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Diesel 1,320 - 5,000 13,200
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ULTRA MICRO TURBINE : THE M. I. T. EXAMPLE"

Summary

RIBAUD Yves™*®

The micro turbine concept was launched a few years ago by the M. 1. T, regrouping specialists
from different fields. It concerns the development of a MEMS based, 1 cm diameter, micro gas tur-
bine. Potential applications are devoted to micro drone propulsion, electric power generation for
portable power sources in order to replace heavy Lithium batteries, satellites motorization, the

surface spread power for boundary layer suction on the plane wings.

The manufacturing constraints at such small scales lead to 2D extruded shapes. The Physical
constraints stem from viscous effects and from limitations given by 2D geometry. The time scales
are generally shorter. Otherwise the material properties are better at such length scales. Transpo-
sition from conventional turbomachinery laws is no more effective and new design methods must be
applied. The present paper highlights the project progress and the technology breakthrough ",
Key words : MEMS, electric micro generator, ultra micro turbine, micro drone propulsion.

1. Introduction

In the French newspaper {Le Monde) dated June
the 30" and titled {M. L. T. the corridor for future), one
could read: {the most exciting project is the ultra mi-
cro turbine like a shirt button). In fact O. N. E. R. A.
was aware of this study by two young engineers, from
Ecole Polytechnique, who spent one year in the Profes-
sor Epstein Gas Turbine Laboratory in M. I. T..

The purpose of this synthesis is to give information
on these studies which are rather innovative even if
they are based on known technologies which must be
enhanced. It is also the birth of a new look on the en-
ergy transformation processes by MEMS use.

2. Overview and applications

The M. I. T. is developing a MEMS type, ultra micro
gas turbine electrical generator. The high speed micro
engine, 1 cm diameter by 3 mm thick, would produce

10 to 20 electric watts, consuming 10 gr. of H, per hour.

An ultra micro turbojet engine would follow from this
project. Future versions would produce 100 electric
watts with hydrocarbon fuels.

The reader can ask himself about the interest of
down sizing these engines. A part of the answer is

FfEsAT 200146 B 11 H

* First presented at the first conference on microhydrody-
namics at “Maison de la Mécanique” COURBEVOIE,
France, 16/10/2000 and then at ATTAG (Association Tech-
nique pour la Turbine a Gaz), at CNAM PARIS, 7/12/00.

*% (O. N E. R A DEFA, B. P. 72 92322 Chatillon Cedex,

France

_._9_

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

given when considering potential applications. The
first application to consider is the micro drone propul-
sion. Such a small heat engine would give sufficient
range and power reserve for these micro u. a. v.. The
second application concerns the electrical power for
portable systems where lightness and autonomy are
the decisive factors.

The table below allows to compare the perform-
ances of the micro turbine with those of a Lithium bat-
tery. The micro turbine choice allows a better auton-
omy but it is very dependent on the component effi-
ciencies.

A planar realization method based on the semi con-
ductor manufacturing technique is chosen. The reason
of this choice, which supposes heavy investments both
in studies and in fabrication tools, is that a large pro-
duction is planned for numerous applications.

The first advantage of this technique is the simulta-
neous fabrication of the different components, the sec-
ond is a very high geometric accuracy, the third is to
allow parallel fabrication of a large number of identical
devices on the same wafer in order to obtain an impor-
tant power. Such a wafer, 200 mm diameter by 3 mm
thick, could produce as much as 10 KW of power, and
one attractive use of such an array would be for auxil-
iary power units. Such wafers could also be used for
propulsion. So a wafer of 200 mm diameter by 3 mm
thick might produce 100 Newton thrust. Applications
might include u. a. v. s and tactical munitions propul-
sion. (100 — 1000 kg thrust range).
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Autonomy LiSO, Turbine and compressor Turbine and compressor | uturbine, n.=n; = 0.65 +
=3,5h battery efficiency : efficiency : n.=m, = 0.65 downstream heat exchanger

MNe=1: = 0.6 polytropic Polytropic E=.7, thermal effectiveness

Useful energy | 70 watt.h Idem Idem Idem
| N 0.057 0.106 0.142
Mechanical 20 watts Idem Idem Idem

power

Volume 350cc 40.5cc 22cc 16¢cc

Total mass* 400gr 50gr 29gr 22pr

Specific 175 w.hr/kg | 1400 w.hr/kg 2440 w.hr/kg 3180 w.hr/kg
energy

Specific 200 1700 kw.hr/m’ 3210 kw.hr/m” 4370 kw.hr/m’
density kw.hr/m’

*with filled fuel tank

The interest of these surface distributed engines is
the possibility of boundary layer suction on the wings
in order to increase the propulsive efficiency. These
engines could also be used for vertical take off. But
their use for aircraft propulsion seems unlikely be-
cause the estimated efficiency of these micro engines
seems too low.

Components such as the compressor, the combustor,
the turbine, the heat exchanger, constitute the ele-
ments to build thermodynamic cycles different from
the basic gas turbine cycle. One can imagine air cool-
ing cycles and other types which allow to work at
room temperatures or at cryogenic ones. The pumps
allow to use Rankine cycles for spatial and terrestrial
applications.

This micro machine is characterized by two more
steps of complexity when compared to micro elec-
tronic circuits, at first the upper temperature of the
thermodynamic cycle is very important (T~1700 K)
and then, the peripheral speed of the rotor is of the or-
der of 500 m/s. These distinct characteristics lead to
the use of silicon carbide as the material for the micro
engine fabrication.

The choice of the scale of these engines is given by
a balance between different factors. In particular, for a
low scale, the Reynolds number is too low and the pre-
cision in the geometry is not sufficient, while for a
larger scale, the depth of the etching is limited and the
mechanical properties of the ceramics are lower.

The first goal is to show that such an engine is feasi-
ble, and for the first step the simplest engine was de-
signed. So the first combustion chamber burns H. but
in the second time an hydro carbon fuel will be burnt
in a catalytic chamber to keep NOx emissions very
low. Up to now, fabrication and tests are realized using
Si, because SiC technology is not yet overcome.

The following challenges are of concern:
—micro fabrication techniques
— material strength
—rotor dynamics and gas bearings
— micro electric motors
—fluid mechanics (internal aerodynamics, heat transfer

and combustion)

3. Description of the micro turbine

The fig. 1 shows the meridional scheme of the M. L
T. basic gas turbine micro electric generator whereas
the fig. 2 gives a photo of the prototype of a micro tur-
bine etched in the silicon. This engine is realized from
a stack of six silicon wafers. Wafers processing con-
sists of placing a mask containing the desired features
on one side of the wafers and then removing material
below the exposed areas patterned in the mask.

The table 1 gives the main characteristics of the ba-

sic turbojet engine.

Fig.2 The micro turbine view (from Aviation Week and
Space Technology, 11/07/1999)
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Compressor
Flame Fuel Fuel  Compressor rotor blades
holders manifold injectors diffuser vanes Starter/generator

Gas path

Centerline
of rotation

Turbine nozzle Turbinerotor BExhaust
vanes blades nozzle

Fig.1 Micro turbine scheme (from Mechanical Engineering, october 1997)

Table 1 Parameters of the basic micro engine. scale reduction and 2D configuration, the turbom-

One spool turbojet engine ] achine efficiencies are altered and the theoretical

[ Configuration I

evaluation gives : 7is.=0. 63 et 7s=0. 6. More sophisti-
cated thermodynamic cycles can enhance the perform-
ances, but otherhand they introduce additional com-
plexity.

5. Fluid mechanics

4. Thermodynamic point of view Scale factors

Because of the planar structure of the geometry and
for simplification, 2D one stage, radial compressor and
turbine are chosen. The pressure ratio of the compres-
sor is limited to [7=4 and the maximum temperature
of the cycle is chosen equal to 1600 K. Because of the

The table 2 compares the scale factors between the
micro turbine and a conventional machine which size
is multiplied by a factor 100. The ratio of surface over
volume and the power per unit volume are multiplied
by the same number (this rule does not apply for the

Table 2
Parameter Scale factor x Micro engine : Micro engine: parameter
x=0.01 magnitude
Length X 0.01 ~1 mm
Area X’ 10°
Volume ' X’ 10° ~1cm®
Area/volume 1/x 100
Mass X’ 10° ~1gr.
Cycle Power X 10* ~20w
Power/mass 1/x 100
Power/volume 1/x 100
Reynolds number X 0.01 ~10*
Mean friction factor Cl(x)"* (C ~0.3) 3 ~10*
Displacement boundary layer thickness |  C/(x)"? (C =~0.6) 6 ~10"
passage width
Couette drag power 1/x 100 ~10"
Mean Stanton number C/(x)"* (C~0.3) 3 ~107
Mean Biot number C*(x)"* (C~0.3) 0.03
(same material,macro andmicro)
Mean Biot number ~ C*(x)'%/8.7 (RT) 0.003 ~107
(stainless macro, silicon micro) ~C*(x)"%/2.1 (500°C) ~102
(C=0.3)
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combustion chamber, because a minimum residence
time is necessary to achieve good combustion). The
Couette friction power between the rotor disks and
the stators is multiplied by a factor 100 for laminar
flow, but only if the Ekman boundary layers overlap.
The mean convective heat transfer and friction coeffi-
cient are multiplied by a factor 3. The Biot number,
the ratio between convective and conductive heat
transfer in the material, is over a factor 100 smaller
than that of a conventional engine, so the ceramics is
expected to be generally isothermal.

Internal aerodynamics

The optimization of the geometry is limited because
of the 2D constraint. The flow through the micro en-
gine goes through 90° turns as the flow changes be-
tween axial to radial direction. In particular the sharp
90° bend at the rotor inlet gives a separation of the
flow. Happily this separation disappears in the rotor,
but the corresponding losses are still present. The flow
in the relative frame is laminar so any diffusion on the
relative velocity is forbidden and for this region the
channel between two adjacent rotor blades is conver-
gent. This is obtained with severe backswept stag-
gered trailing edges. With this condition, the tangential
direction of the absolute flow at the diffusor inlet is of
the order of a~ 2. 30°. So the static pressure recovery
coefficient of the bladed diffusor is very small (G~
0. 1).

Heat transfer

As the Biot number is very low, the internal heat
transfer between the components may alter the ther-
mal efficiency of the engine. As the convective heat

transfer increases, the heat exchangers size will fit

with the combustor diameter (=1 cm). One of the im-
portant precaution will be to design the thermal insula-
tion of the hot micro turbine material, from which a
high temperature jet exhausts in order to permit its
integration in a portable system.

Combustion

The two challenges to face for the combustor design
are the respect of a minimum residence time for the
flow and to take account of the surface over volume in-
crease. The main parameters are compared in the ta-
ble 3 between the micro combustor (pressure ratio 4/1
without a rear exchanger, with H,) and a conventional
combustor.

Using SiC allows to run up to 1700°’K without any
wall cooling. Moreover the volumic power of the com-
bustion chamber is multiplied by a factor of ten.

To increase the residence time, the combustor size
is increased, the length is multiplied by a factor two,
using the centrifugal channel for the fuel mixing and
preheating and the centripetal one for the combustion.
Finally the flow velocity is divided by a factor of ten.

H. is firstly used because of its larger flammability
limit. In the second step, hydrocarbon fuels will be
burnt in a catalytic chamber. This formula will limit
the temperature peaks.

H. successful tests were performed in a combustion
chamber of volume 13 cm® The desired temperature
was reached but not at the desired equivalence ratio.
Up to now, the combustion efficiency is low because of
excessive heat losses. For the future, a good insulation
must be prepared. A hot wire is used as the lighter.
The numerical calculations contributed to design this

combustion chamber.

Table 3

Conventional combustor

03 m
6*107% m®

0.2 m*
30 atm.

800K
 55kg/s

5-8 ms

40-60m/s

>.995
1800 K

1200 K

3.8*10* kW/m®/atm
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6. Gas journal bearings

The dry rubbing bearings, while attractive, would
result in unacceptably high drag and short life service
at such high speeds. As an alternative, gas journal
bearings have comparable fabrication simplicity with
much less drag. Unfortunately they also tend to be un-
stable unless carefully designed and operated in a rela-
tively restricted regime. Earlier studies have been per-
formed on gyroscopes and on cryogenic machines. But
it is difficult in micro fabrication, to design gas journal
bearings with a long axial length and a small radial
clearance.

A study was undertaken to obtain calculation tools
in order to design high speed stable gas bearings. An
unsteady Navier Stokes calculation code was written
and applied in order to know the validity of the terms
neglected in the pressure Reynolds equation (inertial,
curvature and thermal terms).

The design constraints

One of the fabrication difficulty is to obtain by the
DRIE technique a small radial clearance e, with a long
axial length L (Fig. 3). It would be possible to decrease
the radial clearance by fabricating separately the rotor
and the stator but this technique seems to be too ex-
pensive. The realization of a minimum e/L implies a
compromise between the small e/r and the large
L /D which is a function of . The etching process im-
plies a low depth in order to reduce the costs. The radius
is also limited because of the excessive rotor/stator
Couette drag for large radii. Moreover if r increases
the strength of the ceramics decreases. From these
considerations, the final choice of the main bearing pa-

Fig.3 Gas journal bearings main parameters

The Mach number: M= (w.r)/a ~ 1.09 (x10)
The axial length: 1/D ~0.075 (x1/3)
The radial clearance: P =e/R ~0.005 (x5)

The Reynolds number: R, = (w.r.e)/v ~ 580

The inertial parameter:  x = Y.R, ~2.9 (x10°)

The compressibility parameter: A= (6yM?)/(¥.R.) ~ 3.5

PRI A

rameters is: L/D =0.075, M =1.09, & =0.005, x = 2.9,
A=35*

These parameters are outside the traditional values:
L /D is divided by 3, the Mach number is one order of
magnitude higher, the relative radial clearance is mul-
tiplied by five, the inertial parameter is three order
higher. On the micro engine turbine, the journal bear-
ing is placed at the rotor periphery. It is dominated by
axial leakage, contains compressibility effects and ther-
mal features, and is also influenced by curvature and
inertial effects. Despite the significant design con-
straints imposed by the micro fabrication, it appears
that stable gas bearings are an attainable goal.

High speed operating regimes are robust for re-
duced running eccentricities and large loads required
to maintain them. The problem of these high speeds is
to establish the required loads (the weight is not suffi-
cient) while permitting safe acceleration to the design
speed. Several options compatible with micro fabrica-
tion are identified: the side pressurization, deliberate
unbalance, non circular geometry, and electrostatic as-
sistance. The calculation codes permit to account for
the effects generally neglected (thermal, curvature,
and inertial effects: Code BASICS) or to perform para-
metric studies when neglecting these effects (Code
SPECTRES).

7. Materials and structure

Much work has been done on optimizing processes
for conventional semi conductor materials such as sili-
con, but analogous processes for SiC and SiN. are still
under development, as well as methods for producing
single crystals.

The critical part, as the structure is concerned, is
the turbine where the inlet temperature is about 1800
K and the peripheral speed is about 500 m/s. The fab-
rication of an electric generator from Silicium has been

realized.

Fabrication

The main problem of the micro fabrication process
is the low etching velocity. So the etching velocity is
about 10 to 10'nm/s for the Silicon and about 0.1 to 5
nm/s for the SiC. We must underline that the use of a
single crystal with a single piece rotor enhances the

strength.

About the scale reduction
The scale effect on the brittle materials has long
been recognized. Experimental studies have shown

— 13—
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that small specimen, on average, exhibit higher
strength than larger ones. It is the case for the micro
engines. There are two reasons for this, firstly the
processing route and secondly the statistics of the flaw
population. The fabrication process used on a single
crystal gives a high surface quality. The reduction of
the surface flaws will enhance the strength.

Using the Weibull probability density function (em-
pirically determined) allows a comparison of the ratio
of the characteristic stresses to give equality probabil-
ity of failure for two volumes. When we have charac-
teristic dimensions respectively of 1 mm and 0.1 m, the
volume ratio is 10° and this gives an expected strength
ratio of 3 between the micro and macro scales.

Thermal shock, a key issue for ceramics at macro
scale is of less concern at micro scale. Another aspect
of the problem is the impact stress. For a given vol-
ume of the particle, the impact surface versus the
blade height is more important at reduced scale, so the
stress generated by the impact is less. On contrary the
tendency to oxidation is increased. The micro fabrica-
tion gives a surface quality of 0.3#m, a reference stress
of 3.5 GPa and a Weibull modulus of ten. So the surface
quality is an important factor for obtaining a high

strength.

Micro engine structural design

We must mention three turbine rotor regions where
the stresses are the highest, at the disk center, at the
transition from the hub of the disk and at the root of
the trailing edges.

At a peripheral speed of 500 m/s, calculations show
that the stress is 240 MPa for a flat disk and that it
reaches 400 MPa at the disk center because additional
inertia of the blades. There is a raised hub at the tur-
bine disk center which acts as one of the surfaces of
the thrust bearing. It is advantageous to manage a
transition fillet in order to reduce the stress level in
this region. The axial height of the rotor blades must
be also limited in order to control the bending stresses
at the blade roots.

8. Micro combustion chamber
Fabrication
The micro combustor assembly consists of three fu-
sion—bonded silicon wafers. Hydrogen is injected down-
stream of the compressor region through fuel injector
holes and is allowed to mix with air before entering
the combustion chamber through the axial inlet ports.
The fabrication of the devices required a total of six

masks, including one that contained wafer-level align-
ment marks. A combination of four dry isotropic and
two dry anisotropic etches was used to define the vari-
ous components. The top side of each of the wafers
was coated with photoresist and patterned with the
appropriate fuel manifold, spacer plate and combustion
chamber geometry. Since none of these features re-
quired parallel side walls, isotropic etching was chosen
to minimize the time process. Then the hottom side of
the wafers were coated with resist. Infra—red align-
ment was used to pattern the corresponding fuel injec-
tors, combustor inlet ports and combustion chamber
geometry on the bottom side. The 200#m deep fuel in-
jectors and combustor inlet ports were then anisotropi-
cally dry etched. The three wafers were then align—
bonded. The 1.8 mm thick wafer stack was finally die—
sawed to obtain thirteen 1.5cm™ 1.5cm dies from the
100 mm wafer.

Test results.

Atmospheric pressure test were performed for hy-
drogen—air combustion over most of the flammability
range. The corresponding experimental results were
obtained for equivalence ratio between 04 and 1.6 and
an exit gas temperature up to 1700°K (inaccuracy : 100
). Even though the desired turbine inlet tempera-
tures were obtained, poor thermal insulation of the rig
resulted in significant heat loss, thereby keeping the
walls of the combustor relatively cooler than the gas
temperature. So the temperature of the upper wall
was 850°K (maximum value) and 950°K for the lower
wall, values which are well below the melting point of
the silicon (1410T).

Overall, while high pressure testing and improved
combustor diagnostics still needed to be employed, the
combustor has been successfully tested with a fuel
heating rate of 150 w (corresponding to a power den-
sity of 2000 MW/m?®. The device was tested for over
fifteen hours. The aspect of the combustor is correct
even if oxidation patterns are apparent and no visible

damage is present.

Materials, high temperature oxidation results
Post—combustion examination of the silicon combus-
tor indicated combustion patterns around the struc-
ture and the combustor inlet ports. So new experi-
ments were consequently undertaken to further quan-
tify the effects of oxidation in combustion environment.
A combustor plate consisting of finger like structures
with sizes between 20 X 50¢ X 4501 and 16004 X 20004
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X 4501 was fabricated and tested inside the combustor.

The plate was fabricated by anisotropically etching
through a single 450#m wafer. The structure was ex-
posed to a combustion environment for over eight
hours at atmospheric pressure and a flow temperature
in excess of 2000°K. The fingers grew between l¢m to
10¢#m of oxide. For this application it seems that a pas-
sive oxidation takes place. Elevated pressure testing of
the fingered combustor plate identified creep to be the
failure mechanism for silicon in high temperature mi-
cro combustor environments. It is suggested that un-
der these conditions, the creep failure of the fingers
followed the brittle to plastic transition of silicon which
occurs at approximatively 900°K.

Turbine stator vanes followed a five hour exposure
to combustion exhaust at 1800°K, 2. 5 atm. and a mass
flow rate of 0. 1 gr/sec.. The tests showed that even
the blades exhibited minor erosion and pitting, they
maintained their structural integrity.

9. The challenges
The gas bearings

It is perhaps the most difficult point because the
main parameters are outside the known domain, with
transonic flows in the bearings which are placed at the
rotor periphery in order to sustain the applied load.

Materials and micro fabrication

The process for obtaining large size single crystal
SiC is not yet operational and etching velocities on this
material are too slow and this leads actually to high

costs.

Integration

A pertinent question was formulated by Mr. Ch.
Marchal from ONERA, which has not yet received a
total satisfactory answer : if the micro turbine delivers
15 electric watts with a thermal efficiency of 0. 1 then
the exhaust gases drain off about 135 watts at a hot
temperature (T~900C). One solution proposed by the
M. L T.is to place downstream a heat exchanger in or-
der to preheat the flow delivered by the compressor.
Furthermore if the micro engine is equipped at the ex-
haust with a jet—mixer (for example lobe mixer) like
those used in several turbojet engines then an exhaust
gas temperature less than 100C could be reached.
Other hand the thermal insulation of the micro turbine
must be insured because the temperature of the iso-
thermal material is of the order of 700TC.

10. Some questions left
Shock resistance

What happens if the micro turbine falls on a hard
ground? (falls must be anticipated for portable sys-
tems). What suspension must be chosen? What is the
influence of a shock on the stahility of the high speed
gas bearings?

Internal heat transfer

The heat transfer is increasing owing to the high
surface to volume ratio, to the increase of the heat
transfer coefficient and to the isothermal material. This
important internal heat transfer can alter strongly the
thermodynamic cycle and it will be necessary to quan-
tify this physical phenomenon.

Turbine rotor blades tip clearance

By experience we know that a ten percent relative
tip clearance between the rotor blade tips and the sta-
tor decreases the turbine efficiency by the same
amount. So the axial clearance of the thrust bearing
has to be also evaluated carefully.

11. Conclusion

The micro turbine type engines seem to be the ap-
propriate propulsion needs for micro drones and elec-
trical powered portable systems. Wafer aligned micro
turbine could lead to a multitude of applications. At
least five years of research with much investment are
necessary in order to demonstrate the feasibility of the
first micro turbine prototype.
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AAN R4 —E FRE

£2 MITYNVIIIA70F A5 - DOWEENT A =5

Arrangement Single spool turbojet -
Dimensions 12 mm OD x 3 mm long
Pressure Ratio 4:1

Air Flow 0.15 gram/sec
Combustor Temp 1600 K

Rotor Speed 2.4x10° rppm

Power Output 16 W electric

Thrust 0.125 Nt.

Weight 1 gram

Fuel Consumption 7 gram/hr

K3 EEOMRIED: L WUNMRBESS & O

Design requirement Conventional

(sea level takeoff) combustor Microcombustor
length 03 m 0.003 m
volume 6% 1072 m? 4 X 107 m?
cross-sectional area 0.2 m? 4 x 1075 m?
inlet total pressure 30 atm 4.5 atm
intlet total temperature 800 K 500 K

mass flow 55 kg/s 20 x 107 kg/s

average flow speed 40-60 m/s 6 m/s

residence time 5-8 ms 0.5 ms
efficiency >99.5% >99.5%
combustor pressure ratio >0.95 >0.95
exit temperature 1800 K 1500 K
allowable wall temperature 1200 K 1600 K
space heating rate (kW/m®/atm) 3.8 x 10* 33 x 10°
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Study on the Flow Field in the Vaned Diffuser of a Centrifugal Compressor
(CFD Analysis with Flow Deviation at Impeller Exit)

R At

NAKAO Hidefumi

EA FH

TAMAKI Hideaki

F—T— K EOEMRE, BRMET T 2, ZRITHEEER G LET
Centrifugal Compressor, Vaned Diffuser, CEFD

Abstract

Flow field in the vaned diffuser was calculated with CFD code at various compressor operating points.

Impeller discharge total pressure and flow angle, which were measured with a 3-hole yaw probe, were
used as the inlet boundary condition for the calculations. We investigated the variation of the pressure

recovery factor, total pressure loss coefficient and blockage factor from choke flow rate to surge flow
rate with the calculated results. The calculated results also showed the strong secondary flow, which
was caused by the flow angle distribution at the diffuser inlet, would energize the flow near shroud

and restrain the separation near shroud.
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Measurement of the Fuel Distribution at the Gas Turbine Burner
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Abstract

NOx formation is greatly dependent on local gas temperatures within a combustor, and higher NOx
formation rates are produced at high fuel-air ratio condition. The lean premixed combustion is one of
the methods to minimize NOx formation. To develop dry low—NOx combustor, this method has been
studied. And it was obtained that the fuel distribution is closely related to NOx emissions and flame
stability. Therefore the measurement of the fuel distribution at the gas turbine premixed burner is
very effective to design the high performance burner. In this paper, Tracer Laser Induced Fluores-
cence technique was applied to visualization of the fuel distribution. The visualization experiments
were carried out under various conditions. It was made clear of the relationship between the fuel dis-

tribution, the burner shape, the air mass flow rate and the fuel mass flow rate.
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Exergie Analysis of Surplus Steam Assisted Gas Turbine Power System
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Steam-injected Gas Turbine, Surplus Steam, Exergie Evaluation, Power Plant

Abstract

In this paper, a new steam-injected gas turbine power system utilizing surplus steam energy is pro-

posed. This system is focused on mitigation of carbon dioxide and fossil energy saving.

System parametric studies including exergie evaluation are carried out. The result of analysis shows

that introduction of exergie analysis is a more effective method in evaluation of electric power genera-
tion plant including co-generation systems, and that this new steam-injected gas turbine system is ex-

pected as a system of prevention of global warming.
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2000 £ A X &2 —E L RUEIGHEEERET

BARAZX &~ PR

£ 2 2000 FRBEEABRECHT (W)

X4 Size |/ Small Unit| 3% Medium Unit {K# Large Unit Eay)]
0~735 kW 736~22, 064 kW 22,065 kW~ Total
moR O a-—F | B/ B N (B B h (B W Oh BB OB D
Kind of Fuel Code | Units | Output (kW) | Units | Qutput (kW) | Units | Output(kW) | Units | Output (kW)
3 Bk
I‘f;][i?ed if;ural Gas LNG 0 0 8 25,190 9 11,269,600 17 | 1,294,790
RIRIT A
Izliatura] Cas GNG 0 0 1 18, 000 16 | 3,779,370 17 | 3,797,370
y | HWTT Y PETHA GOG | 0 0] 0 ol 1| 23,560| 1| 23,560
2 Plant—off Gas
| WAL A
Liquified Petroleum Gas LPG 0 0 6 9,000 0 0 6 9,000
Gasous .
A
Fuel iffvn s GTW | 4 458 | 37 | 125,945 0 0| 41| 126,403
= “X
gjlfstﬁFurnace Gas GBF 0 0 0 0 2 146, 400 2 146, 400
Ty H
;rop’a‘n: gaz GPR | 0 ol 5 6,050| 0 o| s 6,050
ANEE
Sub Total 4 458 57 184, 185 28 | 5,218,930 89 | 5,403,573
geroseii T 96 21,178 41 87,161 0 0 137 108, 339
ﬁ B '
073 Gj;S Oil( K 52 11, 656 54 212,501 3 11,134,900 109 |1, 359,057
*El—
Liquid ;i;e‘{aﬂiviﬁgﬂ No. 1 H1 156 56,131 | 114 178, 285 0 01 270 234,416
Fuel
;I_azgha LN 0 0 0 0 4 160, 000 4 160, 000
et
Sub Total 304 88,965 | 209 477,947 7 11,294,900 520 | 1,861,812
o =g
“Total”' 308 89,423 | 266 | 662,132| 35 |6,513,830| 609 |7,265,385
LNG 2.8
LN 07 GNG 2.8
GBF 0.3 LN 22
LPG 1.0
GTW 6.7
GPR 0.8
GOG 0.2
7
T XRAE /
C:ase)f:f' ¢ TR
Fuel Liquid Fuel
146
T 15
AR CTW 17
Liquid Fuel LPG 0.1 Gaseous Fuel
85.4 GRF 2.1 744
GOG 0.3
6 2000 SEMEINEESEEEG (%) X7 2000 MBI SEE (%)
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#3 2000 FEHIBIIMACELTH W)

X4+ Size|/D%  Small Unit| #8 Medium Unit | K% Large Unit £yl
0~735kW 736~22, 064 kW 22,065 kW~ Total
sk Al M o Ak W h (A% W o A% W 7
Location Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
b ¥ & - -
Hokkaido 15 5, 098 6 6, 281 0 0 21 11, 379
®de
Tohoku 26 8, 685 6 7,900 0 0 32 16, 585
B X
84 31,691 | 101 191,978 311,134,900 | 188 |1, 358,569
Kantoh
r B
57 20, 080 48 100, 209 0 0] 105 120, 289
Chuubu
Sy B
Kinki 29 9, 462 32 92,422 0 0 61 101, 884
mo| =
F Chuugoku 13 4, 685 9 10,074 1 115, 400 23 130, 159
=
. . I 3 840 5 5,450 0 0 8 6, 290
D . | Shikoku
omestic
Use | L M 20 6,213 | 12 17,300 | 1 31,000 | 33 54,513
Kyuushuu
i . # 0 0 3 12, 000 0 0 3 12, 000
Okinawa
AR 4%
Marine Propulsion 0 0 8 124,552 0 0 8 124,552
AFH AR
Marine Auxilliaries 0 0 9 13,500 0 0 9 13,500
A = 57 145 4 9, 600 0 0 61 9, 745
Unknown
NG
304 86,899 | 243 591, 266 511,281,300 | 552 {1,959,465
Sub Total
it *
North America 0 0 2 21,500 6 | 1,174,800 8 | 1,196,300
WOk ] )
South and Central America 0 0 0 0 6 | 1,317,500 6 | 1,317,500
Zsi: 7 4 2,524 20 47, 866 16 | 2,509,430 40 | 2,559, 820
%‘i PR
mo| R A 0 ol o ol o ol o 0
it Oceania
53 MM
Ex i 0 0 1 1,500 2 230, 800 3 232, 300
Europe
For | M ¥ & . 0 0 o0 ol o 0] o 0
Export Fomer Soviet Union
th "
Middle East 0 0 0 0 0 0 0 0
T7Uh
0
Africa 0 0 0 0 0 0 0
* %
0 0 0
Unknown 0 0 0 0 0
o 4 2,524 | 23| 70,866| 30 |5,232,530| 57 5,305,920
Sub Total
& 1
Total 308 89,423 | 266 662, 132 35 6,513,830 | 609 |7,265,385
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2000 77 2 & — £ > R OB ERE

AAS 2 & —E L ¥aE

x

F 4 2000 FEWEREEMI A EES B RO (kW)

X4 Size |/MEY  Small Unit| W& Medium Unit | K& Large Unit ey
0~735 kW 736~22, 064 kW 22,065 kW~ Total
# 8RB A% W a—-F | & B H (B B B (AR B H (BE| B B
Driven Machinery Code |Units | Output(kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
7% l=d
© .% B G 291 84,103 | 253 509, 330 35 |6,513,830| 579 | 7,107,263
Electric Generator
fa ‘»ﬁ&}
¥ = B PRR 0 0 8 124,552 0 0 8 124,552
Propeller
Zk, ® o7 w 17 5,320 5 28, 250 0 0 22 33,570
Water Pump
Jo A=
N ﬁ i i R AC 0 o] o o o 0] o0 0
Air Compressor
%. ? fte MC 0 0 0 0 0 0 0 0
Miscellaneous use
& st _
308 89,423 | 266 662,132 35 | 6,513,830 | 609 |7,265, 385
Total
W 36
PRR 1.3
G 95.1
X8 2000 FEMERBIEM B AL ESHEE (%) X9 2000 EREREIBEM BN I HIE (%)

#£5 2000 FFMARGHNEESBE T (kW)

B K 2 GW) B H7g
Unit Output Units | Output (kW)
0~ 146 70 1,355
CAN 147~ 367 113 26,537
Small Units 368~ 735 125 61,531
0~735 kW -

/NEF Sub Total 308 89,423
736~ 4,412 231 346, 390
mom 4,413~10, 296 25 153,190
Medium Units 10, 297~16, 180 4 51, 000
736~22, 064 kW 16, 181~22, 064 6 111, 552
/INEF Sub Total 266 662,132
% 22, 065~44, 129 6 214, 560
Large Units 44,130~ 29 6, 299, 270
22,065 kW~ /NEE Sub Total 35 6,513, 830
& ZF Total 609 7,265, 385
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£6 2000 FEREAFRAT -V HRNEEGRETHS kW)
X4y Size| /M Small Unit | %! Medium Unit | kK% Large Unit Eotai )
0~735 kW 736~22, 064 kW 22, 065 kW~ Total
A ® a—F | A% oA B Hmoh =g W B W
Application Code | Units | Output (kW) | Units | Qutput (kW) | Units | Qutput (kW) | Units | Output (kW)
R—20— FHEEH | BL 0 0 2 10, 000 4 | 1,250,300 6 | 1,260,300
g ¥—ruo— FREM | PL 0 0 0 0 0
% FHH%EH| EM 0 0 0 0 0 0 0 0
Domestic/Public Use 0 0 2 10, 000 4 | 1,250,300 6 | 1,260,300
%N #F Sub Total
N—2u—FREM | BL 64 1,234 61 175, 485 1 31,000 | 126 207,719
Ej ¥—Zru— FHEBA | PL 0 0 0 0 0 0 0 0
)%!S F W H % EH| EM | 223 80,345 | 167 252, 979 0 0 | 390 333,324
Domestic/Private Use 287 81,579 | 228 428, 464 1 31,000 | 516 541, 043
UN #F  Sub Total
EMAE Domestic Use Total 287 81,579 | 230 438, 464 5 | 1,281,300 | 522 | 1,801,343
| N—20—FHEEH | BL 0 0 0 0 9 | 1,329,270 9 | 1,329,270
% ¥—zuo— FREH | PL 0 0 0 0 0 0
i % H % E M| EM 0 0 0 0 0 0 0 0
For Export/Public Use 0 0 0 0 9 1, 329, 270 9 1, 329, 270
%N # Sub Total ‘
# | ~—2u— FR@H | BL 0 0 5 42, 500 21 | 3,903,260 26 | 3,945,760
gi ¥—su— FEEM | PL 0 0 0 0 0 0 0 0
% FHHREB| EM 4 2,524 18 28, 366 0 0 22 30, 890
ForExport/Private Use 4 2,524 23 70, 866 21 | 3,903,260 48 | 3,976,650
N i Sub Total
HHAEr For Export Total 4 2,524 23 70, 866 30 | 5,232,530 57 | 5,305,920
# | N—AU—FREM| BL 0 0 2 10, 000 13 | 2,579,570 15 | 2,589,570
¥ (¥—Juo-—-FREEH| PL 0 0 0 0 0 0 0
kFH R EMH| EM 0 0 0 0 0 0 0 0
Public Use 0 0 2 10, 000 13 | 2,579,570 15 | 2,589,570
& H Total
g N—AU-FREEH | BL 64 1,234 66 217,985 22 | 3,934,260 | 152 | 4,153,479
R |¥—ru—-FEBH| PL 0 0 0 0 0 0 0 0
Wl wmemm| M | 2 82,869 | 185 281, 345 0 0 | 412 364,214
Private Use 291 84,103 | 251 499, 330 22 | 3,934,260 | 564 | 4,517,693
& H) Total
#a it Grand Total 291 84,103 | 253 509, 330 35 | 6,513,830 | 579 | 7,107,263

Note : Code Explanation BL :for Base Load PL: for Peak Load EM :for Emergency
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326 2000 £H X 2 — E > RUBHBEAERE BEAHX&Z—EZF2E
3. MZAAREZ—-E> 4. BigHE
RT 2000FE5—RIxy MNI—KT7v 20T &9 2000 F A RE AR O
& N2 5 A -
HERERBRDA T A b (kN) T o Y
" AT
KRR - A5 A M 5 150 TE# PR S (mn) ﬁéftf? No. of
No. of Units Thrust (kN) ’ Class | Outside Diameter of 0. of Units Models
. Compressor Impeller
*1 V25007 7 v (209F) EEFEV,
Excluding 209 Units of V 2500 Fan Modules Class 1 0 100 . 2,910, 873 82
*2 I ERRERAZ T 2 b Class 2 101~ 200 14, 289 24
Maximum Thrust at Sea Level Static Condition
Class 3 201~ 300 439 14
Class 4 301~ 400 138 8
#8 200045 —FK¥x7 bV F¥—KRFuy 7 -V
- . Class 5 401~ 500 92 5
HEEAEKR I kW)
Class 6 501~ 600 140 8
K 4 N | e aw)
Size 0~735kW | 736 kW Total Output Class 7 601~ 700 169 9
H = B i RE B i AR Class 8 701~ 800 7 1
Apf‘llcat'lon Units| Output |Units| Output |Units] Output Class 9 801~ 900 36 g
EERRA | 0| o0 0l 0 0
Fixed Wing Aircraft Class 10 901~1, 000 0 0
1 i = * *
AVATIR g 11,862 | 39 | 58,399 | 57| 70,261 & &t Total 15, 360 7%
Helicopter
1 B 1% B B B) ERHR A
Aux. Drive Units 31 2,061 | 0 0131 2,061 No. of Companies which supplied Data 12
& &t x4 BRROTROBRS - R TH b,
Total 491 13,923 | 39| 58,399 | 88| 72,322 Every model is an exhaust turbine type supercharger.

*3 W REEE A
Normal Output at Sea Level Static Condition

*6 JEMIREENE 100mE BT 5 ERY
The figure shows the total number of superchargers
over 100 mm in impeller diameter.

*5

JEMERE IR HAME 100m % B3 55 2 R $,

The figure shows total number of superchargers over 100 mm in
impeller diameter.

107
2910873
106_
[ #m@&% No. of Units
105 - IR $ No. of Models
14,289 5,360
104_
103
439
——I 138 4, 140 169 159
102 |82— — - 86
[ ]
24 14
101_.
i 5
0-100  -200  -300 400  -500 600 700 800 900  -1000 &t
Tatal

EMFEEESE ()
Outside Diameter of Compressor Impeller

10 2000 fF @A AEEA BN OTI B
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2001 £FJEH 1 Il {2 i

2001 4ES H IS HBIWCT A a2 PV 7 7y YT Y
VBB CTRE R SN S EIIHZER
KU HBHEABETHOMT & CATIA 2L T 5
CAM Y A7 ua%7—~<L LT, BE~REDZEREZ
BARRIICREN KDL L) 2 LT, £LDOBMEND D
BRI T L7

SHEBIEE, O THBICHE, ©FF Lz &
TeAtMA, RFENFICOXFMILHBESsD Y, 0%
SPLZ o TH LG R % Eii, Rtk 74227
W7 7T ROFENEE RFEMBEIIUTOEY

TAIZTNT 78R 1943 DRI T, BAEIIEE
WHRBEMT 2479 CFHEER, "9 9720 F1 &
BEMERONT v — 2 B8E - e A RH FHEL
MEFMEETA o _F =N LE P& Lz AEC (74
ATTNT YTy IRAER) 2O, i
FHIT900 A, HH 180 M (2000 4 FF) o FHFEH B
ThH b,

CFHEE B HA ML, &%) Lo 65%
2HEDLH, REMNEGDIIEFEEI a4 V1 Inner race
RO =F Y%7 bo R 250 7l ROEER

rig VR —, WN45% 2. BHEIIENIZAT S
1 Ve @z\/b/14’7’5; AN SRVE
TH#E, BMEIRE —B L L2 HEMIEH % Rk
bo RFEDFAESTEZMEE ARTBRIGVEND D2
HEETFHZ9 T, BRI hroBuRriFsZ
I THbo

RH 3 70 FRUCBA%, DR b—F LT3k b
PLa#iA. T F AV F2BEERR—XIZE5bE
T7LF T TIVICHIE L TWABEDTRA L DG, TH
WTEBRICERIEOKRERL, 53 29 BifEkIZ

i H

W —HB

TAKEDA Junichiro

I7—LBRD2HD Y, HEMEIL 23~250kg D
FOFRH 2R e o

AEC B# T 55

AP HEI SEIN/C~Y—VIZ 19EHE, H15A
ﬁ4>N9—@mmom$®%%:Edé 3TE—
ASEDHERFED BMSME 10~1,500 mm & J5#
Ioﬁ4zu%%7#saﬁ®EM%&FTﬁouW
SENE 7 L — FOWEIINT 2 FA5UF T 225, Ihaas
RKEVDTA RFG 12D Frz, BETMEOMLSHE
24 L, CATIA, NREC ® Max-5 DYV 7 MIMAH
B LM FHU LI USA, 3 —1 v o2,
C DI AZERE ARG RS, Oy PR Y Y Ok
MTHFEHF T b,

800kg DT NI Ty 7 HBFERBEMIZIZI0HE kgD
WL RDE5T, WNICRSRERGE2HL THH
W8 7 o T EdEEEIZ 15, 000 rpm (23S 5,

- MS 33 - CATIA ORBRICHK D E ¥ A7 A DY,
V7 bOEERE, ROSEMIO=—X 2k T
L7, S@INCRA M7 &y ¥ — (Expert
POST), ¥ T¥Fxv 77+ (NC-Safer), tIHI
YIalb—varv 7+ (Super VERIFY) & vz
Ny =7 bOWFREIT>TWnb,

BILHTOHBICHOEMREEEWL72E, REERL
L H OERISE B IHHIITb N2, -8 THIEEE
WCHEMEENTB Y, AOEBLLVHIRE %I,

REIL, ZECHDL A, AEEO#EfB L ULH
WAHWARBHEEWLEW, TAasT vV
T Y TROSEAFEH T UOMBREDH 4 IZE L BFLH
LLEF5,

(B LERRAaH, tEER)
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#5209 MIA A% — € Ve R =

B2OMAR Y — rEM#EAL, 6 H1HICHEK
LR FHEMRFORFEM R > ¥ — (HE¥H) T
I Lz, SHOEEKTIE, —K#FH 2240
RRLBFEHERID Y, 1WZOBMELHY T L7
ZOFE - AU, KPR 14 K¥F 47 %, S1EBR
A 155k 36 %4, FMSLATECE ABIGRAS 3 BFSERT 24 %4, %
DOMDOEE» S 2 Hifk 2 4, FOMBAS BE, (FIBHE
FEBAROBMETHE T Lz T2, FHACDHDETH
BLZREZIIHEHOBMP DY £ L7

2 HOFEHEESHEMICRL L, BN L Z=HB%6
, {52k - MORIBALR 4 18, BRBESREALR 814, ~ A 70X
A —C VR AtEE o TEY, TOYy M
DEFR, KHBROBERILHELDLELWELFLE
L7zo BBERIRDO Y ¥ a V TIRIER G HRO -0 #E
Rz AL TLEH)RNTLA, #HE0OER Lo
DIZH b H D LEmIEMIRN 6 R U FE L, &2
HTHREBERO LY ¥ a YEHRBIZIZIZHFE T, 250%E
MWERALLENWZELHoTELEBWSWT L,
oy va rBMABLBROREEDIAT Y FHOHE
MU SAREELZEVE S TLE > 28I AEH
#Cd,

KRl T, BRI RS BEHANATZE AT O 35 ik 5 I
T4 270 RA5—Co0BREBEE, LELTIH
HEWRZEF L, 4270 F X7 —CrOMEELIF
BEEDTHEN L CERNO A — 7 — ORI EEL <
RFEL TN 72& F Lize BHICHT HERA S 0 A
TOEREZH 57201213 40% OBEIEIWE & OB
PH, BRITKRD 5N AMERICEDCTHE - BSOH
MEBELTWAREF L, ¥4 278X —-Y 2D
SHROBREEZ A ETHIRZ 722 BVET,

ETATRIE, BREIIPCTOI sy —%flinin
EOFHLEEXME L TH, FROBKLD Y HEBNIHE L

—102
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