of the coordinate
system is located at the center of the outlet port of the
jet nozzle having elliptic shape. The inlet and outlet
boundaries of the computational domain are located
respectively at x/d = -10 and x/d = 60, where d is the
diameter of the jet nozzle. Approaching flow to the
channel inlet is hydro-dynamically taken to be a fully
developed one in a channel. Periodic boundary conditions
are applied at both side boundaries of the computational
domain for simplicity,while in the experiments a single
nozzle was mounted in a channel having the aspect ratio
of 14.4: The channel height to jet diameter ratio is H/d =
5 and the channel domain width to jet diameter ratio is
Wp/d = 30, respectively. The channel flow Reynolds
number defined with the cross-sectional mean velocity
and the channel hydraulic diameter is Re = 5,000. The jet
to channel flow velocity ratio is set to be VR = 3.
Although the jet Reynolds number based on the jet mean
velocity and jet nozzle diameter is Re; = 1,500, injected
flow from the nozzle is treated in the computation to be
turbulent at the nozzle outlet and the time mean velocity
and other quantities are given by the ones for a fully
developed turbulent flow in a circular tube. The working
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fluid is water but no information about the inlet flow
temperature was supplied in the reference®. In this
computation, the Prandtl number is set to be Pr = 6.7. Top
wall of the channel was heated in the experiments and the
Nusselt number measured on the top wall inner surface is
discussed here. Thermal field of the channel at the nozzle
location was reported in the experiments to be still weakly
developing but, in the computation, it is treated to be fully
developed at constant heat flux condition for simplicity.
For the turbulence models, NLAKN model and CLS
model are employed in the present computation.

Figure 4(a) shows the spanwise distribution of Nusselt
number, N, calculated at the streamwise location x/d = 20.
The experimental results of Nakabe et al® are also
displayed in the figure for comparison. Although the peak
Nu is underpredicted and the calculated peak position
does not precisely coincide with the experimental
counterpart, both numerical results capture the essential
features of the experimentally obtained distribution of
Nu. Especially, the calculated result with the CLS model
agrees fairly well with the experimental counterpart. The
discrepancy between the calculated and experimental peak

Top wall heated

Periodic condition

Cross-flow

Bottom wall adiabatic

Figure 3 Computational domain of the inclined impinging jet.
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Figure 4 (a) Spanwise distribution of Nx at x/d = 20 and
(b) streamwise distribution of peak Nusselt
number, Nit,, . at each streamwise position.
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positions of Nu is to some extent produced by the spanwise
flow induced more strongly by the periodic side boundary
condition adopted in the computation. Lower numerical
results of Nusselt number come partially from the
numerical negligence of weak development of thermal
field observed in the experiments at x/d = 0.0. It is also
related to the ambiguity in the inlet flow temperature
and to the possible difference between the experiments
and the present calculation in the jet velocity profiles.

In Fig. 4(b) is plotted the peak Nusselt number at
each streamwise position, Nu#,,,,, against x/d. While the
numerical result with the NLAKN model is almost flat,
the one with CLS model agrees fairly well with the
experimental data. The first peak is caused by the jet
impingement and the second peak is due to the effect of
the generated longitudinal vortex.

Considering all of the points raised in the above, CLS
model is judged to work reasonably well in the prediction
of the thermal field affected by the generated longitudinal
vortices.

4, RESULTS AND DISCUSSION

Discussion is now given to the flow pattern and its
related heat transfer characteristics around oblique
discrete ribs attached onto the walls of a duct having
small aspect ratio. Two cases are discussed here. The first
one is a case of a single rib attached onto the duct wall
accompanied by a fully developed flow at the upstream
boundary where the rib attack angle to the main flow is
changed and its effect is investigated. In the second case,
comparison is made for heat transfer and pressure loss
performances between several different kinds of ribs with
and without gaps. Ribs are periodically arranged in the
streamwise direction in this case representing a closer
model of a practical inter cooling passage.

4.1 Angle of attack effect for single rib attached case
The adopted computational domain for the first case is
illustrated in Fig. 5 together with the geometric parameters

and the main coordinate system where its origin is located.

at the duct centerline. A fully developed turbulent flow is
assumed to approach the inlet boundary, which is located
10e upstream the rib, and the outlet boundary is located
at a position 35¢ downstream the rib, where e is the rib
height. The aspect ratio of the duct, AR, is set to be unity.
Reynolds number based on the hydraulic diameter of the
duct is fixed and is set equal to Re = 20,000. Rib height to
duct height ratio and rib width to duct width ratio are set
equal at e/H = 0.15 and W,/ Wp = 0.6, respectively, while
the rib possesses a square shape cross section. The angle
of attack of the rib to the main flow is varied in several
steps, ie. B = 20° 30° 45° 60° and 75’ Regarding the
previous discussions concerning the rectangular WVG and
inclined impinging jet, the CLS model is chosen here for
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Figure 6 Spatially averaged Nusselt number, Nug,./Nuy.

the turbulence model applied to the computation. For
wall boundaries, constant heat flux condition is applied
to the duct walls and to the rib surfaces.

The grid number is 227 x 57 x 77 for the main grid
system and 36 x 57 x 52 for the sub-grid system. A test
for grid independency of the computation was carried out
by varying the grid numbers in the three directions. Since
the wall heat transfer value is most sensitive to the grid
density in the normal direction of the wall, the discussion
of grid dependency only in the y direction will be shown
here. Three kinds of grid node variations were tested, i.e.
227 x 52 % 77, 227 X 57 x'77 and 227 x 75 X 77 for the main
grid. The values of y* for each grid were approximately
5, 2 and less than 1. Only one case of the angle of attack
was examined, ie. g = 45" The overall heat transfer
coefficient decreased by 3.5 percent between the first two
cases and there was no severe difference between the
latter two cases. A grid independent study was also
carried out by Suga® for a channel flow and it is reported
that the CLS model produces accurate results for y <
4. From these discussions, the aforementioned grid
numbers are chosen in the present study.

Mean Nusselt number, Nu,,,, spatially averaged over
the region from x/e = -5 to x/e = 20 of the rib-attached
duct wall including the rib surfaces is shown in Fig. 6.
The values are normalized by Nu, which represents the
Nusselt number for a fully developed turbulent flow in a
circular tube correlated by McAdams® as follows:
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100 ————F T T 7171

c/c,,

Figure 7 Streamwise distribution of (a) the spanwise-
averaged Nusselt number, Nu./Nu, and (b)
pressure loss coeffcient, Cp/Cpo.

Nuy = 0.023Re"Pr** (5)

Nugyg/Nu, increases as the angle of attack decreases and
takes a maximum peak at g = 45° and then starts to
decrease with a further decrease of . Thus, the largest
heat transfer augmentation is obtained at g= 45",

Streamwise local but spanwise-averaged Nusselt
number, Nu,/Nu,, is plotted against /e in Fig. 7(a). Rib
surface area is counted as a part of the total averaging
area. In all the cases, the value of Nu,/Nu, is larger than
unity over the whole span of the streamwise locations so
that the attachment of the rib enhances the duct wall heat
transfer over long streamwise distance irrespective of the
value of the angle of attack. Most effective enhancement
is obtained in the region 5 < x/e¢ < 10 in every case of
different value of . In the case of f= 45", Nu,/Nu, shows
largest value among the results for different value of g at
any streamwise position.

Figure 7 (b) shows the pressure loss coefficient, Cy,
which is calculated in the following form.

2AP

G pégm

Here AP is the difference of the cross sectional mean

(6)

pressure between the calculated location and x/e = -5.0.
Cy is normalized by the value Cp which represents the
pressure loss coefficient of a circular tube calculated
from the friction factor, f;, correlated by Petukhov®.

Jo= (158InRe ~ 3.28)"* (7)
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Cp/Cpo largely increases where the rib exists and pressure
recovery is observed downstream of the rib for all angles
of attack. In the region of 0 < x/e < 5, Cp/Cpy takes its
largest value for g= 75° and 60° and then decreases as
B decreases. Although the present results are for discrete
ribs, this order of C,/Cy is the same as that for oblique
ribs without gaps as reported by Han et al®. Further
downstream at x/e = 20 the values of C,/Cp for the
different cases become closer to each other, however, the
order does not change significantly: Cp/Cpo is maximum
for p=60° and minimum for g= 20°. Therefore, the angle
of attack which produces the largest Nu,,, does not
correspond to that of the maximum Cp/Cp. These results

Figure 8 Velocity vectors and W contour maps at x-y
cross-sectional plane (g = 45°).
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Figure 9 Velocity vectors at the y-z cross-sectional plane

(B =459,
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(2) p=75"
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Figure 10 Nu/Nu, distribution on the duct bottom wall.

x/e
Nu/Nu,,

Table 1 Peak vorticity and circulation at x/e¢ = 10

0 75°  60°  45°  30° 20°
Qumaz/Um (1/m) - -341 -31.3 -453 -B8.1
T/Upnx10° (m) - -118 -149 -1.18 -0.821

suggest that g = 45° may be the optimum value for
oblique discrete ribs.

Figure 8 shows the velocity vector maps in an x-y
plane at three spanwise locations z/Wp = -0.15, 0.0 and
0.15 for the case of f = 45° The contour maps of the
spanwise velocity, W, are superimposed on the graph, in
which the shaded parts correspond to the region where
W is positive. Velocity vector maps of the secondary flow
in a cross section calculated at three streamwise locations
x/e = 2.0, 5.0 and 10.0 are illustrated in Fig. 9 for the case
of = 45" Figure 10 shows the spatial distribution of the
local Nusselt number, Nu/Nu,, on the rib-attached wall for
various values of f. Figure 11 shows the cross-sectional
distribution of the turbulent kinetic energy, k/U%,,
calculated for various values of § at the streamwise
location x/e = 10 on which velocity vector maps are
superimposed. In Fig. 8 (a), streamline of the separated
flow from the rib leading edge is clearly observed to
reattach the duct bottom wall. However, this is not true
for Figures 8 (b) and (c). As is suggested by the
appearance both of the shaded and un-shaded parts near
the wall in Fig. 8, near wall flow has spanwise velocity or
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Figure 11 y-z cross-sectional view of turbulent kinetic
energy contours and velocity vectors at /¢ = 10.

the velocity component along the rib axis is in noticeable
magnitude. Because of the existence of the spanwise flow
near the wall, the separated flow streamline starting from
the edge of the rib does not reattach at the duct bottom
wall at other spanwise positions as found in Figures 8(b)
and (c), and is actually bifurcated into two streamlines
directed upstream and downstream at a position detached
from the wall. Because of this, velocity of near wall flow
becomes larger with the decrease of the rib angle of
attack. In the case of g = 90° recirculating flow region
appears behind the rib near the duct centerline and
Nusselt number takes low value there because of small
near wall flow velocity. This should be improved in the
case of using the oblique discrete rib having smaller angle
of attack due to the appearance of larger near wall flow
velocity as discussed above.

There occurs another effect with the decrease of the rib
angle of attack, which causes the change of the spatial
distribution pattern of local Nusselt number. It is related
to the generation of the longitudinal vortex. As is seen in
Fig. 9, the separated flow streamlines starting from one
end of the rib located on negative side of z accompanies
flow rotation as well as the above—discussed conspicuous
downwash flow at #/e = 2.0. The rotating flow develops
into a longitudinal vortex downstream slightly
accompanying the deflection toward the positive z
direction as is easily found in the figures for the
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downstream positions of x/¢ = 5.0 and x/e = 10.0. In the
same manner as the previously discussed inclined jet
case, this longitudinal vortex produces effective heat
transfer augmentation at the bottom wall over large span
of streamwise distance as is observed in Fig. 7 (a). It is
reported in the reference® that for delta winglet type
vortex generators, a longitudinal vortex is not clearly
formed for large angles of attack. Namely the critical
angle is reported to be f. = 70° and no vortex was
appreciable above that angle. In the present results,
although not shown here, a longitudinal vortex of large
scale was recognizable at < 60° resulting in larger
heat transfer augmentation at the bottom wall. This gives
another reason why better performance of heat transfer
is obtained at § = 45°than at g = 75°. However, on the
other hand, the generated longitudinal vortex becomes
slender in its cross-sectional size with the decrease of g
as is estimated from the shrinkage of the cross-sectional
area of high turbulent kinetic energy region shown in
Fig. 11. Table 1 shows the peak value of the streamwise
vorticity and the circulation calculated at the location of
x/e = 10.0 for the four cases of different value of g. The
circulation is obtained by spatially integrating the
streamwise vorticity
integration, value smaller than 20% of the peak vorticity

in the cross section. In the

was not taken into account. The values are not shown
here for §= 75° since a clear vortex formation was not
found for this case. From the decrease of the maximum
vorticity with the decrease of the angle of attack, it is
confirmed that generation of the longitudinal vortex
becomes more conspicuous at smaller value of §. On the
contrary, however, the largest value of the circulation is
obtained at g = 45° This suggests that the generated
longitudinal vortex becomes slender with the decrease of
B . Therefore, with the decrease of g, the local Nusselt
number becomes larger because of the generated
longitudinal vortex but the width of the heat transfer
enhanced-region is reduced. These are the background
why Nu,,, takes largest value at g=45". One more point
to be noted here is that the level of turbulent kinetic
energy is larger at larger value of § as is found in Fig. 11.
This indicates that a rib of larger angle of attack yields
salient interruption of the main flow and therefore
generates stronger turbulence. This further suggests that
turbulent kinetic energy takes a minor role on heat
transfer enhancement and that, at smaller value of g,

Nu/Nu,,
g 2
04 15
=3 g4
2 =
16 =
0 Eo

Figure 12 Nu/Nuq distribution on the duct sidewall
(B =45°:2/Wp=05).
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more effective heat transfer is achieved with causing

~ smaller disturbance to the flow in a duct.
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6/11.

Figure 12 shows the contour of  the local Nusselt
number, Nu/Nu, at the duct sidewall at 2/ Wp = 0.5 for
the case of g=45°". For a duct of small aspect ratio, as is
the present case, a substantial effect to the duct sidewall
heat transfer occurs. A noticeable peak of Nu/Nu,
appearing at x/e = 5 is caused by a vortical flow induced
at the corner, which is clearly discernible in Fig. 9 at x/e
= 2.0 and x/¢ = 5.0. This vortical flow sweeps the wall
surface and keeps the thermal boundary layer thinner,
thereby heat transfer is enhanced there.

4.2 Performance comparison with other types of rib
arrangement

From the discussion carried out in section 4.1, the
preferable angle of attack for heat transfer enhancement
is considered to be g = 45° In this section, further
evaluation of the oblique rib performance is carried out
by comparing it with several other types of ribs. The rib
arrangements are illustrated in Fig. 13 which shows the
top view of the computational domain together with each
case notation. The ribs are attached onto both the duct
top and bottom walls in the form of being symmetric to
the center plane of the channel. The duct aspect ratio and
the Reynolds number are respectively fixed to a constant
value, ie, Wp/H = 1 and Re = 20,000. The rib height to

€
y e N
, W
1
3U | W,
o J x, U]
in |
case 90FS case 90D case 45DG1 case45DG2

Figure 13 Top view of each computational domain.

1.50
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/NuMﬂ_

=0.6

T
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90D 45DG1 45DG2

Figure 14 Spatially averaged Nusselt number and friction
factor comparison.

Table 2 Computational conditions

Notation e/H Wp/H ple W,/Wp W,/Wpn B[]
90FS 0.1 1.0 10 1.0 - 90
90D 0.1 1.0 10 0.9 - 90
45DG1 0.1 1.0 10 0.9 - 45
45DG2 0.1 1.0 10 04 0.1 45
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duct height ratio is e/H = 0.1 and the rib pitch to rib
height ratio is p/e = 10. In the present case, periodical
boundary condition‘ is applied in the streamwise
direction in order to solve the flow and thermal field
around a periodically embedded rib. The values of each
condition are summarized in Table 2. For the thermal
boundary conditions, constant heat flux conditions are
applied to both the duct walls and rib surfaces.

Figure 14 shows the averaged Nusselt number at the
duct bottom wall and friction factor for cases 90D, 45DG1
and 45DG2. These values are normalized by that of the
90FS case, a standard full-span 90° rib. For the 90D
case, Nitgye/ Nttgrgrs is smaller than unity which indicates
the heat transfer performance deteriorates compared to
the 90FS case. On the other hand, //frs is smaller than
unity showing that pressure loss reduction is also
produced in this case due to the reduction of the rib
blockage area against the main flow.

For cases 45DG1 and 45DG2, Nuyye/Nityrgrs exceeds
unity and approximately 20% increase of heat transfer
performance is obtained. This is due to the secondary
flow generated by the inclination of the oblique rib. As
mentioned in section 4.1, oblique rib. induces the rib
passing flow to flow along the rib axis which results in a
development of a longitudinal vortex. In the present
case, in which the rib is periodically embedded in the
streamwise direction, the size of the vortex is larger
compared to the previously discussed single mounted rib
case and a pair of counter rotating longitudinal
secondary flows is obtained. Downwash and upwash
flows are respectively produced at the spanwise-leading
side and trailing side of the oblique rib by this secondary
flow which enhances the fluid mixing between the duct
core region and the near wall region. Thus higher heat
transfer performance is obtained compared to the g =
90° rib. Such flow characteristic is also reported in other
references “" 7% QOne point to be noted is that f/frs is
still smaller than unity for oblique discrete rib cases
indicating that heat transfer enhancement due to
secondary flow is obtained without incurring a serious
pressure loss increase. This might be attributed to the
gap existence.

Comparing case 45DG2 with 45DG1, both Nuy,e/ Nutg,ers
and f/frs decrease. This is ascribable to the additional
gap located in the middle. Figure 15 shows the Nusselt
number distribution at the bottom wall and velocity

. vectors at the plane of y/e = 0.1 for cases 45DG1 and
45DG2. Nu is normalized by the value of a smooth tube,
Nu,, represented by Eq. (5). Comparing the two contour
maps, the value of Nu/Nu, does not differ much in the
area at the upstream side of the rib. However, paying
attention to the downstream side of the rib, Nu/Nu, is
smaller in case 45DG2 especially in the area near the rib
rear wall. In case 45DG1, a downwash flow is generated
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Nu/Nu, distribution on the duct bottom wall
and velocity vectors at y/e = 0.1 (a) case
45DG1, (b) case 45DG2.

Figure 15

at the leading edge of the rib and the flow sweeps the
bottom wall as it changes its direction along the rib axis.
The combination of this sweeping flow and the vortex
existing at the rear wall, often referred to as recirculation
zone, increases the local heat transfer at the bottom wall.
On the contrary, in case 45DG2, the flow passing through
the middle gap interrupts the flow behind the rib and the
strength of the spanwise flow is reduced. Moreover, the
spanwise flow is pressed toward the downstream side and
tornado-like vortices appear near the leading edge of each
rib. At the center of these vortices, flow stagnation is
incurred which entails deterioration of mass and heat
transfer. These are the major reasons why heat transfer
performance is impaired in case 45DG2 compared to
45DG2. The weakening of the secondary flow also
contributes to the reduction of f/frs. Since the secondary
flow is an additional flow motion to the channel main flow
and accompanies an extra pressure loss, a reduction of its
magnitude implies a decrease of f/fgs. Thus, if an
effective increase of turbulence intensity near the wall
cannot be expected by the gap leaking flow, the
introduction of a gap in the middle of the rib simply
attenuates the secondary flow and decreases both the
heat transfer and friction loss.

5. CONCLUDING REMARKS

Three-dimensional unsteady numerical simulations
were conducted using a RANS approach for the flow in
a square duct attached with an oblique discrete rib to its
wall. The rib was mounted with an angle of attack to the
approaching flow and side-ends were detached from the
sidewalls. The rib angle of attack has been varied in
several steps from g= 20° to 70° in which the flow and
heat transfer characteristics were investigated. Further
discussion was also carried out on the performance
evaluation of the oblique discrete rib by comparing it with
other types of rib arrangement. Additional to this main
discussion, other two test cases were also conducted as a
means of evaluating applicability of the present numerical
method to such highly three-dimensional flows. Namely
calculation was made for an array of a pair of rectangular
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winglets attached onto a channel wall and for a skewed
and pitched impinging jet injected to a cross—flow and
the obtained results were compared with experimental
results. The major conclusions drawn in the discussions
are as follows.

(1) Among the treated turbulence models, CLS model
shows the best performance. The predicted streamwise
velocity and Reynolds stresses of the rectangular winglet
case and the Nusselt number of the inclined jet are in
reasonable agreement with the experimental data.

(2) Oblique rib attached to a heat transfer surface
produces augmentation of wall heat transfer at positions
downstream the rib having the largest overall Nusselt
number at the angle of attack of g = 45" Due to the rib
inclination and to the provided gaps, the flow separated
from the leading edge of the rib turns its direction so as to
better sweep the heat transfer surface. This causes heat
transfer augmentation at wall and also contributes to
remedying the low heat transfer in the region behind the
rib by reducing its size. A longitudinal vortex is generated
by the rib. At rib downstream position, thinning of the
thermal boundary layer is produced by this vortex on the
duct bottom. This results in heat transfer augmentation
there. Although larger maximum vorticity is observed for
smaller value of f, the vortex becomes slender and the
width of heat transfer enhanced-region is decreased. As
a result of a trade-off matter of these features, the
aforementioned = 45° shows the highest heat transfer
performance among the tested cases.

(3) The inclination of the rib also affects the heat
transfer at the duct sidewalls. A corner vortex is
generated at the trailing side-end of the rib. By the
combination of this vortex and the main longitudinal
vortex, a thinner thermal boundary layer is produced at
one side of the duct sidewalls located at z/Wp = 05.
Thus enhancement of the wall heat transfer is obtained
in this area.

(4) Comparing several kinds of ribs with and without
gaps periodically embedded in the streamwise direction,
oblique discrete rib with attack angle of 45° showed the
best performance. The oblique discrete rib generates a
longitudinal secondary flow, which enhances the fluid
mixing between the duct core and wall near regions
resulting in heat transfer augmentation at the heated
walls. It also reduces the pressure loss due to reduction
of the rib blockage area produced by the gap. When the
oblique rib is interrupted by a gap located in the middle,
the pressure loss decreases, however, the heat transfer
performance also deteriorates. This is attributed to the
flow passing through the gap interrupting the spanwise
flow at the rib downstream side and deteriorating the
contribution of the secondary flow on the heat transfer
augmentation.
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DHEAZIOFBERAAL IV TE D, ERSEMIE, =
v vWhof, EREAW, sEhEESFEEAGDE
Bo ¥77, EAER TV VU274 FVETTIFT,
IV VEDORERBIRS L-EHREDTRTH S,
3.4 BERERR

FECHAER L EE X ROFEREN Z M 41 RT,
<4 raky EEEERT LMD 7 ¥ — TN P
JAWE 2 kHz RO OB BEHTH 5. RITHEEIZ L —H—
A4 v FOMPPEFIHE L L A, B#270km (75m/s)
Thole PR 7HFICHELZFEEIENLTW S,
DO OFIRIZB VT HHFICHER A THRFICH
FEABNEY, BEETEA Y F—27cdFiHEZ2EL

2 5 a1 05 0 05 ] 15 2
X (m)

B4 HRRERRED
(SN.04-0909-C081 : 270km, fc=2000Hz)

a5 02 a5 1 05 6 05 1 1.5
X (m)

X5 RFEREREES
(SN.04-0909-T028 : 160km, fc=8000Hz)
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5T EBRTE, BEBIIOWTHHEI0km TH#A S
LR OF 7 & — 73y FHULE B 8 kHz L5 O
P25 ITRT . MERIZRAICONT, BEMLE
TRHELRTLRDN, 4 Fu—ToREIKRE R
LA D Bo BIRED LI IC<A 70k VEEEEZTRL
PeAER, MLV ERT B ERE B TE L,
RATEBOT— S BURIZ 28 EICH Y, BRHE%2
TRIRELREP»D D, EBRFEICETSE /91D
DERELEHIC, BEMACTHELR LT A—5 H%
LTF— SRR BT L TFETDH S,

4. sHYIC
YA 7uk 7 VA LRBRITHZ MAES DY ER
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BEZAFEELY, BEMERT R L LD, HEE
BEOWRFMIRTTI2EMRICH S, HET TH L
RoTIHhADR, LEHFROMIGEDOALL TR
BORALORHEOBPIFTHBERLETWS, e
BERLEZ 2RO H A LORHMTARYNZILTWS Z i,
BELVWRBTRILRHERTH D, BEBEIERLZZED
SVHERRE, —REBRLIIICBIEY, EolAED
LI LWRELELTEELZHBO TWE, SH2ERD
LRFFRIZOWTOF AR REE L TS B EKRTIE,
RIIODIERA 70 R TLADL ) GBEZFESDD
b LAk, RRIZ, BHER—-LX—VEUTITRT,
http://www .apg.jaxa.jp/res/cet/a00.html
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11th ATAA/CEAS Aeroacoustics Conference IZHE L T

¥—T— KN ZHEE, 77 BT, ER&H®

1. $ADE

11th ATAA/AECS Aeroacoustics Conference (26th
AIAA Aeroacouctics Conference) 4323 — 25 May 2005,
Monterey, California TR SN0 T, EEHIIIESR
DICHBE L7 SFBEPRT LWL, BRI
Aeroacoustics IZBBELTWA X HICRZ 54, MEsn
FIZBIA2BTTZ2OKEBETODH 5. EBRITHI0EH]IC
1Z, Active Noise Control DF#HALHEERIN Tz,
ZHREHES L IIMOBERDS v, MEREENO
BEZEBRT L2008 0HME LT, ZOKKOEE
I 7 RALRBENRTW RO TH S, FHIL1980
ERP L ZOKBIII LB LTED, BHOEIZ,
BEA—DO—HNEHEL LT, BEBRAROBTIZOW
THE»PHERELTE 2, ZOFIPRT LD, BRI
RS, ZHEBEERICHBT 2BMOBEROBTHD
D, BRI HBEICHET AHERELSCALND X
2o TWVD, ZOXHETIZoRIZ3 BB, #250
BOBEEMTONEL, 1HICOE0GPFHTHR, 205
B CTOOERBEROHK, 105H b OERESEDORMRL o
Thbr,. BEOKELEBRSFETLICALGNS & 7%,
107 MOOERERE 5 TRORELEDOH Y B TREIIZ
WART, #REZEHLABESTHLILER LTS,

. RO LERE
SROKXBOFFFEEE LYV a VAHEEDHTOHR
FHHMTRT. 2B, ThiE7ur s an b1 HHRT
HBH, EBRIIETORER) LOP»HL7-0, %
VORENH D EEW>TH <,
Computational Aeroacoustics 27
Computational Aeroacoustics Applications 35
Jet Noise (Diagnostics, Reduction, Modeling) 33
Jet Aeroacoustics (Simulation and Experiment) 26
Fan Noise, Rotorcraft and Prop 27
Airfoil Noise 7
Core Noise (Combustion Noise and Gas-turbine) 6
Acoustics/Fluid Dynamic Phenomenon 28

EfaZit 2005489 H13H
* 1 VafHkE BITHBER
T525-8577 WEREHRWEERKE] -1-1

KT HR™

AKISHITA Sadao

Airframe/High-Lift Noise 21
Liners 13
General Acoustics 11
Advanced Testing Techniques 18
Duct acoustics 14
Interior Noise/ Structural Acoustics 11
Nacelle Acoustics 6
Sonic Booms and Pulse Detonation Engine 4

LY, DXOEMEEHRTE 5,
1) Aeroacoustics THHEI I 2l —¥ a YORREIR
B A T& %, Computational Aeroacoustics & # @
Applications Z#&b¥ b L62h L 2 5,
2) Jet Noise IZBH L T?%), Jet Noise + Jet Aeroacoustics
T TH 5,
3) Gas-turbine {2 B 4% ¥ % % £ iX, Fan Noise,
Rotorcraft and Prop + Airfoil Noise + Core Noise T40
HThH5b,

BL, COMMIIBETCLVITEE D S, ER
Advanced Testing Techniques ®HIZdH LD 3 DDFE
FIZHBRT A0 EETNTH B2 L\,

3. 2, 3OREYZRIZONVT

UTTiX, Lofmodsrs, 1) 77 VEE LRI
O, 2) BEZERNFENESE, 3) EEOWHEML,
2D, EHOMBERRICEIVTE IS LFLVE
HETo

1) 77 BEELRhOHIE

COLBOERO—DIF, MZEHETOMKBICE LT
EHGFBRERHT L2 EICHBLEE-THERIIRZY
LEbNS, EE, 7 NRKNREREE L BRI
A3B0DBRIZB VT, ZEMETOETZKIBICT
FaEHI, Yy b rvIvoBREEBRENS 2HE,
LYV VOERNEER L D 10%BERZ 2. MZERO
REEL FIIEVETZ L E, REEBREOWKEZB
{2t aBDT, ) LTLREEZ BUYOFIE DM@
DI LI EPRET SN (FoxE, TROEE
BMEEOERRICKBENEZLE R, 2O
PUERBOMINE, UV VOEEEFMLIIEICHE
Th, TV UOBEEWLAS, WO EE ORI
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AARH R % —ELF45

ZAHEICL, ZOMRERETOEEVK T IZORANY,
BHRBEEOEBROAL LT, 77 VEORKKIZH D%
Bolz, LERb. EBMERBETORKOGTETH S
IV URORAETHFIRT Z20E TRIRIZER LTV
HIEIIBICERLLTAMONA TS, Zhid, T
MEEORBR L 25 L2bD0THE, 2EIZT77 0
OHFT, BELBEOTHICE 2MEE RS DK D
BRICEHLTWES, §HBOZ IV VHFORKRBIZOWT
e OBREPRENRTVED, 545 THEOMERE
DROLTFHELITOIMANRE L Lo TVE, ThHD
BMEICHNOFHEPRY AhsnTBY, UTFTIEIh
LEMBEISBRMAT 7Y, THEIE, ERICETLE)
BROBRICTANF —FEO/NS W EERIBES DAL
L, TnHpRez L 22368 RICAG L, BROEIH A
ZEMNES S EEILIZXY, BB, HERBOE
S LT, #EOENEHIREHIKEL 2500, &
ERBOFESEZBROTIET, THER2ERTE L, &
ERBOESZEOSTFEE L CHEROAEEROHE
fhlic7a—4 7 (blowing) #E&AT 5, HL, 7
OU—A 7, TV COEDEEBRHEORVED
HEIZOLHFEOT, BERBREZKY 24360, v
v DR A /M2 B RBIEOB R #ED ST
Wb, BIRHERTOTO—A V7, BEROEREH
WCHES S WA R 2 Bl BRI AET 2 IR BRIk
BoA D “self-noise” DEIKIZ HHXLH, ZhiZow
THWNIZ X 2 HIH OB ZED TV BY,

2) BUEZESRAOEHES
BEORALIZBIMANFZNBARZTHY, Thoid
JEMHERAEO N FEE LR T 2 HTEROMIZET N TV D,
o T, READBMERANFEY I 2L —a v OEEE
SRR, BRAOFNEETOBEFELHL 2%
ICEZ B, LAL, BIUESy N " BOBENTIX, B
DIAINF—DW, HERE U CERBETIHIEHLT
WS HFBIANF R0 BETH L, H-5T, HERE
BTHEVI 2 V=Y a YOFHEREROPICHEBROE
BEAIEMIZIRZ SN L7202, EHRUEEDEE
WERI0PL )@ RThiE R bhv, 77 vARED X
I B BEREGERORATIAZERT 51213,
ZROBHEBRAZETHI L B3EHIEGTE S, b
NONDOBLOME R B~ vy NBOFROEIE TR
Z B 5 FRIZ, ok TEET7Fuy—) 2@HTA
FHETH o7

L2L, BOE Y OmnFETIE, WEROEHEEHZ D
253D, FRRONEICEETHROLEHTH Y,
ZOBERTHEHOEFRIIMOEETHL L E 25, EEIC
BEKRENLRIC, WEREYOENEE LY LWAEH
D OENDERZBEET H2DE, ZORMYLHBDTR
BTHbD, €TT, TOL) RYHEEY R L BEER
EZEBEMNIREUDITAEEYI 2 L—Ya Y EEOH
BhELEIND, COBEDO—DITEEE (DNS=Direct

Numerical Simulation) T# %, BH, EFV{brx b
A2l el, BREEESZEATAIETHL, L
L, TOHER, BHBRAY Y2 /NSVERRTFY
TRERT Do REMZETRO X ) ICEEROBEREN %
BUIIBHEAEBVT, ThEEHTE 2HENRIIED
TROENTWV S, —BIZYHEOE Y DFADELNIZEIR
EELABEFDOVTWVWEDT, Ay Va2 3iBHBE*»ET S
A, FEOEFBIELTE, FEROEEICHERTHEN
EVIA BT RELTIZ IV, BERREOBL %]
XD TWVB DL, hybrid B, ¥73A7Y v ME,
F MRS, IR FETHD, TR
R Ay ¥ a kO EMBEOREL, ThivE
PV Ay Y20 b &I, FEESLC X 2 E8%IEE
WRNOERICEREDLELILIZI W ERALL
Euler X%, HR IRV -XIZBLHETD
L0, B, FRMETIE, TRELOKE XIHEE
RN OEB L KRS RERZFRET, WRAGEMAEALL
BWEETHY, TORYFE KT, ke REEE
BY b, 2EHICBRRA LI, BEFRADZIRD, %
COREHBEBZTWE, BLodbsrmEid, Zhbd
12DV TId ATAA-Paper 2 S h 7=,
3) EZEOMEDBAN

BOFRELT, ZILBEMEZ2EROEERT L5 7
MEREICEATLZ &, XlHbhTwa, Z0F
B RAENFN 2 EEOBRMIICGEAT L, FEO
MEEEMCTELEREbNL, FlZIE, BBEZ2ROT
720z, BRAZSIEOMECEY 2 E2LITLITR
SNTEZS, sihEEL, LEUIFELRoREIZDL
BHZLLHY, BEEBICEMRFELIIELLNT
Wi\, EERLII, BRI EIEMBOBEATIIRL,
REOTEIENE® T v E—F v 2y TEL, BERA
VE—FUABBEATHILIZLY, BRERIFNETO
HEEI R TESL 2%, HERAYOI VS VRS
WZoWT, EBREMMEY I 2L—Yary TRl &2
2, MEOBEREIE, 10mmBETHY, FoholL 4
J IV ARIL6000TH 572, ZIVEEREIE, ATV VAN
HRMIZ50-65 um OEZFEOREZ L—FTHIFLZ LI
XY, EFHL7z, ZOHKR, MBEREOEHEE%10dB
HIEBML, BEEHRAT6ABIKRTE72Y, 4%l3oh
ZRRMIEAL, BBFOKBA*HNLFETH S,

EEXR
(£T Conference paper T& % AIAA Paper iZ&¥hb)
(1-3) C. Halasz, D. Arntz, R. Burdisso, et al; AIAA Paper
2005-3025-3027.
) A. Borgoltz, M. E. Craig et al; AIAA Paper 2005-3031
) J.H.Seo and Y. J. Moon; AIAA Paper 2005-2927
) I Pantle, F. Magagnato and M. Gabi; ATAA Paper 2005-2923
) S. Nagarajan and S. K. Lele; ATAA Paper 2005-2915
) S. Akishita and I. Yahathugoda; AIAA Paper 2005-2914
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ATAA/AAAF WiZesBid - =3I v ¥ a MRS VRT3

1. 2UBHIC

MZEBOBES B X UHER AT AZOWTIRREL ML T
W5 L HIZICAO THEENED LN TWDH, RIED b
o7 A%BI2HIF5 L, HERESNICAO DS
6 i CAEP (MiZElEfREZEBSR) T NOx Hili&A#D
12% 58 L DN &, 20084E 55 OFHLBHFRL > ¥ /I
BHEND Z Lotz F2BE TIX20014FE0H 5 [H
CAEP THERIEEE OFRL DB S 2R R, 20064 A
S O PRI Chapterd L IEIT L A LI E ST
LIENRDOLENDHIZE- TS,

Z ® ICAO/CAEP TiZ, IE* ¥ N—KEBAFE
A, A 7H=n"ELT, IATA(ZT 71 V),
ACT (=¥ )5), IFALPA (Osfuv b) FEZFhEh
OEBAME L IS, BIEEA— A —BITL T A—
A —OEEMEMTH S ICCAIA &ML T, HEEIZD
WTOHmEII L0, MBRERSICIMITRECIRS
#iToTWwh, TNOHOFEMICBITHN—A L LTHAM
HEBM (Technology Readiness) (22T D FEEAS
HEENBEZENET L WA, CAEP OKFEDBTIE
BEAMLFHLDY, 22T THoMEEITIZ LR
L, 2oL RBEENCEZ LoLEN, EEA
PEBREOBTEBRINS L) ol £ THIZK
WD A —F —Arhuls & oo TITER - B - IIRIZD25
MRS 2D, 200207 IV ADT IV Ay v a vy
T “Which Technologies For Future Aircraft Noise
Reduction” #F—<& LTE1HY VY RI T ADFEME
s,

SHEZFD2HBE%REHDT, BFRAT AL T—<
% JE1F T ANERS (Aircraft Noise and Emission Reduc-
tion Symposium) & LT, 44E5 A2 AIAA CkfiZ
FHESR) L AAAF (795 ¥V AMZBEHFR) Ot
EWVIHIBTHLVZ A NV=THEY P L—CHESIND
DTHbo EHFIZICCAIA DKFEICL N VT ¥ A—
H—=BDNRA T AP ELTSMLEDT, XFEDOERRIC
DWTHE S TIHL .

BRES2AT 20054E 9 H26H
*1 B7A4 - Y= I TFYS
T169-0073 HEHHFEXE AR 1 —15-18

R R

NAKAMURA Yoshiya

BE, TIviay, A, ICAO, CAEP, ICCAIA

2. NRIVEIEBIE
SHIIFOEDOLNS 5 OORMICEITVIEY Ve
VTR SN, FREFENMED/SFY A ML 55#EE
RTHEDONTZ, 7175 A LAIEEAA S 2 ERHT
#L, BWaZFEDPOENE ) TLERICE 7288, &iE
DIy TTy Ty yayTEERENTTbR, HET
LI ENTET,

1) Session 1 “What Are the Challenges?”

tyTa v 1T, Tk OPRIZOWTUTOX
I EEmS R 3N,

BiZedg o L 2B RBIconTIE, IhE ToHME
FIZIX D REREBREREPDZDENTVWE 0D (3
B LTI 2 SRR R o B3 R 5 R B AR O IR
HEDRENT), SHRATNEERS ~ 6 %DOHLZE
HREOWMAL, BEICHTA2HANEFOSINICL
D REMENSHEOBREOHEERIILZA I L LTHEY,
ST I TUEND D,

R LHANEFEOERILT LOIETIEI RS, B
B OHENAEYNSZL o/, TIvavildd
BBENOFEELEHECTEBEN 2R LZ W LIEERT S
PERD L, ZERBEMEIINS - BRA LofEb K&
&, BN D5 BHOMEDOLEW.IHRR b,

FHEREHDP D R TVEREER RS Z L ARYIT,
BIZIFTI v aviCEKETSH0L L THRERIEDEE
FRBIBLZEEHEBIITEIOL—ETH LN, WA
WCHLRA00 N3 D O KEUBEIT BB 23200 A3 ) DR
BB TRWEDZ L, BINTIREEHEL NIV E, 2020
EFTTIT, BEFIXZEBOIHEE LV, CO2iZ50%HH,
NOx 1Z80%HIWICBE VT WBE DT b, 7272H %R
FEIEIE X 2 W, ICAO/CAEP THIREBEIh TV
“Balanced Approach” OLEMIHFKZ Ol ThiX
V— 2 (fLZekk) OXEZTTIRRAND Y, RITHIE,
FATHIFE, THFIH, 2ED24200KENT VAR
CHEAEDLELZLICED, BT TRERN 2,
b EHTRELZREEREYRL LN TELEVIEZ
7T, 20044ED CAEP6THEEEINEXRFHTH S,

Fha3aoF A OREPDIE, BBLIIZ=TA
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AXAHRZ2—E %28

BHREDELIRIDTaAI2zr—Yarthy ey
YTHBAR), THE) EFEUMICHTDL TEIELTY
S VERELIER, (o5 v Aa -5y FF—
TV DEIBIE EARRENT,
ZBBAITOICAOEEDON R L o TR WS L
LT, PERMAL T, X v 7 F v AR BRI OB
R OWTSHBIY MADPLE L OFEI &N,

2) Session 2 “Are There Practical Technology Solu-
tions to Reduce Noise and Emissions?”
ty T a 2T, MERBA-H—4tt- V>
A—H—64Hh0, TREREERLII v V3 Y ORR
ZDOWTHDHEATYS, HEVIZRIYIAL S L LTw
LEMIPRBAEN, vy va v ORETHD TEHTE
LZEMBH LD EOBVRIFIIHNTEE 21T Yes T
HEHLLELETUTOL) ZERmIdH o7,
« BE, NOx, 20T 3I v ¥a vy oBERICITHK
THHBRBDY, FNERIINDLIA IS REL S, 4
A, A2 pbiR, Vey FEBEERE (COy
DIEBICERTH LA NOx IHIMER S, o THE
EROFELIEN, HEL ANV BEICHRET S 2 L 55%)
ENICREYEZEDDL FTEETDH B,
o FrEMTASRFE L OV TRIRDHERR X 72 5 1 BT
ELTEESNE ETIIEICHBE X bS5l
&, FLAERICHAATN IR TREBERLI vy Y gy
DEFE LM - B - WAN - BEEL2EEDO ML -
FAZICEVERD T LICEET 2LEND D,
s BEHEMICOWTIIREIIRAENICZ-TETEY,
HEIEREE L SN TW520104E % TIZ 6 dB DRI (RRM,
KETIZIZH®E) FTOEMS—X (20004 L X)L
#) 3H 59, RPBE:L SR Twv 520204 F TI2
10dB OEBFD BLIE 2 T L —27 2V —EHR BB E,
FOEBERTIZIKRE A Y x—H 513 NASA OFLZHEZET
BNoBa L HifErErhi,
FIKRDBZERA —H 5 YR AR ME L2/
B SST ORBHBENHA I NN, REAEERZA
CEIHIRDTWI, ICAO/CAEP TIZSST ¥ 227 7
V—THBECRBEINTEEOREIHBE > TBY, &
BEELIIv Vg YIIMAFHZICY =y 2 T—a bt
RIZhoTWBA, /IISSTIZE » THELHBEERT
DHRIZBLOFEFZFITEEISbhTEY, SAEK
DFHii 72 EDHEE o TV 5,
ZBYUFPLEEERDFYaF v Ta Vs bELT
WA — 5 — BB ERAATREFMCHMATE 2
HYPR/ESPR O B & Heifi O B R 61 % 0 AR L 720
FEERNCBETRHLRADL T 7 7 4 TIHERERAMNC
DWTOFHA DFHA DAL 72,

3) Session 3 “How Do We Develop and Implement
Operational Procedures for Noise and Emission

Reductions?”

Yy vay3TRRTIE FXVv—vaFr7u
V=U%) WCEBBE - T3I v a YOBRIZOWTE
manlz, ThiZEiEo “Balanced Approach” d# z
HeBEZ7-b DIz sz,

Z Z T3 CDA (Continuous Descent Approach)
IEBR LCEm SN, BN (EUROCONTROL) X
(NASA/FAA) DEB 2o 2 RADBEA I L7
B767-300DRATHABR TR A 6dB OB HIER, =3I v
¥ a &3 3000ft LT T NOx30%iR, REHEES5000b IR,
RATHEM 100 % L OB RAVR EN e BUREEM T
RBEPD2ITNEEFTTRO L 5 TH - 7225, E/ML
T TIZFMS ® ATC 2 &, a2 ¥y b RfEEH
DRI LR, CDA IZHEF 5 RATFMED IV —VAED A
BRETH 5,

4) Session 4 “How Can We Assess and Manage the
Problem?”

ty Va4 TRREREFMOBALS, QOL R

RENDHZBEIIOWTORGBIVUEE - 2Ivvay

DEZFS Y TREFY VLT, BRFMRERAE

PoTVEYTF—VarpTbhds, FEMIEERT 5,

5) Session 5 “What is the Way Forward? How Do
We Get to an Environmentally Friendly Air
Transportation System?”

Y vays TEERRERBIIN T k42T y
tF DREAIAT NI,
* PARTNER (Partnership for AiR Transportation
Noise and Emission Reduction)
MIT @ Waitz 82V —F—& LT, KE®D 9 K¥
ZHRRL, PMTEBRAEOBEL 2 BIRIESHE V),
FAA, NASA, 7 5 5 &8E D 6 FHE 2R ($2.8M/
2003-2004, $3.5M/2005), KR, kT, CDA,
Airport encroachment (ZE#5 &L AN E 2B ER I
o TLE)ME, BEBEFERIT, REIZoVT
MRRIEL, BEITHE,

« ACARE (Advisory Council for Aeronautics Research

in Europe)
BRI D L 22 B ER O FE MM 2 D TV BT D & 5 T,
20024F |Z SRA-1(Strategic Research Agenda) & LT
Vision2020 “The Ultra Green Air Transport Sys-
tem” ZFRE, 20204 F TIHETREOBRT #10dB F
JTHI LR EDBENREINT V5,

» ATAG (Air Transport Action Group)

AAE 3 BT ZEH% IR b 5 BRI U T T,
“Environment Summit” % Y2 32— 7 THEL 7-
NPO HIET, 2006FICKEOREZ HIELTWwaE
DT, REMBIBREMOMNFELBHFAIGCRLEE
& Eik,
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« IROQUA

75V AMBYRITRTAMBE 0TS MT, 7
T YADHZER - TV Yy A= — 4 4B X OB
7248 (ONERA, CNRS) 7% % ) ZHBE KR O
MENRSE,PHZXF—FTBEDI L,

* Silent Aircraft Initiative

20034E11 A 12 MIT & Cambridge K & O/ T idh
7R EOBMA T, HEIZZ Wb OB,

6) Wrap—up Session
BBV VRV IATR=I DS, KLy varyof
<) — %M - &EkBEMTb

7) IR

SHBDORT VDR =N 2o TN BRATDR,
Wyle #2277, Honeywell, Boeing, SNECMA, P&W,
Airbus, Globalspec, CD-adapco, Gulfstream @ %%t
AHRBLTW/, B787#A!, u— 73 $4—{K NOx
MBERF DR, B - IRBYEY 7 FENER I NS T
T, Gulfstream ¥V =v 7 7—2DyIal—%}
L—5—2#HbRAATERLTAE, ARZED TN,

EEZONDD, FALREEERBLTLEEINED,
MMl EUBFR 70 79 A O CTHRIEME SR 12 Lot
ZZEMICET AMEFENHITEY, DI &HRRM
OEBHEZBPLLTVEEEZONRS,
LHAAKETYH, BMMPLARIIE) ANTVWELT
SA VB LTV A—H— I o TRIBARET
3%, Mride— Ao —2BE0RE L VIS Lz %k
D ANERIZTRIBRBOEREEICL>TWARIZET
HY, AL ZABHBRDOBRMDEBIZILTEY)DDOH ST
Iy varFr-VEBMOEREESL —DDOERIC
ToTWh, o TRE X —H — b BRIEHM~OR Y M
ADFRBEHBZ LIZTERV,
BREBLINOT— I NI —VPBMDOARY 7 %
WD TV BIRTIZ ICAO HEDELICO LAY 2k
F, KRB IR EE% R 272 ICAO OB TIE5H#
DELVHABIRDOhTWL EEZ BN,
WIFRIZE & 29 L THZERIC X 2 REZE ORI
MTT, MNP, =754, A—h—, £, Bl
WFeeR - K%, 23 2= 4 SEAE OB TRHEHRKHE
LB EDHEBNTELERIIEL 8O
ICAO/CAEP %0 BIBRAICHT 2 FERICOENEN

3. HEHE

Tw ZEeRHEsns,

KEOEHRW LR E LT, BINGORBR % LH )

Hi o7z BREHMEIITTHHEMPYEIIERIDS (1)
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