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Prediction and Active Control of Surge Occurring in a Centrifugal Compressor
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Abstract

This paper presents a method of predicting surge inception in a centrifugal compressor, which is
done by investigating the change in attractor behaviors expressed in phase portraits. It also presents
the results obtained from experiments when we applied this method to actively control the surge in a

centrifugal compressor.
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Active Cascade Flutter Control with Smart Structure
Part 1 -Development of Flow—- Structure Coupled Method and Feasibility Study on Active Control
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Abstract
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A w— L, BEEIHIM, mistuning

Numerical method with Flow-Structure Coupling was developed to investigate possibility of active

cascade flutter control with smart structures. By the method, aerodynamic damping and aerodynamic

interference between blades could be properly simulated. Unsteady aerodynamic characteristic of a

mistuned cascade was numerically analyzed by the developed method, and it was proved that increase

in blade amplitude was effectively suppressed according to the well-known mistuning nature. Feasibil-

ity of active cascade flutter control was studied on the cases in which natural frequency or oscillating

direction of blades was actively changed when the amplitude of blade oscillation started to increase.

The results showed active suppression of cascade flutter should be possible by such control method.
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Active Cascade Flutter Control with Smart Structure
Part 2 ~Analyses of Active Control Method with Piezo- Electric Device
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Abstract

Possibility of active suppression of cascade flutter was studied by a developed numerical method in
which flow-structure coupling was incorporated. An effective suppression was found for transonic flut-
ter case by a technique where the trailing edge of a blade was actively oscillated. The active oscillation
was realized with a piezo—electric device glued on the blade surfaces. The trailing edge oscillation
could control the oscillatory movement of a passage shock wave in a cascade flow channel, which
movement dominated the flutter instability. An important factor for effective suppression was found to
be the phase difference between blade vibration and active trailing edge oscillation. The control
method was experimentally tested in a linear cascade tunnel under a subsonic flow condition, and its

EstE 27

feasibility was clearly shown.
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Abstract

This paper presents a new dynamic simulation tool, which can support the plant and control system

designs of thermal power plants. For flexibility in building plant and control systems, object-oriented

modeling techniques are used for representing plant component, and each these component object

models is based on the verified first-principles model. Further, simulation models can be easily built by

connecting component object models similar to an actual plant in a user—friendly graphical-user-

interface (GUI).

This tool aids the design engineer in building a simulation model, to execute the

simulation in the design process, to test an actual control system, and to adjust the control parameters.

It is a useful design tool that contributes to the speedup and quality improvement of the plant and con-

trol system designs.
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Abstract

This study deals with the optimization of a swirler that will be attached to the flow injecting slot of the cas-

ing of a turbine stage. The purpose of the swirler is to make the exit flow from the slot being oriented

towards a certain direction which is considered to create a beneficial flow situation to the turbine nozzle

aerodynamic performance. Multi-Objective Genetic Algorithm (MOGA) is developed and applied to the swir-

ler design. Three-dimensional flow analyses and flow visualization have demonstrated the validity of the opti-

mization process of this study.
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Fig. 1 Flowchart of Optimization using MOGA
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Fig. 3 Comparison of total pressure loss distribution; the
experiment by Gregory-Smith et al® (upper) and
the numerical result (lower)
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Fig. 4 Single Stage Turbine Test Rig

Fig. 5 Numerical Model for Scroll Analysis
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Fig. 7 Visualization of the Flow from the Slot and
Its Numerical Prediction

Table 1 Specification for a swirler design
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@
®
@

=2

®

Pressure side Bezier
curve with degree 5

s to Bezier curve

Suction side Bezier
. Curve with degree 5

Note : The same cybnsmtréiynts apply to the suction side.

Fig. 8 Blade profile description
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Fig. 14 Exit flow with the swirler visualized using tufts,
with pictures of manufactured guide vanes
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Towards the Development of Finger—-Top Gas Turbines

MATSUO Eito* YOSHIKI Haruo*

NAGASHIMA Toshio** KATO Chisachi*

*—"J— KN : Gas turbine, Radial turbine, Radial compressor, Combustor, Recuperator, Generator, Gas bearing

Abstract

The ultra micro turbine concept based on MEMS technology was proposed by MIT in 1997, and

since then several projects have been initiated and sponsored by DARPA to facilitate development at

various universities and research institutions in the US. The present authors, who belong to Gas Tur-

bine Society of Japan, regard such ultra micro gas turbine engine systems as being crucial for mobile

and environmentally friendly energy utilization technology in the future for general use anywhere in

the world. This report describes our palm top—gas turbine (2-3kW, dry weight of 14.3kg incl generator,

235,000rpm, outer diameter of 180mm, and length of 335mm) and our finger—top gas turbine test model

(tens of W, 1,170,000rpm, outer diameter of 23mm, and length of 32mm). These developments repre-

sent the outcome of a NEDO-backed three-year international joint research project involving coopera-

tion among Japanese universities, institutions and private firms, together with ONERA, CIAM and

VKI, from FY2001 to FY2003.

1. INTRODUCTION

As part of the Power MEMS initiative, development
of hydrocarbon- or hydrogen-fueled ultra micro gas
turbines (UMGTSs) is being sponsored by DARPA at
MIT and other locations (see Fig. 1).” As noted in
Table 1, UMGTSs are characterized by about 15 times
the energy density of the newest lithium batteries, and
about 20 times the energy mass density, and are thus
looked to as power sources in the future for diverse
applications such as vehicles, communications equip-
ment, robots, and aircraft.

Also, rapid progress is being made in compact distri-
buted electrical power, and the practical development
of UMGTSs as power and heat sources having output of
around several kW is anticipated, as well as hybrid
gas turbines in combination with fuel cells. In support
of these development efforts, consideration is being
undertaken in a variety of related areas, including the

realization of stable combustion in the micro domain,

* Z OFLIE20034E I B S M IGTC THRES R OOHT
FCIGTCHXEZERLVIEEDD 72D 02 FHEKB LD
DTY,

* Institute of Industrial Science, The University of Tokyo,

4-6-1 Komaba Meguro-ku, Tokyo, Japan

* % The University of Tokyo,

7-3-1 Hongo Bunkyo-ku, Tokyo, Japan

Table 1 Specific energy ¥

UMGT LiS0,
Power (W) 50 50
Energy (Wh) 175 175
Engine weight (g) 50 1100
Engine volume (cc) 50 880
Specific energy (Wh/kg) 3500 175
Specific energy (Wh/cc) 3 0.2

Compressor
diffuser vanes
Fuel injectors Compressor
Fuel manifold rotor blades

Flame
holders

Starter / Generator

Gas path

Turbine nozzle Turbine

vanes rotor blades ne of Exhaust nozzle

e
rotation

Arrangement Single spool turbojet
Dimensions 12mm OD X 3mm long
Air flow 0.15gm/sec

Rotor speed 2.4million rpm

Power output 10-20W

Thrust 0.1-0.2N

Weight 19

Fuel consumption 7g/h

Fig. 1 The drawing and design features of MIT GT
(This was named "micro turbine’ by MIT)
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the development of high efficiency turbine compress-
ors and high velocity gas bearings, the improvement
of cycle efficiency by using regenerative heat ex-
changers, and the development of technologies for
high speed motors and generators, CFD, and
inter-element heat transmission analysis. Also being
investigated are techniques for achieving smaller size
and lower cost in combination with frequency conver-
ters, etc. Accordingly, progress is being made with re-
spect to most of the constituent elemental technologies
required for UMGTs. @

From FY2001, we began work on "palm-top” and
"finger-top” UMGTSs; the palm-top version (impeller
diameter of approx. 40mm) is 10 times the size of that
targeted by the MIT team (ie., impeller diameter of
4mm), while the finger-top version (8mm) is twice the
targeted size (4mm). Practical development work in
FY2002 resulted in design and fabrication of the
palm-top gas turbine, as well as elemental prototypes
and test equipment design for the finger-top model.
This paper presents an overview of these
achievements.

2. EXAMPLES OF APPLICATIONS

There are numerous applications for mobile power
supplies (see Fig. 2)® which require energy densities
that cannot be delivered by primary or secondary bat-
teries, such as robots, ultra compact UAVs
(Unmanned Aerial Vehicles), exoskeletons, and port-
able information terminals, calling for output mass de-
nsities in the range of 0.1~0.6kW/kg and energy mass
densities of 0.2~6kWhr/kg. Current outputs for Aibo, ®
Asimo, ” and Ginger ® shown in the figure are 6W/kg
and 9W/kg (output/total weight), but engine output
and energy densities are listed as envisioned at the
practical development stage. Other UMGT applications
include power supplies (mobile and distributed), ultra

Powered suits

Micro Air__ "~ §
hicles
N ver
3 1hr

|\ Batteries o
| . | Exoskeletons

\// on 10ht/

Micro climate Soldie
cooli 4hr

400

200

Specific power (W/kg)
w
o
o

A
o
=

Intelligent @@‘( () (e

600 800 1000 1200 14001600 2000 4000 6000

Aibo

Specific energy (Wh/kg)

Fig. 2 Specific energy and applications

micro propulsion systems, vehicles (auxiliary power
units), fuel cell hybrid power sources, ” and ultra micro
turbomachinery (cooling apparatus, pumps, compress-
ors, etc.) taking advantage of the requisite elemental
technologies.

3. OVERALL PLAN
3.1 Development Objectives

The objectives of the R&D work reported here
were 1) to fabricate and test a prototype of the
palm-top gas turbine, and 2) to conduct clemental
testing for the finger-top gas turbine, directed
towards practical development of ultra micro gas tur-
bines and turbomachinery. These gas turbines and
their compositional elements are for use in highly dis-
tributed power sources, high energy density mobile
power supplies, and various types of turbomachinery.

3.2 Consideration of Design Specifications

Fig. 3 illustrates the relationship between the re-
quired fuel tank volume V (cc/Wh) and thermal effi-
ciency, based on fuel tank volume in the case of 10%
efficiency. As the requisite fuel volume (tank volume)
is inverse proportional to thermal efficiency, improve-
ment in efficiency is necessary for reduction of engine
size and weight (including the: fuel). Especially in
cases where the operating duration is long, the fuel
tank becomes larger than the engine itself, meaning
that improved efficiency is essential to overall com-
pactness and lightweight.

Efficiency » for the compressors and turbine wheels
corresponding to the palm-top (40mm) and finger-top
(8mm) gas turbines was calculated in conformance
with the following formula.

(1-n)/1~ nr) = (Dr/D) N = (Rer/Re) /Newerees (1)

Where #r and Dr (Rer) are the efficiency and wheel
outer diameter (Reynolds number) for the standard
size, and N is a number that changes with the
Reynolds number (wheel outer diameter). N is taken
as 5 for larger turbines and 4 for smaller ones, and is

A

1 \-_\.

Fuel tank volume ratio
VIV10%
N}

0 5 10 15 20
Thermal efficiency (%)

Fig. 3 Thermal efficiency vs. fuel tank volume ©
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estimated to be 3 for a size of several millimeters. ™

Fig. 4 presents the simple cycle calculation results
used in determining the design conditions and specifi-
cations (see Table 2) for the palm-top (40mm) and
finger-top (8mm) gas turbines.

Overall efficiency #all is the product of turbine effi-
ciency, compressor efficiency, and mechanical efficien-
cy. In the case of a simple cycle, given a targeted
overall efficiency for the finger-top model of 45%, and
with thermal efficiency of approx. 7%, the pressure
ratio is about 4 at the maximum efficiency point. As
overall efficiency raises, the pressure ratio at the max-
imum efficiency point shifts to the high side. At 57%,
the assumed overall efficiency of the palm-top unit,
maximum efficiency is approx. 15% at a pressure ratio
of about 7, or approx. 10% at a pressure ratio of 2.5.

Fig. 5 indicates the thermal efficiency calculation re-
sults for a UMGT having a regenerative cycle. The
pressure ratio at the maximum efficiency point is
lower in this case than in the case of a simple cycle,

0.16 —
| 7all=0.57
0.14 D=40mm |
> 0.12 v ——
e / nall=0.55
3 010 —
O i i
£ o008 / = nall=0.5 —~—
T 006 )/ i |
E © ” N
S so4 Nall=0.45 7 |
= / nal=0.4 D=8mn]
"2y T l
0
1 2 3 4 5 6 7 8 9 10

Pressure ratio

Fig. 4 Thermal efficiency of simple cycle UMGT ¥

0.30
L 025
(¢}
c D=40mm, nh=0.8
g 020 / I 1 T=0.811, nC=0748
g | |
5 7 i T
[\
E 410 // D=8mm, 1/4 power
£ o
~
T 005 D=8mm, ]~

1/3 power
1 2 3 4 5 6

Pressure ratio
Fig. 5 Thermal efficiency of regenerated UMGT ¥

Table 2 Design feature

Palm-top Finger top
Compressor PR 2.5 2.5
TIT K) 1223 1223
Flow rate (kg/s) 0.03 0.011
Rotational speed (rpm) 235,000 1,170,000
Turbine blade diameter (mm) 40 8

such that the circumferential speed can be reduced. In
the case of the finger—top model (impeller outer di-
ameter of 8mm) thermal efficiency is 7% for a simple
cycle, and 15% in a regenerative cycle when the heat
exchanger efficiency is 80%. The engine size with the
attachment of the heat exchanger increases by 3 times
that without it. ® And, because fuel consumption de-
creases by half, the fuel tank volume is also reduced
by about half in comparison with the simple cycle.

Based on the foregoing consideration of the simple
cycle and regenerative cycle, as well as strength eva-
luation results, the design pressure ratio of the com-
pressor was set at 2.5, with a turbine inlet tempera-
ture of 950TC (1223K) (see Table 2).

3.3 Design and Fabrication of the Palm-Top Gas
Turbine ‘

Four design conditions were established: 1) capabil-
ity for either oil lubricated or gas bearings (since hyd-
rodynamic bearings with a 12mm shaft diameter have
yet to be developed for the design speed of
235,000rpm); 2) bending primary critical frequency for
the shaft of at least the design speed (235,000rpm); 3)
bearings not to be heated by combustion gas, and 4)
low thermal transfer to the compressor impeller. A
sectional drawing of the palm-top gas turbine is
shown in Fig. 6.

An annular type regenerative heat exchanger and
combustor were adopted in order to eliminate tubing
and to realize a compact structure. An external view
of the palm-top gas turbine is presented in Fig. 7,
together with the main components, while the turbine
wheel of the finger—-top gas turbine is shown in Fig. 8.

When completed, this palm-top unit will be the
world’s smallest and lightest generating gas turbine,
with planned output of 2~3kW, dry weight of 14.3kg

Exhaust gas

I 2
Fuel tank
control system
“inverter
Air B Cooling fins ombusto
=
=p
¢ 180
Bearing Bearing
Generator Compressor Turbine
335 o
Combustor Recuperator

Outer dia. 90mm QOuter dia. 180mm
Inner dia. 40mm Inner dia. 110mm
Length  140mm Length  200mm

Fig. 6 A sectional drawing of a palm top gas turbine *
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Lonmiasior

Gencerator casi

zzle ring

Fig. 7 A palm top gas turbine and it’s parts

Fig. 8 A turbine wheel of a finger top GT Diameter 8mm

(including the generator), and a volume of 85 liters.
Following operational tests during FY2003, plans call for
verification of the possibility of practical development.

3.4 Design of the Finger-Top Gas Turbine Model
The same design conditions (Fig. 9) were set for the
finger—top gas turbine test model as for the palm-top
unit. In order to reduce the number of components
and to facilitate easier assembly, the structure is
assembled using a single bolt and nut. The assembly
format was also adopted in order to make the scroll
easier to change in accordance with changes in the
shape of the turbine wheel (Fig. 8 and compressor,
with a new structure to prevent leakage by raising
the surface processing precision for the respective
components. The bearings consist of the herringhone
type with a flange attached for installation, and spe-
cially developed ultra micro tilting pad type gas
bearings (bearing diameter of 3mm), together with
thrust bearings on the side. In order to prevent exces-
sive thrust, the degree of reaction of the turbine and
compressor is appropriately set in the design. The cen-
ter shaft serves as the rotor for the motor/generator,
with sufficient space around the periphery for the sta-
tor (details omitted here). As a result of prototype
tests, it has been decided to use a blade thickness of
approx. 0.lmm for the turbine wheel and compressor
impeller, with 12 blades (see Fig. 8). Current topics for
R&D work during FY2003 include: 1) stabilization of

$23.0
$8.8

$32.0

Fig. 9 A test model of a finger top gas turbine

1200
1000
o
E 800
o
5 600
+~
E
8
g 400
[}
|_
200
0
0 0.1 0.2 0.3 04

Fuel flow rate(g/s)

Fig. 10 Can type combustor and its test results ¥

the shaft vibration; 2) bearing load capacity, contact
during start and stop, and endurance; 3) aerodynamic
performance of the turbine and compressor; 4) ultra
micro combustor; 5) heat exchanger; 6) CFD; and 7)
inter-elemental heat flow.

4, ELEMENTAL TECHNOLOGIES
4.1 Combustors

Design, fabrication, and testing were conducted for
the annular type combustor to be used in the
finger—top gas turbine, ¥ as well as prototyping and
testing of the can type combustor for the palm-top
unit. A sectional drawing of the latter is presented in
Fig. 10.

This combustor features a swirler and fuel nozzle at
the center. In order to facilitate low cost and miniatur-
ization, there are a total of only 11 parts, consisting of

the outer cylinder, the inner cylinder, the swirler, the
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fuel nozzle, the upper plate, and 6 bolts.

Fig. 10 shows the results of atmospheric combustion
tests, taking airflow as a parameter, with fuel flow on
the x—axis and temperature rise on the y-axis. The de-
sign airflow is 10g/s, which is equivalent to 30g/s at a
pressure ratio of 3. In the tests, the combustor demon-
strated stable combustion across a wide range of airf-
low rate, from 60 to 160% of the design value. Unstable
phenomena such as blowout and after burning were
observed in tests using the ignition characteristics in-
dicated in the upper part of Fig. 10, together with tur-
bine and compressor matching test equipment. Accor-
dingly, the fuel nozzle was modified for improved igni-
tion characteristics.

4.2 Turbines

The flow analysis results for a 2D design turbine
rotor (left side of Fig. 11) are presented in Fig. 12. In
the reverse camber blade on the right side of the fi-
gure, static pressure declines at the inlet, with press-
ure nearly constant through to the outlet, and with
separation in the vicinity of the outlet such that there
is no longer any blade function. Based on these calcula-
tions, it was determined that there was no need to
produce reverse camber blades. The blades on the left
exhibit smooth acceleration and nearly uniform blade
surface load, and are predicted to deliver superior cas-
cade performance. It will be necessary in the future to

Fig. 11 2D and 3D radial turbines for palm top gas

turbines "

Fig. 12 Velocity distribution between 2D turbine
blades calculated by CFD *

develop a blade type that enables reduction in loss
from trailing edge thickness, seemingly unavoidable in
compact turbines.

In aerodynamic testing of 2D and 3D turbines at
palm-top size, 3D performance was 83% at a pressure
ratio of 2.5, and 2D performance was about 10% lower.
Tests are being conducted for improvement, but it has
been decided in the meantime to adopt 3D turbine
wheels.

4.3 Heat Exchangers

Pin—fin and plate—fin types, as well as PMHEs
(porous matrix heat exchangers), and PCHEs (printed
circuit heat exchangers), are being developed for im-
proved heat exchanger performance. An example of a
disc shaped plate can be seen in the AGT1500 and
micro gas turbines from Capstone, proving to be a
highly advantageous structure. In the research pre-
sented here, so as to facilitate low-cost fabrication
over a short period using existing production equip-
ment, an arrangement of 8 square plate type cores
were arranged in a ring to serve as the recuperative
heat exchanger for the palm-top gas turbine. ® The
targeted temperature effectiveness is at least 80%,
with the weight to be held to under 6kg. Also, assum-
ing the use of MEMS technology for processing cera-
mic material at the size envisioned by the MIT pro-
ject, so as to yield an recuperator capable of tens of W
output, a new shape was designed for the heat ex-
changer core. As a result, it is predicted that effec-
tiveness of 50% can be obtained for an engine of the
same size, or 80% for twice the size.

As noted above, in order to reduce the overall size
including the fuel tank for UMGTSs used for long dura-
tions, an efficient and compact recuperative heat ex-
changer is essential, and further research is required
to achieve greater miniaturization and higher effec-
tiveness.

4.4 Motor-Generators
A permanent magnet type, high speed motor—

J U TIOD (D

Fig. 13 A plan of a heat exchanger ©
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generator was adopted, with an internal neosium mag-
net placed inside the rotor, and a newly developed
silicon-embedded type ultra thin magnetic plate ®
used in the stator. A 5kW test motor was fabricated, *
and motor tests were conducted up to 180krpm using
a centrifugal compressor as a dynamometer. Stable op-
eration was confirmed at up to 160,000rpm, but dam-
age to the windings (thought to be due to over—
current) occurred at 180,000rpm. Accordingly, the de-
sign is being reconsidered, including sensor-less con-
trol.

Some 30~40% of design speed (70k ~94krpm) is suffi-
cient for starting motors, such that tests were under-
taken mainly as a generator. Development is required
for lightweight, compact frequency converters capable
of converting 50/60Hz electricity to 400W at 1.2 ~
1.6kHz and several W at 6.9~7.8kHz for high speed
starting motors, as well as those capable of converting
high frequency sinusoidal waveform electricity to
direct current 3kW at 3.9kHz and to tens of W at
19.5kHz for high speed generators. Accordingly, high
speed rotational testing is being conducted as a
high-speed generator, including controllability.

High-speed motor and generator data is presented
in Fig. 14, comparing the relationship between rpm
and output (output is inversely proportional to the
cube of rpm),'for evaluation of various design values
and results obtained by other researchers. Plotting the
planned output for the palm-top gas turbine, finger-
top gas turbine, and MIT’s button type gas turbine, it
can be seen that these three units represent the high-
est levels in the world. Frequency converters are re-
quired from 200Hz to 4kHz for compact high-speed
compressors, pumps, and other compact high-speed
turbomachinery; from 1kHz to 2kHz for micro gas tur-
bines; and from 2kHz to 30kHz for UMGTs. Thus, the

10000
A
1000 %
g 100 A Perm top GT
< i
g 10 ull A
3 0 A
o 1 W
01 MIT GT
Finger top GT U
0.01 AR ®

1 10 100 1000 10000

Rotational speed (krpm)

Fig. 14 High speed motors and generators

development of low cost, compact, and lightweight
converters is thought to be a determining factor in
terms of forthcoming development of high-speed tur-
bomachinery and UMGTSs.

4.5 Gas Bearings

The use of oil-lubricated bearings necessitates a
supply pump, a lubricating oil tank, and supply lines,
thus hindering miniaturization accompanying higher
speed. For this reason, test fabrication was undertaken
for ultra micro gas bearings, based on the foil type @%,
tilting pad type and herringbone type. A sectional
drawing of the bearing test rig is shown in Fig. 15. In
rotational tests up to 60krpm, rapidly taking the new
gas bearings to high speed from a stationary position,
no abnormalities were observed with respect to the
shaft or bearing surfaces.

In NASA’s Oil-Free Turbomachinery Project, en-
durance testing (0~40krpm in 20sec and 30,000 times
repetition) was performed on foil gas bearings coated
with PS304 (60%NiCr, 20%Crs0s5 10%BaF.CaFs,
10%Ag) and having a bearing diameter and bearing
width of 35mm, with the achievement of wear of
approx. 10 u ® plans call for engine testing of these
bearings in the EJ11 engine. (Fig. 16)

Gas bearings having such high temperature endur-
ance would increase the degree of freedom in the de-

Journal bearing

= ™ -

Fig. 16 Gas bearing and turbofan engine EJ11
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Fig. 17 8mm Turbine wheels

sign of gas turbine engines, and would help reduce
costs. These sorts of gas bearings are expected to en-
able new structures for UMGTs with greater compact-
ness.

4.6 Manufacturing Technologies

CVD and etching methods, developed for the manu-
facture of electronics, can likely be applied in the
manufacturing of ultra micro components. Never-
theless, as a result of the use of CVD for the 8mm 2D
turbine and 5-axis NC processing for the 3D type
(blade shape with thickness of approx. 0.lmm as indi-
cated in Fig. 17), it was confirmed from evaluation of
machined surface roughness, etc. that machining is
also a possibility for such processing. Plans call for the
selection of technologies that will satisfy cost re-
quirements, considering from the outset the requisite
materials and manufacturing technologies for mass

production.

4.7 High Temperature Inter-Element Heat Transfer

The influences on aerodynamic performance and
temperature distribution were also estimated for
inter-element heat transfer accompanying heat ex-
changer temperature effectiveness and pressure loss.
The gas temperature assumed in the turbine flow
path was based on the results of flow analysis. It was
found that heat transfer through the casing wall sur-
faces could have a recuperative effect in heating com-
pressor outlet air. The substantial decrease was pre-
dicted in terms of the turbine inlet gas temperature,
as well as an increase in the compressor inlet air
temperature. These effects would substantially re-
duced efficiency, and it is clear that further work is re-
quired for accurate analysis and for insulation counter-
measures at required locations. ®

Calculations were performed with respect to the
structure in Fig. 18, considering the amount of heat
transfer between the compressor impeller and turbine
wheel (for which there is substantial deterioration in
performance due to invasive heat), ® and the amount

Space ring

Fig. 18 A heat transfer analysis model
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Fig. 19 Variation of efficiencies by adiabatic and
isothermal walls ¢

of heat transfer in the space ring was 58%, the amount
of radiant heat was 28%, and the amount of heat trans-
fer in air and the divide plate was 15%. Given these re-
sults, it was decided to change the space ring from
stainless steel to ceramic, and to insert a reflecting
plate in the center of the divide plate.

Fig. 19 presents calculation results for efficiency
when CFD is used for the insulating wall and isother-
mal (700K) wall. With respect to the isothermal wall,
heat release from the wall surface causes reduced flow
velocity at the nozzle exit, such that efficiency drops
by 8% compared to the insulating wall, and the theore-
tical velocity ratio shifts toward the smaller side by
0.05. These results indicate the necessity of preventing
heat release from the nozzle and wall surface up-
stream from the nozzle.

5. AFTERWORD

A prototype has been fabricated as the world’s
smallest and lightest palm-top gas turbine (2~ 3kW
output, dry weight of 14.3kg including the generator,
and cubic volume of 85 liters) and plans for a
finger-top gas turbine test model (output of tens of
W) have been developed. Verification testing is to be
conducted on the former -during FY2003, with
elemental testing to be performed with respect to the
latter. These gas turbines will be able to use either li-
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quid hydrocarbon fuel or gaseous fuel such as propane
or hydrogen. A wide range of applications is en-
visioned, including both emergency and ordinary
power generation, and power supplies for communica-
tions systems, robots, and UAV. R&D work is proceed-
ing, aimed at the early realization of practical devices.
This R&D work was consigned by NEDO in FY2001
as an international joint research project on energy
and the environment known as Practicing research of
button sized gas generators, and in FY2002~2003 as
the same type of project entitled Leading R&D to
practice Ultra Micro Gas Turbines, centered on the In-
stitute of Industrial Science at the University of Tokyo.
These projects have received cooperation from various
Japanese universities and firms, as well as ONERA in
France, CIAM in Russia, and VKI in Belgium.

With respect to high—-speed motors and generators,
results have been adopted from the Development pro-
ject on ultra high speed motors and generators for fuel
cells, conducted during FY2001 new enterprise crea-
tion program by Nagasaki prefecture. With respect to
compact aerodynamic testing equipment, results have
been adopted from Development project on high-
speed computer CPU direct air-cooling systems, spon-
sored by METI as an FY2001 Regional development
consortium research project.

Finally, we would like to express our gratitude to
Prof. Jun Oyama (Nagasaki University), Prof. Shigehi-
ko Kaneko (University of Tokyo), Prof. Saburo Yuasa
(Tokyo Metropolitan Institute of Technology), Assoc.
Prof. Takao Nagasaki (Tokyo Institute of Technology),
and Dr. Seishi Uchida (Mitsubishi Heavy Industries)
for sharing with us their valuable materials and insights.
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A Three-Dimensional Navier-Stokes Simulation of
A Film-Cooled Turbine Stage
NISHIZAWA Toshio* SAIKI Kazuhisa* NOZAKI Osamu* KIKUCHI Kazuo*
Abstract
Three-dimensional Navier-Stokes simulation is performed on the flow through a turbine stage with
cooling air injection from multi-row holes on the surface of the stator vanes and the rotor blades. The
computation is performed on a parallel computer with a very fine grid system, which has about thirty
grid points inside each of cooling hole exits on the blade surface. The arrangements of the cooling
holes, as well as the geometries of blades and passages, are given according to the real machine. The
calculated result shows that the complicated three-dimensional flow structure in the stator and rotor
passages, including secondary flow and flow separation on the end walls. It also shows how the injected
coolant flows along the blade surfaces and how much the surface temperature is thereby lowered. A
pair of kidney-shaped vortices is generated around cooling holes by the interaction between the
coolant jet and the mainstream flow. The cooling effectiveness is estimated from the numerical result
and compared with an empirical equation used for designing film-cooling arrangement. The influence of
the coolant injection on the aerodynamic performance of turbine stage is also examined quantitatively.
NOMENCLATURE p fluid density
w total pressure loss
Symbols
A coefficient of empirical equation Subscripts
B coefficient of empirical equation 1 turbine inlet
D diameter of cooling hole 2 turbine exit
d equivalent slot width of a row of cooling holes a adiabatic condition
Ah spanwise hole spacing in a row c coolant flow
M blowing ratio g mainstream gas .
A% flow velocity t stagnation condition
P pressure W on solid wall
Re Reynolds Number o0 mainstream flow
s surface distance behind a cooling hole
T temperature INTRODUCTION
X non—dimensional distance Steadily increasing turbine inlet temperature (TIT)
X axial distance behind the trailing edge of modern gas turbines has been achieved in order to
Z non—dimensional spanwise distance realize more power and higher thermal efficiency. In
z spanwise distance recent years, the temperature is increased continuous-
a horizontal projection angle of coolant injection ly by about 20 degrees a year in average and the re-
B vertical projection angle of coolant injection search and development on ultra-high temperature
N film cooling effectiveness gas turbines with TIT of about 1700 degrees centig-

* Z DFLIT2003F ICHB RN IGTC TRERENAZDODHRT
BHCICTCHXEERIVEBOD -2 b D2 EEKM LD
DTF,

* Japan Aerospace Exploration Agency

7-44~1 Jindaiji-Higashi, Chofu, Tokyo 182-8522, Japan

rade are now in process. Most part of the increases of
TIT has been achieved by some advanced air-cooling
technologies, such as impingement cooling and film
cooling. The total consumption of cooling air, which is
bled out from the compressor passages and injected
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into the turbine passages, is on the upward trend as
more advanced cooling technologies are used. One of
the most important requirements is to reduce the
coolant consumption as much as possible by applying
the most effective cooling design. This is because the
coolant injection of film cooling results inevitably in de-
crease of mainstream gas temperature, increase of loss
in mixing with mainstream flow, and eventually de-
crease of gas turbine output. Excessive coolant con-
sumption may bring decreases of overall efficiency of
a gas turbine system. Gas turbine designers have to
see how injected coolant flows along blade surfaces
and to see if the temperature of blades exceeds the
strength limits of the materials or not. Then the opti-
mum arrangements of film—cooling injection have to
be established.

A national project of “High Temperature Materials in
the 21st Century” is in process in Japan since 1999, in
which new advanced materials with very high temper-
ature capabilities have been extensively investigated
for those applications to high-temperature machinery
such as gas turbines and aero—engines (Harada, 2001).
It is important to evaluate the capabilities of newly de-
veloped materials under practical use conditions,
whereas it is very costly if the real machines are
manufactured for this purpose. In the HTM21 Project,
a simplified simulation system called "Virtual Gas Tur-
bine” has been developed to estimate, on a small
accessible computer, the temperature capabilities of
new materials as well as the performance of a gas tur-
bine made with such materials (Yoshida, et al, 2000,
Yoshida, et al, 2001, and Saeki, et al. 2001). At present,
a medium scale gas turbine of 17MW class output
power is adopted as the first model of the virtual gas
turbine. As an-extension of this work, fundamental ex-
aminations are in process to provide three-
dimensional information on fluid flow condition, heat
transfer, strength and material properties for the first
stage of the model turbine.

In the present study, a three-dimensional Navier—
Stokes simulation has been performed for a film-
cooled turbine stage of the above model of virtual gas
turbine. The simulation includes the mainstream flow
through the passages of stator and rotor as well as the
cooling air injection from multi-row holes on the sur-
faces of stator vanes and rotor blades. The positions
and sizes of all the cooling holes, ie. eight rows with
totally 196 holes on a stator vane and seven rows with
totally 98 holes on a rotor blade, are arranged to meet
those of the real turbine. This complex arrangement of

cooling holes is modeled using a structured grid sys-
tem with about 13,200,000 grid points totally for the
stator and rotor. Each hole is discretized with 5x5 or
6x6 grid points in this grid system. The pressure and
temperature data of injected coolant at cooling hole
exits have also been given so as to meet the real de-
sign conditions. This computation has been performed
within a practical CPU time on the parallel computer
system of Japan Aerospace Exploration Agency. The
calculated results have been visualized to see the flow
patterns of injected coolant as well as temperature dis-
tribution and film cooling effectiveness on the blade
surface. The influence of the coolant injection on the
aerodynamic performance of turbine stage is also ex-
amined quantitatively. In the present paper, the
numerical result of the stator is chiefly examined.

NUMERICAL PROCEDURE

Figure 1 shows the stator vane of the model turbine
considered in the present study, which has film-
cooling holes on the surface as indicated by grey spots.
In the real machine, other cooling schemes, such as im-
pingement cooling with insert structure, pin—fin cool-
ing and injection at the trailing edge, and imping-
ement and film cooling on the end walls, are also
adopted for the stator vanes as shown in Fig. 2
(Hijikata, et al, 1990) . These latter cooling schemes
are, however, omitted in the present calculation be-
cause of the simplification. Table 1 shows the specifica-
tion of the model turbine, and the numerical simulation
was conducted based on this. Reynolds number based
on the blade height, the absolute flow velocity at rotor
exit is about 100,000. Table 2 shows the specification of
film cooling applied to the model turbine. On the stator

B

Fig. 1 Arrangement of film cooling holes on stator vane.
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BERH R & —E 225

(b) Rotor blade
Fig. 2 Cooling structure of model turbine.

(a) Stator vane

Table 1 Specification of the model turbine

Stator

Exit Mach Number 0.8

Exit Re Number 100,000

Blade Chord 59 mm

Blade Height 59 mm

Number of Blades 48

Inlet Total Pressure 980,665 Pa

Inlet Ave. Total Temperature 1418 °C

Inlet Flow Angle Axial direction

Coolant Temperature 405 °C

Coolant Flow Ratio 6.0 % of stage inlet flow
Rotor

Exit Static Pressure 490,333 Pa

Blade Chord 36 mm

Blade Height 59 mm

Number of Blades 96

Rotational Speed 10200 rpm

Inlet Ave. Total Temperature 1312°C

Coolant Temperature 400 °C

Coolant Flow Ratio 4.5 % of stage inlet flow

vane, five staggered rows of cooling holes are
arranged around the leading edge, in addition one row
on the suction side and two rows on the pressure side.
Each hole has a cross section of round shape
(cylindrical hole) with a diameter of 0.6 mm. Coolant
air is injected from each hole in a direction specified
with both horizontal and vertical projection angles, as
indicated Table 2. For example, around the leading
edge the blowing direction inclines toward mid-span
portion (S =+ 45°) in a plane perpendicular to the
blade surface (@=90°) and, while on both the pressure
and suction sides the direction is toward the stator
exit and horizontal (@ =50°, § =0"). The number of
cooling holes is totally 191 on the stator vane. In the
present calculation, structured grid system is applied
to simplify the calculation. procedure by expressing
the blowing conditions with straightforward boundary
conditions on the blade: surface. Grid points are

Table 2 Specification of cooling holes

Stator Rotor

LE. 5 staggered | L.E. 4 staggered
TOWS rows
DO0.6x20 holes  Ah: 3mm D0.5x24 holes  Ah: 1.5mm
a: 90° B: +45° DO0.5x12 holes ~ Ah: 3mm
a: 90° B: +55°

S.S. 1 row S.S. 2 rows
DO0.6x32 holes  Ah :1.8mm D0.6x6-8holes  Ah: 3mm
o: 50° B:0° a:50° B: +55°

PS. 2 rows PS. : 1 row
DO0.6x32 holes  Ah: 1.8mm DO0.6x12 holes  Ah:3-5.4mm
o 50° B:0° a: 40° B: +55°

arranged at the intervals of about 0.lmm within each
of cooling hole, so that the space resolution of about 6
X 6 -can be applied for each hole. The total number of
grid points is about 6,600,000 (225*61*481) for a single
stator passage.

Total temperature, total pressure and blowing direc-
tions are specified at each cooling hole as boundary
condition. Total temperature is fixed at 405 degrees
centigrade at all the holes, while total pressure is
given so that the amount of coolant flow meets the de-
sign flow condition shown in Table 1. The blowing
velocity is calculated using local static pressure ex-
trapolated from mainstream flow, and is thus
non—uniform but in a constant direction within each
hole. The blowing directions are given individually for
each hole according to its geometric data shown in
Table 2 (Hijikata 1990) . Adiabatic boundary condition
is imposed on the end walls and blade surfaces except
cooling holes. The boundary condition at the turbine
inlet is given according to the real operating condition
of the model turbine with average total temperature of
1700 K and total pressure of about 0.98 MPa. The dis-
tribution of the inlet total temperature due to the com-
bustion chamber will be shown later in Fig. 3. The
flow direction at the stator inlet and the static press-
ure at the rotor exit are imposed as shown in Table 1.

Similar treatments are also made concerning the
rotor blade. Around the leading edge, the blowing
direction inclines toward the casing (B =55°) in a
plane perpendicular to the blade surface (a=90") and
while it inclines toward the rotor exit and the casing
(a =50°, B =55") on both the pressure and suction
sides. In the real machine, other cooling schemes, such
as return—flow cooling with internal turbulence prom-
oter, pin—fin cooling and injection at the trailing edge,
are also applied for the rotor blades as shown in Fig. 2
(Hijikata, et al, 1990). However, they are omitted
again for simplification in the present calculation. The
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Fig. 3 Radial distribution of temperature in uncooled
stator passage.

number of rotor blades has been modified to 92 from
96 of the real machine for computational convenience.

The present computational method has been applied
so far to many examples of flows in turbine and com-
pressor cascades by the authors (Nozaki, et al, 1999a,
Nozaki et al, 1999b and Unno, et al, 2001). The
Reynolds-averaged Navier-Stokes equations are dis-
cretized by the finite difference method using TVD
scheme to the nonlinear convection terms proposed by
Chakravarthy-Oscher (1985) for stabilization of com-
putation. An algebraic turbulence model by
Baldwin-Lomax (1978) is used to evaluate turbulence
viscosity. The present computation applies averaging
over one pitch in the circumferential direction on the
boundary, which connects the stator and rotor regions
to each other (Mixing Plane Method). This is because
in the present paper concerned is the steady-state
aerodynamic and thermal conditions of the film—cooled
turbine stage, not the unsteady interaction between
the two cascades.

The parallel computation is applied by dividing the
computational region into sub-regions in the radial
direction, which has the greatest number of grid
points (481 points). Here, twenty-five sub-regions are
used for each single passage of stator and rotor, and
so the number of processor elements is fifty. The com-
putation time is about fifty hours from the initial con-
dition, which has been obtained by a calculation with-
out any film cooling either in stator or rotor
(Hereafter, this is called “uncooled” calculation).

RESULT AND DISCUSSIONS

Temperature on stator vane

Figure 3 shows the radial distributions of static

temperature on the surface of stator vane (recovery
temperature) obtained from the uncooled calculation.
The total temperature at the turbine inlet is also
shown, which is given as the inlet boundary condition
based on the reference data of the model turbine
(Hijikata, 1990). The mean and the maximum values
of the inlet total temperature are 1418 degrees, and
1530 degrees, respectively. The surface temperature
on the pressure side and around the leading edge is
almost equal or slightly lower than the inlet total
temperature, while it is lowered by 100-200 degrees
near to the tip and hub on the suction side. Although
the details are described later, this is because the fluid
with lower temperature on the end wall comes in to-
ward mid-span by the secondary flow (passage
vortex).

Figure 4 shows static temperature distribution and
limiting streamlines on the surfaces of stator vane and
the hub wall, which has been obtained by CFD calcula-
tion of the film-cooled turbine stage. It is clearly seen
that temperature on the vane surface becomes con-
siderably lower by the coolant injected from cooling
holes except tip region. On the pressure side of stator
vane as shown in Fig. 4 (a), the influence of secondary
flow is not large and thereby the coolant from the two
rows of cooling holes flows almost straight, or horizon-
tal, toward the trailing edge. The surface temperature
is thereby very high near the tip, because coolant does
not come into this region. Slight curves and inclina-
tions of the coolant flow trajectories towards the mid
span are chiefly due to the radial injections around the
leading edge. '

On the suction surface as shown in Fig. 4 (b), the in-
fluence of secondary flow is relatively large near to
the tip and hub, which is shown as streamlines coming
inward from the end wall corners. This is mainly due
to the passage vortices, which are generated by the
flow in the end wall boundary layer from the pressure
side of the adjacent vane toward the suction side of
the vane considered. The streamlines on the hub wall
also show this flow across the passage. Due to this
secondary flow, the fluid on the casing wall comes
down along the vane suction surface and thereby the
temperature near tip is very high. This high-
temperature region becomes gradually larger in area
toward the trailing edge. Oppositely near the hub, the
surface temperature is not so high, because the cool
fluid comes up from the hub wall. Note that the inlet
temperature is already lower near the end walls than
mid-span portion, especially near the hub.
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Fig. 4 Distribution of temperature and limiting streamlines on the surface of stator vane and hub wall.

The influence of horseshoe vortex, which is gener-
ated around the leading edge near hub, is also seen in
Fig. 4. The streamlines on the hub wall obviously
shows that the flow separation according to the
horseshoe vortex occurs in front of the vane and this
separation line extends almost across the passage.
However, the horseshoe vortex seem to have little in-
fluence on the flow, as well as the temperature, on the
vane surface, since the height of the horseshoe vortex
is very small around the leading edge. The influence of
the passage vortex becomes more remarkable in the
downstream part of the stator vane.

Figure 5(a) shows the distributions of static temper-
ature in the cutting planes perpendicular to the vane
surface (viewing in the downstream direction), at four
different positions downstream of the row of cooling
holes on the suction side. Figure 5(b) shows the vor-
ticity component normal to the same cutting plane.
The figures show the distributions over two intervals
of the hole spacing, which is three times as long as
their diameter D (see Table 2). The low temperature
portion just behind the cooling holes (s/D=2.0) shows
a distribution in the shape of a symmetric kidney. This
temperature distribution is attributed to a pair of vor-
tices with the directions opposite to each other as
shown in Fig. 5 (b), which is usually called “kidney
vortex.” The kidney vortex is generated due to the
shear stress, which occurs around each of the coolant
jet flow by the interaction with the mainstream flow.
The shape of the kidney vortex pair becomes asym-
metric gradually in the downstream direction

700K

s
s

!*100[115]

|

ﬁ-100

600K

(a) Static temperature (b) Vorticity
Fig. 5 Distribution of static temperature and vorticity
component normal to the cutting plane perpendicular to
the suction surface of stator vane. (viewing in the down-
stream direction)

(s/D=55, 7.0), and the positions of the vortex move
away from the blade surface (s/D=11.5).

Figure 6 shows static temperature distributions in
three cutting planes perpendicular to the blade sur-
face behind one row of cooling holes around the lead-
ing edge and two rows on the pressure side, respec-
tively. For the leading edge shown in Fig. 6(a), a sing-
le vortex in the counter-clockwise direction appears
clearly behind each of the cooling holes. This vortex is
generated also due to the interaction between the
mainstream flow and the coolant jet flow, which in-
clines in the radial direction by 45 degrees, ie.
upper-right direction in Fig. 6 (a). This radial blowing
breaks the symmetry of the kidney vortex, mainly be-
cause of the interaction between the vortex and the
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(a) Leading edge
Fig. 6 Distribution of static temperature on the cutting plane perpendicular to the surface of stator vane near by leading
edge, upstream and downstream on pressure surface (viewing in the downstream direction).

P.S.

(b) Upstream on P.S.

(c) Downstream on P.S.

Fig. 7 Film cooling effectiveness on the surface of stator vane.

surface boundary layer (Broichhausen, et. al, 1997). In
this case, the counterclockwise part (left part) of a
kidney vortex develops greatly, and the other part is
not clearly seen in Fig. 6 (a). Honami, et. al (1994) sug-
gested that for full lateral injection, ie. S =90°, the
other part of vortex would not develop at all, and the
present numerical result agrees qualitatively with
their suggestion. For the two rows on the pressure
side shown in Fig. 6 (b) and Fig. 6(c), the temperature
shows almost kidney-shaped distributions, which are
however slightly asymmetric compared with the suc-
tion side shown in Fig. 5.

Figure 7 shows the film-cooling effectiveness, which
is obtained from the same computational result as
above and shown on an unrolled two-dimensional sur-

face of the stator vane. The cooling effectiveness is de-

fined here as follows:
Np=(TgTow) / (TgT,) (1)

The static temperature of mainstream flow Tg is
taken as the temperature at the positions above the
coolant flow along the vane surface. In the regions
near to the tip and hub, the figure shows the dark
grey color which means that no effect is obtained by
the film cooling. The reason for this has been men-
tioned before. Although the cooling effectiveness is
almost zero near the hub, the surface temperature is
not too high in this region. As shown in Fig. 3 for the
uncooled case, the surface temperature on the vane
without film cooling has already been much lower
near the hub than the other region. This figure also
shows that the flow inclines inward from the end walls
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by the secondary flow on the suction side, while the
effect of the secondary flow is small on the pressure
side. The effect of the horseshoe vortex on the cooling
effectiveness is also negligible. The average
film-cooling effectiveness on the stator vane surface is
estimated as 0.37. In the present calculation, the tur-
bine inlet flow rate is about 29.8 kg/s and the total
amount of the injected coolant from the pressure and
suction surfaces is about 2.9% of the mainstream flow
rate (about 5.9% if the design amount of coolant from
the trailing edge is summed), which agrees well with
the design condition. Figure 8 shows the detailed,
zoom-up distribution of the film-cooling effectiveness
around the cooling holes on the suction surface. The
cooling effectiveness attenuates slowly toward the
downstream along with the coolant flow convection,
while it decreases quite rapidly to the both upper and
lower sides.

Matsushita et al. (2000) proposed a formulation for
two-dimensional distribution of film-cooling effec-
tiveness around a single hole jet on a plane, based on a
variety of reference data on published scientific
documents and papers. This formulation is described
as a function of dimensionless distances X=s/(Md) and
Z=z/D on the plane, as follows:

Fig. 8 Film cooling effectiveness around cooling holes on
the suction surface of stator vane.

Goolne Effectiveness Behind Ejection Holes
(Pressure Side Downstream)}

w04 1 ——hoke1 s hole 3
S03 H —+—hole b —#—hole 6
—=—hole 15 ~=-hoke 16
0.2 1 s-hole 21 i hole 26
01 H ¢ -hole 27 ~—#-hole 28
- - hole 30 - Eq.2
0.0 . T
00 80.0

20.0 400 60.0
Nondimensional Surface Length X=5/Md

(a) Pressure surface (downstream side)

N (X, Z)=A exp[-B (C-X-A) ]/C (2)
C={(X+A)%+ 7% 12 (3)

Here, s is the surface distance measured from the
downstream edge of a cooling hole, M the blowing
ratio defined by p.V¢/ (pVs), d the equivalent slot
width for a row of cooling holes defined by
7D%/ (4Ah). It was shown by Matsushita that the for-
mulation gave a good agreement with the cooling
effectiveness obtained from the experiment by Sasaki,
et al (1978). The coefficients A and B, which are con-
stant respectively, were determined so that the for-
mulation can fit the experimental data by Sasaki.
Furthermore, it was shown that, in case of a single
row of cooling holes, the cooling effectiveness agrees
well with that obtained from a simple superposition of
the formulation for each hole.

Figure 9(a) and Fig. 9(b) shows the variation of the
cooling effectiveness against the dimensionless dis-
tance X, which are obtained from the present calcula-
tion data. The figures show the results for some cool-

ing holes at different span—-wise positions of two rows

on the pressure surface (downstream side) and the
suction surface, respectively. The holes of each row
are numbered sequentially from hub to tip. The posi-
tions of the holes can be seen in Fig. 7. In these
figures, the curves with large solid circles show the
approximation curves for hole #6. This curve is
obtained by applying the above equation (2) to hole
#6, and by super—positioning the values to the neigh-
boring holes on the both sides, # 5 and # 7. On the
pressure side, the formulation gives a good agreement
with the numerical data. The curve for each hole is
smoothly attenuated with the surface distance and at
the same time the difference between holes is very

Cooling Effectiveness Behind Ejection Holes
{Suction Side)

hole 6
" hole 32
.~hole 1
| (hub)
SN
01 I —o-hole 32 -8~ Eg2
oo i i i
00 100 700 800

200 300 40.0 500 60.0
Nondimensional Surface Length X=8/Md

(b) Suction surface

Fig. 9 Approximation of film cooling effectiveness behind cooling holes on the pressure and suction surfaces of stator vane.
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small. On the other hands on the suction side, the for-
mulation shows poor agreement with the numerical
data. The numerical data do not show very smooth
attenuation with surface distance and the differences
among cooling holes are not small. Especially near the
hub (hole #1) and tip (hole #32) , the cooling effec-
tiveness is considerably smaller than the other span
positions. This is considered as the influence of the
secondary flow near hub and tip on the suction side as
mentioned before.

Aerodynamic loss behind stator

Figure 10 shows the total pressure distribution on
x-constant planes at two different axial positions, ie.
x=0.lmm and x=5mm behind the stator trailing edge.
The figure shows the front views of the drawing
planes over two blade pitches, though the calculation
is performed only for one pitch. In Fig. 10 (a), the ver-
tically expanded narrow region with very small the
total pressure, drawn by dark grey color, corresponds
to the circumferential position of the wake immediate-
ly behind the trailing edge of stator vane. The total
pressure loss in the wake region is large in a wider re-
gion on the suction side than the pressure side. Espe-
cially near the hub and casing on the suction side, the
rolling—ups of fluid with large loss due to the passage
vortices can be seen, which make the wake very thick.

1x10°[Pa]

(b) 8% chord downstream (x=5 mm)

Fig. 10 Total pressure distribution on x-constant planes
in stator passage immediately behind (x=0.lmm) and 8%
chord downstream (x=5mm) of the trailing edge.

The mixing of the coolant with the mainstream flow in
the boundary layer is enough on the suction side so
that the individual jet flows cannot be observed, while
the individual jets can be clearly observed on the
pressure side. In Figure 10 (b), though the mixing be-
tween the coolant and the mainstream flow proceeds
further and the wake becomes wider and diffused
than in Fig. 10 (a). The influence of the passage vor-
tices can be still observed near the end walls.

Figure 11 shows the distribution of total pressure
loss against the tangential position on the mid-span
height of the flow passage at the same axial positions
as those in Fig. 10(a) and Fig. 10 (b). The figure also
shows the result for the uncooled case (indicated by
“solid” in the figure) for the comparison. The total
pressure loss is defined here as:

w=(Py~Pi2)/ (Py=Ps) (4)

In the case of film-cooled turbine stator as compared
with uncooled one, the wake with large loss becomes
wider in circumferential width and shifted to the suc-
tion side at the same time. The peak position moves cir-
cumferentially by about 6% of chord length at the
axial position of x=bmm. The average total pressure
loss at the same position becomes w =0.092, which is
larger than the uncooled case by about 12%. The aver-
age whirl angle of flow behind the stator is about 76
degrees, which is almost the same as uncooled case.
However, the center of the wake, if defined by the
trajectory of the maximum peaks of the total pressure
loss, inclines to the suction side by about 2.7 degrees
as compared with uncooled case. These variations of
aerodynamic characteristics can be considered as the
effects of coolant injections from stator surface. Similar
results on the variations, due to the cooling injections,
in the aerodynamic characteristic of a turbine stator
cascade have been reported by Otomo, et al. (1997) with

1.0
0.9 wmmmemm 50 lid x=0.1mm
2 08 o=t ERAROAA o
3 2 0.7 P —F — — —FC x=imm "‘1
2506
273 0% | /
s E 0.4 ss. {|Ps. ]
=30s ]
3700 T, < 1
SRS F/ A\ N ;’J
0:0 ,,..-u.,,_}\.“ j = w.,);\m—m r’j
0% 50% 100% 150% 200%

Tangential Position

Fig. 11 Circumferential distribution of total pressure loss
downstream of stator vane.
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detailed experimental examinations, which shows qual-
itatively the same trends as the present calculation.

Rotor
For the last part of the present paper, the flow con-

dition in the rotor is briefly examined. Fig. 12 shows
the temperature distribution and the limiting stream-
lines on the pressure and suction surfaces of rotor
blades and the hub wall. The blowing direction of
coolant from this rotor blade is always toward the out-
er casing and its vertical projection angle is fixed at 55
degrees for all the holes of the rotor.

Strong influences of the secondary flow inward from
the end walls can be seen on the blade suction surface
in Fig. 12 (a), accompanying the flow separation in
both the upper and lower regions. The separated re-
gions begin just behind the leading edge and increase
considerably in size to the trailing edge. These regions
cover about twenty-five percent of the blade height,
respectively. In these regions the flow comes down
from the tip (or comes up from the hub) on the blade
surface, and so most of coolant from the upstream
holes does not comes in. The film-cooling effectiveness
is thereby expected to be small in these regions. The
temperature in the upper separated region is higher
than the other area covered by the coolant, because of
high temperature fluid near the casing coming down.
On the other hand, the temperature is low enough in
the lower separated region near the hub. The inlet
flow to the rotor has already low temperature near
the hub and such low temperature fluid comes up to
the lower separated region. Due to this strong secon-

dary flow, the radial injection of coolant toward the tip
does not seem very effective at least on the suction
surface of the rotor blade. On the pressure side of
rotor blade, the flow shows rather complicated
features (Fig. 12 (b)). The streamlines incline toward
the tip region in the upstream part of the pressure
side, while they change the direction toward the trail-
ing edge in the upper part and toward the hub in the
lower part. On the hub wall, the influences of the
horseshoe vortex and the passage vortex are recog-
nized clearly by the streamlines in Fig. 12 (c). It is
qualitatively the same as the stator hub wall, and is
more obvious mainly due to the high turning of the
rotor. Further examinations on the effects of the blade
rotation will be made in future by the authors.

CONCLUDING REMARKS

A three-dimensional Navier-Stokes simulation has
been performed for a film-cooled turbine stage. The
simulation includes the coolant injection from
multi-row holes on the surfaces of the stator vanes
and rotor blades. The positions and sizes of all the
cooling holes are arranged to meet those of the real
turbine. This complex arrangement of cooling holes is
modeled using a structured grid system with very fine
grid system, in which each hole is discretized with 5x5
or 6x6 grid points. The computations have been per-
formed in a practical CPU time by using 50 processor
elements on the super-parallel computer system. The
pressure and temperature condition of coolant blowing
at cooling holes have been prepared to meet the real
conditions.

(a) Suction surface

(b) Pressure Surface-

(c) Hub wall

Fig. 12 Distribution of temperature and limiting streamlines on the surface of rotor blade and hub wall.
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The numerical results have shown the complicated
three—dimensional flow structures in the stator and
rotor passages, including secondary flows, accompany-
ing passage vortex and end-wall flow separations. It
has been also shown how the injected coolant flows
along blade surfaces and how it is related to the
temperature distributions on the blade surfaces. Pas-
sage vortices have dominant effects on the overall flow
pattern of injected air, i.e. the injected coolant tends to
incline towards mid-span region according to the be-
havior of the passage vortices. A pair of kidney vor-
tices is generated around each of coolant jet flow and
they have large effects on the local flow patterns and
the temperature distribution around cooling holes on
blade surfaces. The influence of the coolant injection
on the aerodynamic performance of the turbine stage
has been also shown.
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Abstract

This paper describes the effects of specifications of a fuel supply unit with a new fuel supply concept
for a dry low NOx gas turbine combustor. From experiments made with a plane model, most of the

specifications of the fuel supply elements strongly affected the fuel distribution ratio between the main

and pilot regions, which could affect combustion performance.
However, the distribution ratio was hardly changed by the main plates attached at the exit of fuel
passage holes, though the fuel distribution in the main region was greatly changed by the plates.

From the pressurized combustion test, the main plates decreased NOx emissions at high loads, not
affecting any harmful influence on combustion efficiency, BOT, and the pattern factor at high loads.
It was estimated that the cause of low NOx could be the uniformity of the equivalence ratio in the

main region in the circumferential direction.

1. INTRODUCTION

The reduction of NOx emissions from stationary gas
turbines is necessary to meet the increasingly string-
ent emissions standards imposed by regulatory agen-
cies worldwide. Current practices involve the injection
of water or steam and the use of selective catalytic re-
duction. These methods have specific limitations and
problems, including high installation and operating
costs and the requirement of large installation space.

Lean premixed combustion is an effective way to re-
duce NOx, and development programs for dry low
NOx combustors using lean premixed combustion con-
cepts are being actively conducted by several gas tur-
bine manufactures[1]. However, the stable operating
range narrows when this method is applied without
any supplementary control. Many techniques have
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RICIGTC HXBBEIVHEEDODH -3 02 BERB LD
DT,

* Energy Technology Laboratories OSAKA GAS CO. LTD.

6-19-9, Torishima, Konohana-ku, Osaka 554-0051, JAPAN

* % OSAKA GAS CO, LTD.

* * % Japan Aerospace Exploration Agency

) Keio University

been developed to solve this problem: parallel fuel
staging[2-6], series fuel staging[7], and wvariable
geometry systems, such as, inlet guide vane
modulation[8], air bleed[9], and swirler inlet air
control[8, 10].

However, parallel or series fuel staging requires in-
dividual fuel supply devices for each group of burners,
and variable geometry systems have problems with
reliability and durability, since movable parts are
needed in the high-pressure, high-temperature gas
stream. Furthermore, neither can respond smoothly to
rapid load changes.

In order to solve these problems, a new fuel supply
concept has been proposed[11]. This concept uses
automatic fuel distribution achieved by an interaction
between the fuel jet and the airflow. A schematic dia-
gram of the new concept is shown in Fig 1. A fuel
supply unit is placed at the forward part of a combus-
tor. This unit has an outer main region for lean pre-
mixed combustion and an inner pilot region for stable
combustion. Fuel is supplied through only one line. A
fuel passage hole (b) is located at the outer position of
a fuel injection nozzle (a). There is a gap between
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Fig. 1 Diagram of the new fuel supply concept

these parts, and pilot combustion air flows through
this gap. At high loads, the fuel jet has so much
momentum that it penetrates the airflow through the
gap. More fuel is supplied to the main region than to
the pilot region and consequently the rate of lean pre-
mixed combustion increases. At low loads, the fuel jet
has low momentum. More fuel is supplied to the pilot
region than to the main region and consequently the
combustion becomes stable. Further, this combustion
system can offer good response for rapid load changes,
because the fuel distribution automatically changes
when the load of the gas turbine is changed.

The authors previously assessed the fuel distribu-

tion ratio between the main and pilot regions and con-
ducted pressurized combustion tests of a prototype
combustor. However, it was not clear to what extent
the modifications of the fuel supply element specifica-
tions would influence the fuel distribution ratio which
could affect combustion performance.
- This paper describes the effects of modifications of
the fuel supply unit specifications on the fuel distribu-
tion ratio. In order to examine the fuel distribution
ratio when the specifications were modified, such as
the gap size, the injected fuel velocity and so on, the
authors used a plane flow path model in a non-
combustion state. Further, pressurized combustion
tests of a prototype combustor with a modified fuel
supply unit were conducted in order to examine the
combustion performance.

2. FUEL DISTRIBUTION CHARACTERISTICS
2.1 Plane Flow Path Model

The plane flow path model is shown in Fig. 2. In
order to mainly assess the fuel distribution to the main
and pilot regions, this model has one of the eight fuel
supply elements of the prototype combustor, and the
cross—section of the flow path is plane. The shaded
portion corresponds to a fuel supply element. The up-

$B-38 (mm)
Fig. 2 Structure of the Plane flow path model.
The SA-SA cross-section is in the middle;
the SB-SB cross-section is at the bottom.

per region corresponds to the main region, and the
lower corresponds to the pilot one. In actual gas tur-
bine combustors, the X direction corresponds to the
circumferential direction, Y corresponds to the radial
direction, and Z corresponds to the airflow direction.

2.2 Specifications of Fuel Supply Elements
One of the fuel supply elements is shown in Fig. 3.
Two fuel passage holes are located at the upper part
of two fuel injection nozzles. There is a gap between
these two parts, and the pilot air flows through this
gap. In this model, the following specifications, which
could affect the fuel distribution ratio between the
main and the pilot regions, are changed:
 Gap size;
« Inner diameter of the fuel injection nozzles;
« Eccentric length between the fuel passage holes
and the fuel injection nozzles; and
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BRAX & - F55

Fuel passage hole

(mm)

Eccentric length

Fig. 3 Structure of a fuel supply element

Table 1 Specifications of each fuel supply element

A 0.46 o 0.62 o o 0.0 Waedge
B 03ta 0.62 o o 0.0 Wedge
C 0.62 o 0.62 o o 0.0 Wedge
D 0.46 o 0.50 o o 0.0 Wedge
E 0.46 o 0.42 o o 0.0 Wedge
F 0.46 o 0.62 o o +0.19 o Wedge
G 0.46 o 0.62 o o -0.19 Wedge
H 0.46 o 0.62 o o 0.0 Flat

80 (fim)

Fig. 4 Structure of the outer shapes of fuel passage parts.
The A (Wedge) type is on the left; the H (Flat) is on the right.

* Quter shape of the fuel passage parts.

The specifications of fuel supply elements (types A
to H) are shown in Table 1, when the diameters of the
fuel passage holes are made amm (1.2 mm). The di-
ameter of the fuel passage holes for any fuel supply
element is the same as that for “A”. The outer shapes
of fuel passage parts are shown in Fig. 4. All the
height of fuel supply passage parts is the same (8.0
mm), and it corresponds to about 30 percent of the
height of the main region. A positive value for the
eccentric length like the “F” element means that the
fuel injection nozzles are set upstream of the fuel pas-
sage holes.

The specifications of the modified fuel supply
element are shown in Fig. 5. The objective of this

P
OLY
O] S

& SE SE-SE (mm)

Fig. 5 Structure of modified fuel supply element “J”

Table 2 Operating conditions in the plane flow path model

Main Air Flow Velocity at the Fuel Supply Elements 60 m/s
Pilot Air Flow Velocity at the Fuel Supply Elements 75 m/s
Air Temparature 623 K
Pressure of Air 0.13 MPa
Total Air Flow Rate 1970 NUmin
Equivalence ratio converted to the
Max Fuel |prototype combustor 0.30
Flow Rate | (Methane: CH4) 50.5 NL/min
(Natural Gas: NG) 43.7 NL/min

modification is that the uniformity of the equivalence
ratio in the main region in the X direction (see Fig. 2),
which is at a right angle to the airflow direction, is
heightened by the main plates at the exit of the fuel
passage holes. These main plates function to diffuse
the fuel from the fuel passage holes in the X direction.
In actual gas turbine combustors, the X direction cor-
responds to the circumferential direction.

2.3 Operating Conditions

The operating conditions of the plane model were
estimated from the operating conditions of a prototype
combustor that the authors previously manufactured
[11]. The operating conditions are shown in Table 2.

The main air flow velocity at the fuel supply
element (Um) was 60 m/s, and the pilot air flow veloc-
ity (Up) was 75 m/s. The air temperature (T) was set
to 623 K. These values are almost the same as those
for the prototype combustor. However, air pressure in
this model (P) was set to 0.13 MPa. This value is
lower than that in the prototype combustor (0.8 MPa)
due to limitations of the experimental apparatus.

The plane model has only one of the eight fuel sup-
ply elements of the prototype combustor, in which the
maximum total equivalence ratio (including dilution
and cooling air) and the air pressure are set to be 0.30
and 0.8 MPa, respectively. Therefore, the maximum
fuel flow rate in the plane model was decided in con-
sideration of the operating pressure, the number of the
fuel supply elements, and the maximum total equiva-
lence ratio of the prototype combustor. Methane
(denoted as CH4) and natural gas (denoted as NG,
methane: 88%, ethane: 6%, propane: 4%, and butane:
2%) were used as the fuel. In the case of methane, the
maximum flow rate in the model was 50.5 NLin, and in
case of natural gas, 43.7 NLin.

2.4 Experimental Apparatus

The experimental apparatus in the plane model is
shown in Fig. 6. Air from the blower was heated to
623 K by the electric heater. The heated air was intro-
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Fig. 6 Experimental apparatus in the plane flow path model

duced to the fuel supply elements through the recti-
fication duct, which has a honeycomb grid. The main
and pilot lines downstream from the plane flow paths
have static mixers to uniform the mixture and orifices
to estimate the air distribution ratio between the main
and pilot regions. The air distribution was calculated
from the air flow rate in each region when fuel was
not supplied. The butterfly valve was set only on the
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Fig. 7 TFuel distribution ratio for different gap sizes
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Fig. 9 Fuel distribution ratio for different eccentric lengths

main line to adjust the air distribution. Methane and
natural gas in gas cylinders were used as fuel. THC
and Oy concentrations in the main and pilot mixtures
after the orifices were measured by the gas analyzer
in order to calculate the average equivalence ratios in
each region.

The fuel distribution ratio was estimated from both
the average equivalence ratios in each region and the
air distribution ratio.

Moreover, in order to evaluate the distribution of
the equivalence ratio in the main region, the sampling
probe was set in the main region. The sampling probe
has nine holes, each having a diameter of 1.0 mm.

2.5 Results and Discussion regarding the Basic
Specifications

The fuel distribution ratio to the main region is
shown in Fig. 7 when the gap size was changed. The
gap size of the “A” element is 046 a mm, “B” is 0.31 a
mm, and “C” is 0.62 @ mm. The horizontal axis is the
total equivalence ratio converted to a prototype com-
bustor (¢,). As the gap size becomes larger, the fuel
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Fig. 8 Fuel distribution ratio for different diameters of
the fuel injection nozzles

.~ 100%

O T W% [ ——A

- e

® T 80% | —@—H

5 S 70%
S 9 60% |

= I
2 ¢ 50% |
s ® 400 P=0.13MPa
Q2 E 400A’ Um=60m/s
E o 30% Up=75m/s
g £ 20% | T=623K
o8 10% Fuel : NG
0% -

0.00 0.05 010 015 020 025 0.30
Equivalence ratio converted to the
prototype combustor (-)

Fig. 10 Fuel distribution ratio for different passage parts
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distribution ratio becomes lower and the minimum
equivalence ratio at which the fuel is started to be
supplied to the main region (¢;) becomes higher. The
effect of the gap size to ¢, was almost linear.

The fuel distribution ratio to the main region is
shown in Fig. 8 when the diameters of the fuel injec-
tion nozzles, which relate to the fuel injection velocity,
were changed. The diameter of the “A” element is 0.62
amm, “D” is 0.50 amm, and “E” is 042 ¢ mm. When
the reciprocal number of the fuel injection cross-
section of the “A” element is 100%, the reciprocal num-
bers of “D” and “E” become 150% and 200%, respec-
tively. As the diameter of the fuel injection nozzles be-
comes larger, the fuel distribution ratio becomes lower
and the ¢; becomes higher. The effect of the reciproc-
al number of the fuel injection cross-section to ¢, was
not linear. ,

The fuel distribution ratio to the main region is
shown in Fig. 9 when the eccentric length between
the fuel passage holes and fuel injection nozzles was
changed. A positive value for the eccentric length like
the “F” element means that the fuel injection nozzles
are set upstream of the fuel passage holes. The ¢, of
the “F” element is almost the same as that of “A”.
However, the ¢, of “G” is much higher than that of
“A". The fuel distribution ratio to the main region of
“F” is slight higher than that of “A”. However, the fuel
distribution ratio to the main region of “G” is much
lower than that of “A”.

The fuel distribution ratio to the main region is
shown in Fig. 10 when the outer shape of fuel passage
parts was changed, such as A (Wedge) and H (Flat).
In the case of the “H” element, fuel is easily supplied
to the main region. It is estimated that the main air
might eject fuel in the case of “H”, while the main air
presses the fuel in the case of “A”. However, the fuel
distribution ratio of “H” at ¢, of 0.30 was almost the
same as that of “A”.

Most of the specifications of the fuel supply
elements, such as the gap size, diameter of the fuel in-
jection nozzles, eccentric length between the fuel pas-
sage holes and fuel injection nozzles, and the outer
shape of the fuel passage holes strongly affect the fuel
distribution ratio between the main and pilot regions,

which could affect combustion performance.

2.6 Results and Discussion regarding the Modified
Specifications

The fuel distribution ratio to the main region of the

modified fuel supply element “J” is shown in Fig. 11.
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Fig. 11 Fuel distribution ratio of the modified fuel supply
element

The main objective of this modification is that the uni-
formity of the equivalence ratio in the main region in
the X direction is heightened. This was a result of us-
ing methane. The &, of the “J” element is slightly high-
er than that of “A”. It is estimated that the main plates
in “J” became an obstacle to the fuel supply to the
main region. However, the fuel distribution ratio of “J”
at ¢; of 0.30 was almost the same as that of “A”. This
tendency of methane was not different from that of
natural gas. Thus, this modification hardly affects the
fuel distribution ratio to the main region.

Next, the distributions of the equivalence ratio in
the main region at ¢, of 0.30 are shown in Figs. 12 and
13. The fuel is methane. The coordinate axes are
shown in Fig. 2.

Figure 12 shows the Y-axis distribution of “A” and
“]” elements at Z=20 mm, 70 mm and 120 mm (X=0
mm). A few data of “A” at Z=20 mm are not displayed
because the THC concentrations were over the max-
imum measurement range of 20%. In the case of “J”,
the equivalence ratio on the bottom side is higher than
that on the topside. The maximum equivalence ratio of
“]” at Z=120 mm is a little higher than that of “A”. If
the flow rate in each area is not considered, this mod-
ification of “]J” may increase NOx.

Figure 13 shows the X-axis distribution of “A” and
“]” elements at Z=20 mm, 70 mm and 120 mm. When
the height of the main region is made h, the
measurement position of “A” and “]” are Y=0 mm and
Y= -0.28 h mm, at which the equivalence ratios are
comparatively high. A few data of “A” at Z=20 mm are
not displayed because the THC concentrations were
over the maximum measurement range of 20%. At
Z=20 mm, the fuel in “]” was distributed in a wider
area than in “A”. Therefore, at Z=120 mm, the uni-
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Fig. 14 Cross-section of the prototype combustor and test rig

formity of the equivalence ratio of “J” is much higher
that of “A”. If the flow rate in each area is not consi-
dered, this modification of “J” could decrease NOx.

Therefore, if the effect of the uniformity of the
equivalence ratio in the X direction (the circumferen-
tial direction in an actual combustor) is much stronger
than that of the increase of equivalence ratio in the Y
direction (the radial direction in an actual combustor),
it is possible that the modification of “J” can function
to decrease NOx at high loads. Therefore, a pressu-
rized combustion test of a modified fuel supply unit
like “J” was conducted.

3.
3.1

Figure 14 shows a cross—section of the prototype
combustor and the test rig. This combustor is one of
six can-annular type combustors (3,000 kW class).

COMBUSTION CHARACTERISTICS
Structure of Combustor and Test Rig

The maximum equivalence ratio is set to 0.30. This
combustor has a fuel supply unit, a liner (ID: 142.3
mm) and a transition piece.

Figures 15 and 16 show the details of the fuel sup-
ply unit and the fuel supply element. Two fuel passage
holes (b) are located at the outer part of two fuel in-
jection nozzles (a). There is a gap between both parts,
through which the pilot combustion air flows. These
devices were positioned axially at each of eight loca-
tions arranged in a circle. At the exit of the fuel pas-
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Fig. 15 Structure of the fuel supply unit

Fig. 17 Picture of the fuel supply unit with the main
plates from the upstream view (J)

sage hole of “J”, cylindrical plates denoted as main
plates are also attached. The “A” fuel supply unit does
not have any main plates. The picture of the fuel sup-
ply unit with the main plates from the upstream view
is shown in Fig. 17.

3.2 Experimental Apparatus and Conditions

The pressurized combustion test facility is shown in
Fig. 18. Taking actual gas turbine operating conditions
into consideration, the inlet air temperature (T) was
623 K and the air volume flow velocity at the liner
(Uc), defined as the value that the air volume flow
(including dilution and cooling air) was divided by the
cross—section of the liner, was 24 m/s, and the com-
pressor discharge pressure (P) was 0.8 MPa. Natural
gas was used as the fuel.

The concentrations of NOx, Os, CO, COs and UHC in
the exhaust gas were measured by standard gas analy-
sis procedures. A water—cooled sampling probe was
mounted at a location about 1 m downstream from the
combustor exit. This probe was designed to mix equal
amounts of exhaust gas sampled from seven holes,
each measuring 1.0 mm in diameter. The combustion
efficiency and total equivalence ratio (¢, were calcu-
lated from the measured exhaust gas compositions.

The average temperature of the exhaust gas at the
combustor exit, called the BOT (burner outlet
temperature), was measured by 50 thermocouples
(R-type, Inconel sheath, 1.6 mm in diameter, see Fig. 14).
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Fig. 16 Structure of the fuel supply element
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Fig. 18 Pressurized test facility

3.3 Results and Discussion

Figure 19 shows the correlation between NOx emis-
sions (at 15% Oz) and ¢;. The NOx of each combustor
begins to decrease over ¢ of 0.15, and in the range of
¢; up to 0.2, the NOx of “J" is almost the same as that
of “A”. However, over ¢ of 0.2, as the ¢ becomes
higher, the NOx of “J” becomes lower compared to
that of “A”. At ¢, of 0.28, the NOx of “J"is 2/3 of that
of “A”. The reason for this performance is estimated as
follows: From the experimental results of the plane
model, more fuel is supplied to the pilot region than to
the main region in the range of ¢ up to 0.15. Con-
versely, more fuel is supplied to the main region than
to the pilot region over ¢, of 0.15. Therefore, as the ¢,
becomes higher, the NOx of each combustor becomes
lower. Furthermore, in the range of high ¢, like over
0.2, it is considered that the effect of uniformity of the
equivalence ratio in the circumferential direction
generates much more strongly than that of the in-
crease in the equivalence ratio in the radial direction
by the attachment of the main plates. Therefore, in the
range of high ¢;, the NOx of “]” is lower than that of
“A”.

Figure 20 shows the correlation between the com-
bustion efficiency and ¢;. In the range ¢; from 0.20 to
0.28, as the ¢, becomes lower, the combustion efficien-
cy becomes lower. However, even if ¢, decreases in
the equivalence ratio of 0.15 to 0.20, the combustion
efficiency does not decrease. The reason for this phe-
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Fig. 19 NOx emissions

nomenon is presumed to be that, in this range, the fuel
distribution ratio to the pilot region increases intensely
with decrease of &, from 0.20 to 0.15, from the ex-
perimental results of the plane model. Therefore,
stable combustion is achieved at low loads, and the
combustion efficiency does not decrease. Moreover,
only in the range of ¢; from 0.15 to 0.20, the combus-
tion efficiency of “J” is slightly higher than that of “A”".
It is considered that the main plates of “J” become an
obstacle to the fuel supply to the main region, so the
combustion in the pilot region is stronger. However,
the combustion efficiency is low, especially around ¢
of 0.10. Since fuel is supplied only to the pilot region
under ¢; of 0.15, the modification of the pilot specifica-
tion could improve the combustion efficiency. This im-
provement is our next task.

Figure 21 shows the correlation between BOT
(burner outlet temperature) and ¢;. The BOT of “J”
is almost the same as that of “A”. Furthermore, the
pattern factor of “J” over @ of 0.25, which is important
to the durability of 1st vanes, was less than 0.13, and
almost the same as that of “A”.

Therefore, it is considered that the main plates de-
creased NOx emissions at high loads, and did not
cause any harmful influence on combustion efficiency,
BOT, and the pattern factor at high loads. It is esti-
mated that the cause of low NOx at high loads could
be the uniformity of the equivalence ratio in the main
region in the circumferential direction.

4. CONCLUSIONS

The effects of specifications of the fuel supply unit
with a new fuel supply concept for a dry low NOx gas
turbine combustor on fuel distribution were evaluated
using a plane model.

Most of the specifications of the fuel supply
elements, such as gap size, diameter of the fuel injec-
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Fig. 20 Combustion efficiency
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Fig. 21 BOT (burner outlet temperature)

tion nozzles, eccentric length between the fuel passage
holes and fuel injection nozzles, and outer shape of the
fuel passage holes strongly affect the fuel distribution
ratio between the main and pilot regions, which could
affect combustion performance.

However the distribution was hardly changed by
the main plates attached at the exit of the fuel passage
holes, though the fuel distribution in the main region
was greatly changed by the plates. From the pressu-
rized combustion test using a prototype combustor,
the main plates decreased NOx emissions at high
loads, and did not cause any harmful influence on com-
bustion efficiency, BOT, and the pattern factor at high
loads. It is estimated that the cause of low NOx at
high loads could be the uniformity of the equivalence
ratio in the main region in the circumferential direc-
tion from experiments with the plane model.
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