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Gas Turbine Aero-Engine Health Monitoring

Introduction

Aero propulsion monitoring and analysis methods have
progressed in sophistication over the past 6 decades as the
gas turbine has evolved in form and complexity. Initial
practices monitored the mechanical integrity of the engine,
and the evolution of engine monitoring and diagnostics has
benefited from advances in sensing, electronic monitoring
devices, increased fidelity in engine modeling and analytical
methods. The primary motivation in this development is, not
surprisingly, cost. The ever increasing cost of fuel, engine
prices, spare parts, maintenance and overhaul, all contribute to
the cost of an engine over its entire life cycle. Diagnostics can
be viewed as a means to mitigate risk in decisions that impact
operational integrity. This can have a profound impact on
safety, such as In-Flight Shut Downs (IFSD), and economic
impact caused by Unscheduled Engine Removals (UERs),
part life, maintenance, overhaul, and the overall logistics
of maintaining an aircraft fleet. We will review some of the
methods used in the preceding decades to address these issues

and their evolution to current practices.

Engine life cycle cost and safety have been the primary
driving forces for engine monitoring and diagnostic
development. Improvements in maintenance logistics,
reductions in unscheduled events (and their consequences),
and improvements in operational efficiency can have an
enormous impact on reducing costs. Diagnostics has a
significant role to play in contributing to these cost reductions.
From a diagnostic and prognostic perspective, reductions in
operational cost can be achieved by avoiding unscheduled
events such as UERs, extensive line maintenance for failed
sub-systems causing secondary damage, IFSDs which can
drive an engine removal or more catastrophically result
in aircraft damage or loss of life, as well as detecting and
identifying partial failures or malfunctions of sub-systems
which contribute to increased fuel consumption, such as
engine bleed leaks/failures, active clearance control and
variable geometry actuation abnormalities. Prognostics, deals

with predicting the future (health) state of the engine and its

ERZfE 20144 1 H11H
* 1 Pratt & Whitney Commercial Engines

Allan J. Volponi ™!

accessories and has come into vogue in the last decade or
so. For the purposes of gas turbine engine prognostics, this
definition is often further described in terms of hard failures of
components or condition/degradation of performance related
problems. Failure prognostics is focused on the prediction
of damage state or failure rate of a component or system
of components in an engine. Failure prognostics is usually
affected by the diagnosis of specific engine faults, depending
on the level of impact the component experiences from the
fault condition. Prognostic models are required to project to
the future condition. Prognostics can also be associated with
the slower degradation (wear related) processes that an engine
is exposed to throughout its life. It is usually associated with
the diagnosis of fault(s) conditions and the capability of
predicting when the symptoms of the identified fault(s) will
reach an undesirable state in which system operation will be
adversely affected. Prognostic models are required to project
the future “path” of these identified fault(s) on total system

performance or reliability.

The role that diagnostics (and more notably, prognostics)
plays for the engine Original Equipment Manufacturer (OEM)
has changed over time from one of supporting maintenance
troubleshooting to a more proactive activity. The term
power by the hour, introduced by Rolls-Royce, describes
the concept succinctly. OEMs offer some form of a Fleet
Management Program (FMP) to their airline customers
wherein, for a fixed cost per flying hour, a complete engine
maintenance service is provided, thus allowing the operator
to forecast their operational costs with greater accuracy. The
OEM effectively provides a maintenance program over an
extended period of time and the operators are assured of an
accurate cost projection and avoid the costs associated with
breakdowns. Knowing the current health of each engine in the
fleet contributes to the OEM’s ability to configure an FMP to
support their maintenance business model, derive profit, and
satisfy their customer’s needs; an attractive offering for all

parties.

The foundation for realizing these benefits begins with

implementing a meaningful engine monitoring program.
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We will start our discussion with an historical look at the
monitoring practices of the 70s in the next section and later
explore how monitoring and diagnostic/prognostic methods
developed in the ensuing decades.

Historical Perspective

It can be said that engine condition monitoring is as old as
the gas turbine itself. Monitoring Exhaust Gas Temperature
(EGT), spool speed(s), overall engine vibration level
(amplitude), and main oil pressure and temperature, marked
the beginning of monitoring methods to insure safe operation
by detecting and annunciating abnormal levels and exceeded
thresholds. This basic set of sensors was sufficient to detect
abnormal engine operation; however, it did little to aid in
the identification of the root cause of the abnormality. Over
time, instrumentation would expand. As with most systems,
reliability and cost were the main drivers. Engine control
functions also drove the need for additional sensors, primarily
in the engine’s gas path. At first this parametric information
was only available in the cockpit for the flight crew to monitor
the engine’s operation. During stable cruise operation, with
the engine in a relative steady state condition, the flight crew
would record parameter levels from cockpit gauge observation
(typically spool speeds (N1, N2), EGT, fuel flow (Wf),
vibration level, and oil system temperature and pressure), and
submit a flight coupon to the ground crew upon landing for
subsequent trending by the airline’s power-plant engineers.
By the 70’s, engine health monitoring began in earnest with
the advent of commercial high bypass turbofan engines,
where dedicated electronic monitoring hardware became
available which would automatically monitor and capture
salient engine parameters during takeoff and stable cruise
operation. These systems, Airborne Integrated Data System
(AIDS), later renamed to Airborne Integrated Monitoring
System (AIMS) when the earlier acronym took on a different
meaning, consisted of a series of electronic hardware boxes
that would monitor a plurality of flight parameters (e.g.,
altitude, Mach, Total Air Temperature (TAT) and/or engine
inlet temperature T2, ambient pressure (Pamb), and/or total
engine inlet pressure P2, aircraft angle of attack, pitch,
roll and yaw rates, etc) as well as available engine specific
parameters (e.g., N1, N2, EGT, W, oil system temperature,
and pressure and vibration amplitudes, etc.). At first only
engine control parameters were available in the gas path,
but later other gas path parameters were included such as
burner pressure (Pb), High Pressure Compressor (HPC) inlet
temperature and pressure (T25, P25), HPC exit temperature
(T3) and Engine Pressure Ratio (EPR=P5/P2), etc.

The AIMS would monitor the aircraft and engine

parameters available to it and record any parameter anomalies
detected during the flight. During cruise operation, the system
would continuously search for stable conditions (altitude,
Mach, spool speeds, etc., not changing more than pre-
specified limits), and once found, perform a time average
across all parameters within this stable frame, and store
the data. Likewise, during takeoff, the monitoring system
would capture various parameters, and record critical values,
for example max EGT and record it for subsequent ground
analysis. At the conclusion of the flight these recordings were
retrieved from the Quick Access Recorder (QAR) and loaded
into the airline’s ground station computers for trending, EGT
margin tracking and other analysis to support fleet wide health
tracking, supporting maintenance (line and depot) decisions

and logistics.

With advances in aviation electronics and computers in
the 80’s, greater sophistication in the AIMS hardware was
possible. Full Authority Digital Engine Controls (FADECs)
replaced the hydro-mechanical engine controls with digital
data buses (ARINC) enabling a wider range of parameters
to be available to the AIMS. With faster CPUs and greater
memory capacity, the monitoring systems could perform
a wider range of analysis. The Airborne Communications
Addressing and Reporting System (ACARS) would augment
the QAR, wherein some of the recorded data could be radio
transmitted to the ground-station computers during flight, and
quickly analyzed to provide greater informational direction
to line maintenance crews in advance of the aircraft landing.
The added computational capacity of the AIMS facilitated the
generation of Aircraft Condition Monitoring Function (ACMF)
flight reports whose primary objective is to obtain indications
of incipient failures ahead of time within aircraft and engine
systems. This enables operators to initiate preventative
maintenance actions to minimize the risk of impacts on the

dispatch reliability.

Since its inception, the ACMF has expanded to include
more extensive reporting capability and has become a
standard practice in current aero-engine monitoring. Typical
reports in use today include an engine Takeoff report, Climb
report, Cruise report, Gas Path Advisory report, Mechanical
Advisory report and others. These provided a wealth of
information regarding the general health state of the engines
being monitored as well indications of emerging faults and
failure conditions. The reports have expanded in scope and
complexity as onboard computer capability evolved over time,
but this still require the man-in-the-loop to digest and analyze
the information, perform additional off-board analysis, and

combine other sources of information in order to select upon
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the appropriate action in maintaining the flight integrity of
the engine. This reliance drove the need for more automated
analytical tools to assist the analyst. One such tool, which
emerged in the 70’s, is known as Gas Path Analysis (GPA).
This method took advantage of existing instrumentation and
leveraged the data being captured in the ACMF reports. It
provided a means of tracking overall performance degradation
of the engine as well as degradation in each of the main
engine components, which for a twin spool turbofan engine
included the Fan, Lower Pressure Compressor (LPC), High
Pressure Compressor (HPC), High Pressure Turbine (HPT),
and the Low Pressure Turbine (LPT). We describe this

method (briefly) in the next section.

Gas Path Analysis
Gas Path Analysis is a mathematical process used to isolate
and assess the magnitude of engine performance shifts at the
Component level based on observed changes in measurements
taken along the engine’s gas path, such as Temperatures,
Pressures, Speeds, Flows, etc. The emergence of this
methodology is usually credited to an early researcher, Louis
A. Urban O, and requires only Bill of Material (BOM) sensors
to drive the analysis. The level of analysis and confidence in
results does, of course, depend on the exact measurement suite
in use and additional (non-control) gas path instrumentation
has been added to engines over the years to further enhance
this capability. The basic principle is summarized in Figure 1,
below.
:C-E'J:h;ﬂ‘:;;n
Womn Seals

FOD - o "
Plugged Nozzes RESURSIN s Wecrw A Producing
Degraded

I:> Changes
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Component Measurable
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Hardware

o
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Fig. 1 Gas Path Analysis (GPA) Principle

GPA relies on having discernable changes in observable
parameters to detect a physical fault. As a generality, physical
faults consist of a variety of problems or combinations of
problems such as Foreign Object Damage (FOD), blade
erosion and corrosion, worn seals, plugged nozzles, excessive
blade tip clearances, and if severe enough, these physical
faults will induce a change in the thermodynamic performance
of the engine and its attendant components. The underlying
precept behind GPA is that engine performance depends on
the state of these individual components and that furthermore,

the condition of these components can be mathematically

represented by a set of independent performance parameters.
For the compression modules, it has been customary to use
adiabatic efficiencies and flow capacities, and for the turbine
modules, adiabatic efficiencies and effective nozzle areas.
If changes are then observed in the gas path measurements,
the problem becomes one of estimating those (module)
thermodynamic parameters responsible for the change, with
the hope that this will facilitate the subsequent isolation of the
underlying physical fault.

We have highlighted the word change throughout this
discussion since GPA is a relative performance analysis;
relative to a specific reference chosen for the analysis. This
reference (condition) can vary depending on the user’s
preference, but typically takes the form of a model which has
been normalized to represent an average production engine or
the user’s average overhauled nominal engine. Data recorded
from the AIMS during stable cruise would be normalized to
standard day conditions, compared to the reference model
at the same engine power level, and a % delta computed for
each of the main gas path parameters being measured. This
steady state snapshot of measurement residuals will then form
a signature (or fingerprint) that describes the performance
variation in the observed engine modules relative to the
nominal state. The astute reader might object that it may
contain other effects as well. These might be abnormalities
such as sensor non-repeatability (noise), possible sensor bias
or drift, modeling error and other faults that have not been
directly modeled such as control accessory faults (i.e., bleeds,
active clearance control, variable vane mis-scheduling,
etc). The first GPA systems, however, did not include
provisions for these concerns, and were, consequently, only
marginally successful. Thus, in order to have a more practical
implementation of this methodology for diagnostic and
prognostic purposes, it was necessary to expand the original

formulation to include these effects ¥,

The basic mathematical formulation was piecewise linear
and is sometimes referred to as linear GPA. At the fixed
operating condition of the recorded data snapshot, a vector Z
is formed consisting of the calculated % As (from reference)
for each gas path measurement. The performance faults for
the modules and apparent sensor errors were represented by
a vector x, and the linear relationship existing between them
was modeled by a matrix of combined engine and sensor
influence coefficients, H=[Hengine : Hsensor] €valuated at the

fixed operating condition.

Download service for the GTSJ member of ID , via 3.143.211.215, 2025/05/06.



108 Gas Turbine Aero-Engine Health Monitoring BARAZXREZ—E 2
[AN1] [ ALow Spool Speed From a broader perspective, the original GPA approach
AN2 A High Spool Speed was later amended by the separation of gradual and rapid
AWS A Fuel Flow deterioration effects with attendant analysis. Engine
Z=| AT3 |=| AHC Exit Temperature performance changes can manifest themselves in one of two
ways: a) gradual (long-term) deterioration or b) rapid (short-

AP3 A HC Exit Pressure

ATS5 | | A Exhaust Gas Temperature |

[ An 1T A Fan Efficiency
AFC,,, A Fan Flow Capacity
AN pe A Low Compressor Efficiency
xﬁ}’l ine ' 3
“ AA; A Low Turbine Nozzle Area
xX= cen = —|
xsenvnr
) AN1,,.. A NI measurement error
AN2,,.. A N2 measurement error
| ATS,,,,. | | AEGT measurement error
engine
Z=H‘x= [Hengine: Hsensor] (1)
xsensor

What is obvious from this formulation is that there are
many more unknowns (elements of x) then there are known
quantities (elements of Z) and therefore the matrix H cannot
be inverted to provide a solution. The classic solution to this
problem came in the form of a derivative formulation of a
Kalman Filter which would yield an estimate X for both the

engine module fault degradation and measurement errors

simultaneously.
X= [xengine : xxermor ]
A T T = ~
- xprevious + R)H (HR)H + R) (Z - H xprevious ) (2)
Predictor Corrector

This formulation is in the form of a so-called predictor-
corrector, which allows a previous analysis to be used as an
a-priori guess (predictor) which would then be adjusted by the
observed data (corrector). This made it suitable for analyzing
time series data for long term deterioration trending of the
AIMS data. The Py and R terms appearing in the corrector
portion of Equation 2 are numerical quantities specified by the
designer when construction the filter.

The mathematical foundation of GPA has been well
documented and many refinements and alternative algorithms
have been offered by numerous academic, industry, and
government researchers over the last 3 decades. We refer the
interested reader to the general literature for the mathematical

details.

term) deterioration. The latter may affect module performance
changes or can be changes in performance of engine sub-
systems such as bleeds, cooling flows, variable geometry
mechanisms etc. The methodology adopted was to break up
the general GPA solution (which addresses the gradual long-
term module deterioration) described previously into several

steps:

1. Estimating module performance and measurement error
shifts via GPA method.

2. Perusing the measurement delta time series to detect any
rapid and persistent shifts.

3. If a rapid and persistent shift is detected in the time series,
a single fault assumption is made and a separate analysis
consistent with this assumption is made to identify the
underlying fault

4. Applying appropriate accommodation logic to reconcile the
analysis made in step 1 with the results from step 3.

The single fault assumption made in step 3 is a concession
in the form of heuristic information based on experience, i.e.
it is improbable that more than one failure occurs at the same
time. This separation of slow and rapid deterioration modes,
separates (slow) natural module deterioration from a (rapid)
abrupt failure often observed in engine subsystem accessories
(e.g., bleed systems, active clearance control, variable vane
actuation, instrumentation, etc). The latter may also include
abrupt Module performance shifts from Foreign or Domestic
Object Damage, FOD & DOD, but these are certainly less
frequent then the accessory failures. In making this separation,
we can apply separate algorithms which are better suited to
the condition being analyzed. The slow natural deterioration
assessment has been addressed by the linear GPA. The rapid
abrupt degradation (or failure) allows the use of a single fault
hypothesis to provide a solution. Once the detection that an
event has occurred (done by inspecting time series plots of
the measurement residuals for abrupt shifts in magnitude) and
noting that these shifts persist for several points (and hence
are not likely to be outliers or noise induced), then a AAcan
be calculated for all of measurements As, quantifying the
shift between pre and post-event levels (see Figure 2). The
vector of calculated AAs provides a signature which can now
be compared to a (pre-stored) library of patterns for known
faults. The fault matching can then be ordered according to

how close they match the observation. The fault with the best
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match (i.e., least error) then becomes the alerted fault and

appropriate maintenance advisories can be provided.
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Fig. 2 Gradual versus Rapid Deterioration

Health Monitoring Advances

Our discussion up to this point has primarily centered on
analysis from steady state (averaged) data collected by the
on-board monitoring systems and made available to ground
stations for subsequent trending and analysis. Advances in
avionic electronics from the 90’s to the present time have
enabled more extensive on-board monitoring systems.
Dedicated health management/monitoring boxes have
emerged with the memory and computational bandwidth that
would allow greater sophistication and capability. One notable
area has been vibration monitoring. It was now possible to
analyze, in real-time, the high bandwidth data (typically
around 2k Hz) captured from vibration sensors and perform
various time-domain and frequency domain calculations. This
is useful in identifying the source of vibrations in bearing
and gear systems. Knowing the gear ratios provides aids in
determining the presence of chipped gear teeth by observing
peaks at the appropriate frequency harmonic of the driving

spool.

Other advancements have been in the area of lubrication
system monitoring. Oil Debris Monitoring (ODM) is a
relatively new technology that was first introduced on military
aero engines and has been found to be a highly effective
means of early bearing degradation detection. By monitoring
the liberated metal particles in the oil it is possible to identify
and trend degradation well in advance of a bearing failure.
The use of an ODM can eliminate the need for periodic
inspections of the magnetic chip detectors which accumulate
ferrous particles in the oil stream as well as reducing the
frequency of conducting a Spectrographic Oil Analysis
Procedure (SOAP). Current ODM sensors are capable of

detecting non-ferrous particle as well, thereby extending the

coverage typically provided by chip detectors.

The deployment of real-time engine models for diagnostics
and control will take the classic Gas Path Analysis, discussed
in the previous section, to next level. Instead of analyzing
averaged steady state data from cruise operation, the on-
board models will provide the requisite reference through
transient operation as well, and a continuous GPA can be
performed. This can be amended by monitoring and analyzing
the dynamics of control actuation (bleeds , variable vane
positioning, etc.) as a further prognostic targeting engine
accessory deterioration. The advantage of having this greater
on-board diagnostic capacity is the decrease in time latency
to detect, identify and possibly accommodate an incipient
fault or deterioration. It could also be argued that there would
not be much (time) gain between an on-board analysis versus
merely storing the full flight data on-board and performing
the analysis once the aircraft has landed, several hours later
(assuming that an efficient data infrastructure was in place
to transfer it off-board), unless, the on-board information
could be accommodated in some manner during flight.
Accommodation could be in the form of alerting the pilot
of an identified problem or incipient fault requiring him to
abort his mission or operate the engine/aircraft in a different
manner. A more intriguing tactic could involve automatic and
autonomous accommodation by the FADEC without pilot
intervention. These concepts have been explored in what has

been termed the intelligent engine concept @.

Engine Health Management (EHM) is a collection of
capabilities from which building blocks can be drawn to
create customized architectures that best meet individual user
needs. Both Engine-Hosted and Ground-Based elements are
viable and complementary approaches to form an overall
Integrated Health Management system. Engine-Hosted
elements generate data from on-board sensors, and perform
basic fault isolation and prediction, supporting on-wing
maintenance, while the Ground-Based elements support long-
term degradation trending, providing planning information

that can be used by aircraft fleet managers (Figure 3).

The ultimate goal of EHM is to maximize the amount of
meaningful information that can be extracted from disparate
data sources to obtain comprehensive diagnostic and
prognostic knowledge regarding the health of the engine.
Data fusion is the integration of data or information from
multiple sources to achieve enhanced accuracy and more
specific inferences than can be obtained from the use of a
single sensor (or information source) alone. The basic tenet

underlying the data/information fusion concept is to leverage
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Fig. 3 EHM leverages both On-board & Off-board Capabilities

all available information to enhance diagnostic visibility,
increase diagnostic reliability and reduce the number of
diagnostic false alarms. As Figure 3 suggests, the information
sources are plentiful and include, Gas Path, Oil/Fuel system,
and Vibration measurements, FADEC codes, on-board
models, companion engine data, maintenance histories, pilot
and line maintainer observations, etc. Indeed, much of the
current activity in EHM today centers around information
fusion and the best means to collect, combine, and leverage,
all of the information content to support the common goal
of reducing overall engine life cycle cost and increasing

operational reliability.

Conclusion

We have provided a broad overview of aero-engine health
monitoring and how it has evolved over the last four decades,
commenting on the cost benefit drivers, monitoring and data
acquisition methods, analytic methodologies, and concluded
with a brief discussion on areas being explored today. In
this brief discussion, we have highlighted the analytical

methodology known as Gas Path Analysis, primarily
because of its legacy, longevity, and diagnostic importance
but also mentioned other areas of monitoring, which taken
collectively, provide the salient information source to support
a successful Engine Health Management endeavor.
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Fig. 2 Outline of Engine Data Analysis and Monitoring Process
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Fig. 3 PW4000 Engine Trend Monitoring Data (Example)

Download service for the GTSJ member of ID , via 3.143.211.215, 2025/05/06.



Vol.42 No.2 2014.3

MZREIL S DEZL2YLTIZDNT

115

Ny VY ORBGHHTH D, NIAPWA000L ~
VYORIES — €Y MOERI L ¥ =i v b h
B8 THRIL T, 2Y Yok hpry Y
YW (EPR) 2584 L7cizo, Bifidro s v Vi
T ERINESE 7R, BRSO T 2 2 PRSI
(EGT) == 25D (=P A AMED L5) L7
CLERTIDTH %,

* LY VPR ATIE (BEGT) ~— ¥ ¥ P A

REOHAMII T 5~ =Y ¥,

PLYF-E=Y—OFE LT, BftLPEEoE
=& V7 EIETIIEE RExceedance L BRI S N W
BEONSBETH-> T, Ty I UL LTS
APTLDEZY—%FTH I LIZLD, BFERONRN
NG A—=F DT MPFE LA X Alert s LCREA
Eh, TUVV =Ry T OREAE LCTHEELT

BT OF BB TR ALE & T 5 2 EATE D, iE
EIY VY A=A —FREZOIL Y- EZF 12
HEANDLEEBIZ, WorldwideTOF— 7 #ERHL T
BY, UtE&oOMELtIEWorld FleetD #RERIZHo W
T R=IEA=D—XDRBUZITHIENTE b,
BB, BE=F) Y IEERLHEEON FICEIMEELIE2 S
DT 4—=FNy IHREETHY, UkdIhF TRERL
Te AN BAFH O HASHR R R KN Ok, WA RO
WESR2ITY, oYy - A—H—LHHLTE=S)
VRO ) HLA TV S,

5.3 T ai—-JVMEEEE=4AUCY

IV VDENRGA=FIDINL YR -EZFY) VT
Mz, FHLOECEEHFORELT—F %2 b LI
IYVYDOEEYV -V (EMK F-ErFor vy
CREWHAL) OMWREOE T E=FY —FTHILNTES

- Y~ ¢ V7 —RIBEOIE )2 R 22 5
8 el °
Q o °
35 f
= ° e o
° — ° °
g ° ° X ® o oweeo
@ ° o 00 0 0 0 00000 @
o ° P® © 000 0 © (o ame o0 000 @@
& ° ® 00 00 oo 00O GBDO®O 60 000 © e | o oo
= o D O ®O® ®00  wew® o e (oo
= e eoo o e ®meoe l oo ° \
000 0 o000 @B OO O O ©
@ e 000 cooem ¢ @ ‘
= " ® T 7 4 v & — 73 PATET 5 BTl AE S f
5 RWats, 7 4 B —RiIEOFEIIZEDED
e eee come
DO GEDEENDEIND 60
XX
8/14 9/13 10/14 11/14 12/14 1/14
Flight Date
Fig. 4 Engine Oil Filter Differential Pressure
600
45 A TR K B 72T — X I R - 7
HERH AR T~ — 2 U N ED

“
2

Tokeolf EGT Marzin

- o L '?t FHET )
7R ;"'imr\‘. i8rag ! 330354,
% e g *‘ LS & #
» * ‘,& - oy,
150 2a 8 ::
o
N
0.0 : : — 7 . ,
09,18 09/15 09/22 05/29 10/06 10/13 10/20
DATE

Fig.5 PW4000 Engine Exhaust Gas Temperature Margin

— 41 —
Download service for the GTSJ member of ID , via 3.143.211.215, 2025/05/06.



116 MBI DEZLZIJTIZDNT AL X2 —E L FR5E

X9 ot ZOE=ZY ) VIFEEEY 2— VIERE Wing Life D HEM K VA E H O BRI K & < HBLL T
=5 ) UL, BHTIRE=FY V7 E2ERH - Wb 72720, IILWARASERIZOWTIE, BEDE
HHLTWwA, 707 ATHRMTERVHFILL L, FE=FY
IV VOREEE=Y—TBHIF TV 8T VIRYUMBHOXN R TV T T AR IRET A F TR & %
A=FDILYF - =S VT THLTHTHILH, W AN H S,
D & 0 S 2R, WE2roWMElL 7y o FLOWABEEGHIH LR, Wik7u s 7 2 0RE%
WiEDPsE, 7 — M EKROMRSILO TS 1T B WEPBCLINL L EHIC, BT, LISV
W21, COFEIEMTER I NS, BILYYERERERL, Ty - THAL R
6ICEY 2= WRET— 7 OB Z RS (Ko BB, METVOT7)—bTA FTORBREEZIEIZ, 2
EFF, F/ClZENZN=E, iiE). NETHRABRO L VWARGERIZOWTD, ko
REEZHILCH O UOMKE LAY, @EYkea s
6. BHIIC NO—A 7T T ARREEND &) AT E=
MERT Y Y v OE= ) ¥ 7T R OB O 7)) RN T T A ORESE, AR WIREL 7
FELE EDITFELMALL T D, FFITEFEDO ML VK - W,
=) Y TEMOMLIZE Y, Y U EREOHLMG
MABRHRETEL LB, VY y - N—=Fvx 7. BIAK
T OREE L L CTHAELT 2O VERE TR, i (1) flE# SHEH 725 —E >y T4 (2013), p274-
TELWREIELS 2D, =¥ T YEEEomE, On- 280, HAH R & — ¥ vegsy
..................... e g7 R R R
CYCLES 3 CYCLES 3 CYCLES | 3 CYCLES .3 .. e CYCLES I
EFF (F} EFF (A} EFF (B] EFF (] EFF (D)
...... L FfE i) e EAG K2R LB (3 SRR B £ . 45 (8)
3 - T B i - [ N a...-% e A H
.......................... ot PR Rt T Qurand SO P LEEREL-FERES e
F1JAM 5 F 1 -hE B3 5 C g o . B
2EJAN 5 F 1 L B3 . LE I S L
A9UAM & =1 a2 B3 C s o - B
JIFEB S . L A2 B .. c 5 p )
dFER 5 F 1 a2 B3 . c 5 o ]
GFEB & L A2 B3 . L .8 - .8
SFER 5 Fi A2 T B [ E o [
11FEB 5 Fo1 AZ 38 . B - B S o B
17FEEB & F 1 A2 k) - c . B v B
19FEB 5 . F e, A2 83 .- c . 5 o B
Z1FEB S Fi [¥] B3 . c . 5 [
24FEB B L O T A2 .. B 3. = 5 L
FTFEB & F 1 AZ -] 2. & 8 [+] L&
BMAR B L S T B2 B .3 . . . 5 B .. 8
1CMAR 5 Fi a3 B 3, .CE o &
fIMAR 5 F o1 L¥] B R cs BN -
1OMAR & F 1 A2 B a . (-] v G
1EMAR & Foov AR B3 . s D L
MR E F a2 B 3, i o [
24MAR 5 LS S A2 B 3. s [ E ..
ZEMAR & F 1 A2 ] 3 N Ca i} . B
FOMAR & Fo1 . A2 ] B 56 LI S
e £ Az o 3. s¢ o . &
TRPR S F..l A2 B.... 3. 5 B B
BEPR 5 F i A2 B 3 . (-] o . B
1IAPR S LA 4z B 2 . L oo -6
154APR & F 1 -] B a . =]+ i} . B
19RPR 8 | E.. L S AZ B3 L3 o.. B.
23RPR 5 F Az B 3 sC [
288PR S5 LA O S A2 B...=2 LR B -
A0APR = F 1 AZ =2 3 Ch o - B
Lamey 5 Fo e Az B 3. s D .6
ET P A2 B2 ] o .8
L. - A2 B 13 L B I
138 S F 1 AZ -] 2 CS 1] . B
lamay 5 | A T Az B 3 . ;s b .6
1Ay 5 P a2 8 i} o e
25MAY 5 F_1 az B 3 cs o . &
28MAY 5 F 1 A2 B 3 €S [+ - B
d0MAY 5 F 1 Al £] 3 CS 1) . B

Fig. 6 PW4000 Engine Module Performance Data

— 42 —
Download service for the GTSJ member of ID , via 3.143.211.215, 2025/05/06.



117 BAHX 4 —E %45

Vol.42 No.2 2014.3

st » B —

et HAF -V VBT BLEZY ) ¥ ZHilo#LIZOWT

v Eiy

- WA —E o= %1) v

7B —
W

KAWABE Yoshiki

X—TJ—K:FRA¥—-¥Cr, Vv bz Iy, ®TZF) T, RKE, LY
Gas Turbine, Jet Engine, Monitoring, Vibration, Sensor

. e

ﬁz& Y, 1930EHRIC A Y, A4 XY A TR
EINT ey b I UNEELRSTWS,

Vv P UYV YT, EME SN ZeR L R e
%WTW&%& BETLEN BEOT A 2HAINE
WCER S THEI 2154, 2O - B - SHEOT
2EHWTIZANVFE -2 ) E L TRER T
IO T 2DBH A S - Thb,
HIEMHENTWAT AT —E Vi, ZORE» 5K
EL20DF A4 FIHHEND . fi 2otz HR & H¥EH
D2DOTHb, TNHIIHE - B&FF - AFWPBELR D7
OEL RS2 )ETEM - EHEN TS, AFHT
X, TNENDIAL TOHAY—EDE=F) V7P
B LT ZITH Y,

2. HRE—-ECOEE
21 MEWRERABIIF-—-E>
eI A 7 — ¥ i, ZOERDEBY fHize
BRAY 2y Vv V02 LDOTH D ALZERE
¥ETHHENA YV ELTE, LY/ - REDOT
VIV VERFEHT A Z L T ORERDIR Y, BRE
L IOBNHIENL, B EED RS HEH I
—MOBIN bR E, FLERRHEAT R & — € VI2E,

V)ﬁmxf 7 <, AT B AMEH S Tw b, il
uﬁﬁ%m%%mbf,%%@%@E%%@7~Ey%
B hHETHET A2 2T, X REBEMILEoT
VUK ETRELTVELDLH D,

Vv bV U REERNCENTHAIE, BE
7 & OWEREIFE 2 B A3 701, S odEtES (Hh5TR)
ANOJ)) EREW NV (HE))) (AT 2 %8R D S,

WLZepBiE R 2 & — ¥ % B HLICIIR S 5 & Fig. 1
DEITHhD, ZORNS, PZEHEARAT A S —¥ v
2 OoDEARWER (FRABEEELE - OF

ikt 20144F 1 J10H
%1 GEXZLFIV— - Uy /Ul
Ny M) =R
T104-6023 e XIEiE 1 -8 -10
W7 45 K ) N AZIZT 74 A% 77— X 23F

T—5—¥Y)) PHHEKENTVYD I ENGnrbh,
NOEEEDLETHAY -V v EIFR, HASREREIZ
W Z —E U PBhHrbH, Z0F¥—EriE, VI VOF
itk 2 BB S50 O FVEFZEY) 1§, F X
FAEFBEICX D BESINLIRY ORI - WIE - JET A
DIANVFIL, NT—F—E U ZEGEEES 72D
END, M1IIWET LI T —7—Y i
HAFAEE LKL Ty, Thbh, 22004
BEMESZ Yy 7 VEIFRELEVWE WS 2 IR
Bo FOI, TNHD 2 DODHEEITE L B NEEHE T
WMifins b2 bbb, 72, INEIHOMET, T4
DTy VLYY yO2EMEREEOFTEMHLT, &
JE¥ — ¥ y-RILIEAiE 2 Sl s S8, KE5 -
(8T =% =¥ v & Hi D) AR % SR T OB
ErEhiiem & LCRHTA000H %,

MzEtT v Y Y IEEMICh o TlikEE SN L 2 &
E v, RITHFIIEFEICHWEEES RO SN, # ]
WA, T AEEFE LA, AGICEDS
W% F 75 v, MATHIE, BRI iR (B o)

FICkB) ZBWT, v Y dHkEsEiE T X 2 REICH
ﬁéhfwé 51T, RHEORMAZERKE, Fhox
YV UIMEIL LA TOREIIRITVMATE S LD
(e B Y QAN

MiZeksT v Y ok, BHESSERNC, BHICTHT v
VUERARZ BN TEL L) RiEIE o T D,
XoT, MBREHMT AT -V, ZEALDLD
LT, R E 2 elnicny Y v a2k s
ZEDRFERE RS> TV A,

—77, Wiz Yo% ﬁof%ﬂéﬂt%ﬁ
mﬁm,mﬁ¢~%¢TéT ﬁ@&%%é(m
WK&&&b&%%)KﬂLT,%%%&ﬁm%@wﬂ
Wrr—% 2Rt L2 HNE LAELDTHo720 T
VIV REIR SR LLEND HIEE L LTI, 9 S
TV — FORBAREVFERIFERTH Y, BEFHREICLD
o — ?#7/n7/xk&é%®#ikktfﬁé <
DI2DT YT Y ORATHERTIE, —HNIZI Yy 7 o
MR Es 5 (7 2 Ng v AL lbﬁ% SEALT B IKAY)
DRETANTTH IS TS, FEELT

Download service for the GTSJ member of ID , via 3.143.211.215, 2025/05/06.



118 YR —HRa2-ECORERTE=2Y) 2 TR —

BARA X2 —E L FR%

&, ZORERZMBL, ZoBG% e Lz
RN RRZAT 4 VI EFHT D, $72, 7405 D
HUDEE B, Yy Y7 MoEEE T ETIC, T
YV Y OREEHOZEAIECHEINIZY 7 P EETWS
(FIoF v 7740w, s, v 7 boH
EHFIZEAEBALL VDY VY OgaIE, 7140
FIEEENE LT, HEshszy YV AEEZICH§ 5
— AR E et Ny XA T 4V y BT 5,
T2, BEALOMBEMARAT A Y - TR, M
Woe sy —Crikn R s RETHESE 5200
By 7 FEMALTBY, HEDO Y v 7 M=
LTT74 VT ERTTERLRETINIE S 0G0 5.

HARELER

Fig. 1 fZetSmmAr 2 ¥ — ¥ ¥ OfiE

22 EBERHIXEZ—-E>

HEMATAY —E /1L, MEREHARATR Y - L
BERZY, Vv b UIVEERNICIZIZEOT T
L72dDTiE %\, ZN61E, MZEHRHAOBEN TR L
RO == RN EbE72ikit L o Twb, BRI
&, HEHAAS LU TR, SYTVREFAT A M
ZIWY T EHH LTS, Yoy by Yy 3R
oT, BEAL=—ZAD R, WYl & B OMR,
VIR ERATE L7200 TH b, W)z 2HTT
HT LT, MZEREHAMEIELT, L) KBoy—¥
UHEMEEI T AL EL S,

BUE, FOHAAY —¥ »TIE, BRI A330MW
2T ADBDIMELNT WS, F72, % OFLZERE
BHRY — ¥ DT ASELRGRONT—F =D
MELIRRY, ZLOHEHFTAY - T, &C
DML DA Hee S e — KRBT — 7 — v v
A U OB BR B2 1 4 BREh S8 % 2 L AN TH %o
HEMH AT —E L, HAY—E L OP#ERL T —
THULL, F4L72BREHWTHERASY — ¥ v 2 iigh s
HHAUNA Y AL 7V E L THEHESNBEEDE V.
R ADE, FAY—E L EERY—E L, W4
D=y M LTHESN, MR EREERINS
v FLARDPERTH A05, HARTIE, BRERFEIVNS
CTHEEEHITH A -V, Ay —Y oy &—Hl
G838, —OORERLBET 2 —#X2% HwH R
TWwb,

HERTAY - rOh, ¥—rxnHRIERH %
e, BRI E LIRSS E T 5 2 L ATRD 5
Nb, HtoT, WIEME LCid, B oIkimz Bk
MBI EARDEND LI, A —DRHE IR
X, WEOMK LAV EEH LT, BMERE Y vy b
T o 3hIENNEE LD, COHKOZDITIE, Ik
B LT, BAETLWREOD D MBS % 2T
kg LBl RETH Y, 72, LEIS U TRE %
AT S 2 C LS TE BREREIS RO LN T L LR b,

3. HRAE—ECDIRFHEHE

BUE, ¥Ry - ICHT 2IREHEEL LTRITE
NTwsrdok L Tid, FIT, 1SO79194, 1S10816-4,
1S010816-323% % o

1SO7919-4 (Mechanical vibration — Evaluation of
machine vibration by measurements on rotating shafts
— Part 4: Gas turbine sets with fluid-film bearings ) &,
FREHA A Y — ¥ ¥ OIFEMEN £ >4 & v 7z Bk
H#THbo,

1SO10816-4 (Mechanical vibration — Evaluation of
machine vibration by measurements on non-rotating
parts — Part 4: Gas turbine sets with fluid-film
bearings) &, FEHH A ¥ — ¥ oZHE £ >+
EHWIEREETSH L,

1SO10816-3 (Mechanical vibration — Evaluation of
machine vibration by measurements on non-rotating
parts — Part 3: Industrial machines with nominal
power above 15 kW and nominal speeds between 120
r/min and 15 000 r/min when measured in situ) &,
AW OREMETH 505, SMWED/NS LT A —E
YOMZERIt Y HO i ERIEETLH 5D,

LA»L, SMWEL EOMZEi T A & — ¥ 12
I 5, ISOTIEED LN TV ARV, IOz
WA 7 — € ORB LR, F—E X —=9)
DD OV EN TV 5,

4. HRA—E>DEZ=4Y > JFifi
41 MEWERBHIIZ—-—ECOEZZU > THEI

WZeti A 2y — v DE=Z YY) Vv F Tk LT
Z, e AIREEE (X203, £ IS LT, Bido
X912 % 7 M ORFRE S % 3 L7z BRI 5o b
Ty Xy 7EEEMNT 2 HESS NS, iR OEE
F 3B EFT 57-0121F, TAY -V VHHOHE
AV EE & » ARV b b,

M2t oy 72 Ma Ry,

b UYARRIE, FAY—E U —3 U FIZEERY AT
o, WS OREDSRE V2O, BHHOY VW
7 U7, REMRWE ZAIRE S NS, T VTR, IR
BT Y 22—V ERBTORN - TED, LEIZST
T, NEZEGRIARICHER S 272012, BifEFIC

Download service for the GTSJ member of ID , via 3.143.211.215, 2025/05/06.



Vol.42 No.2 2014.3

UM —HRXE—ECORERTEZ&) L T — 119

HHORELZEBHN) T 2T 5 L) I12%o T b,

T/, HAZ—VE U OKY Y7 bONEER2) 7 VE
AL TEHIL, MATHOMAIREEE 2 F—7 2 —Fk
VHBENEFNOY ¥ 7 MRS, TudxT 3
5 L LFN U TR Z BB 7 &4 L CHRB) R
BV a2 - VICHHEE NS,

IREEMRE Y 2 —VINTIE, FNENOIRE)HEE I
LT, Y¥7 bONEBHIZR L2 Ny F 7T 405
WLBL % AT o 7 MR - o, K1Y, HAZ—E D
HAIZIE U728y FORA 7 4 V% &l L2 EAS &
Nt 2ZTrIvFrr740sed, BlZIE 4
%Y % 7 b oEEHEA3,000rpm® B, 50Hz = 1Hz O #i
PO B O A% it L, 1R HA%4,000rpm 2 7% - 72 1R
121, 6667Hz = 1HzOMPHOAZ T 2L DTH %,
EOREOHP (£1Hz) 235600, 74050
REHC L 205, T4 VHIREK L T 5 & EE s DAt
DG EVRRILTEEL LD TE L, A
BEAROIEUEDNEL b, 2072, @HIE, 1Hz
MBEOMEERTT 52 LD% 0,

F—Tr—Huoy

F—Tz—Htoy

Fig. 2 MZetSi MG 2 ¥ — € v oiR#EHI 7o v &

B 3L Zetfis IR X 7 — ¥ U2 BT B ESWLE %
Rt ST, MIvFU T T74VF EELIEEL
MOKEERT,

EROO0—REH EE) L ZREHm (MY v
7)) DLEWER, TAY—E I A—hhbigEsnl:
fEZHLTW5,

MM AR Y - v Dr— A< v b ko
(r—3 v 7 I T 22 o) &, EE R SRR
WEZEZEL, FNCHT A 5 72DIHEICE s 2D
DTHhbe WA —ErOFr—3 v 7RI ERIZR -
TBY, LM EEAICREITSLTwE 2 2k
I<meonctnwsd, L2L, IO oEMEmIIBW
THFICRERIMEEIBELTHT, vvY, ¥—7
WV, TR Y ORE/FREIH L, FER R EEALET
HHT LW, HEDMSON TRV, HiZekkix i cig,
EWIETH20G, WA TIZI0GOMEEA HhH 5 2 &1k

—NTH DB, TD2D, T HIEE LY, F—7
VRO A A7 & S\ REME ST & 2 U S 2 B R V.
INOOMEL, WEEEEICR)AAEEEZITRY) 2L
THMTX 22, TLO52DEIZRE DT LLEND
5o

OWERFRG AR VEBRR T2 HHT %,

WEII A VEMHEH L T AEEAEEL V%, T
¥ — ¥ OWRBEHINCAEH T 2556, ShEARE L oW
2, FAZ =Y U r—3 v FEMMAEULIFEFICRE
eI EE R0, koW BiEs, Sk
RHHGFGORBIEL 5, T2, ZoHbiz—EnHE
BTETTE2DITIEIRL, SHLETOAREGZ T
LI LEWHTH D, r— v v kBt U, @R
EO 1 HIRBIEH A7) £ 9 ICREI SN Tw 5, fiiZe
B 2 7 — ¥ T, 351§ N TICIRE 237
S BUREMED D V), £ Y OIRBYFHAT IR & A5 1R
WCIEFICRKE BRMEREY 5 L, WE#iaf v/ &
WCHEEEGS L, HMbEMES L2 LD, HEHTA
y—Y rTiE, WEIIA Ve EREH LT LA
HDHH, FORERIHIIE Y WZNOMIC LD ok
BIHIREE L CTHEBR 7 — > ¥ 7123843 B IREN DAY L2
INENTeDTH D, FZEHIHHESY - TIEZD LS
BRIRBOWES Rz, WHIA N o
WA T E v ENIL WENERG 2Rz, JEEAN
HEL U OMEEPHERE SN S,

@7 =T NV— kil Y 2T 5,

MR B 57 — 7V & ORI E, — IR
BAEOFRRE 2o TWh, I3 7 &3S HAESAS
KEL, TR, Tz, EHBSIRAT S TR
WCIEWICHBE TH b T2, AR NPTV Vi
H LA, BOIMBEESERI S ORAEFETH L
Lebo TNOHDIRET, HRUIEFTD ) 4 XL AN
47, SHITFFRERRPIR DY v 72O 5 Wik 72
TR OREEGESRI T END D, FE, M
BT A 5 — 0 ORFHI S AT L TIlE, ZORME
Pl b HEITFEAET 5o ke LT, F—7V— 1k
U RMEHT S, r—T VKB YR ET S L,
IRERLIT T DI K R~ DOWED D £ Y REE %
v, TV rhbEEn T, Bk E R S
ZLENTELEHEDORXY) Y MDD, DL, ¥—7—fk
Yy ORBEVPIATRERIGEE, =0y vr—v 07
L CToOEREHEIATRY, BI0EISRETLIE
MIREICEETH %,
@r—TN%E Loy EEHETS

=7 NV—E O 2 ffHlTS, LawIZEDbS
T, F—TNELoPNEET LI EHIFEEICEETH
bo HAZ—Y UVHIMEEL Y —7 0, ST T
DR ZHRE LTESR TV A, BMEFATSTH
NEF—Err—v v Z7oEEHOEETREEN
b ZOIRENE, TR IRT—=TNDDH LD LET

Download service for the GTSJ member of ID , via 3.143.211.215, 2025/05/06.



120 ST i)

—HRE—ELOEERIE=2Y) > THili—

HA#HR2-—EFR0

EHA 7 VIEG RIS T, TOMTYH, b HEIC
RET DO, r—70bt 4 LR T O A
JIVIEGITH Y, HBERPE— IV FEINTWY, i
SNTVLLETOHAET Lo MIZD, 7 — 7V HHEM
D—FMEENT, KRWITIZT —TIVBREL, Fik
RIARLERDYGED DD r—TIVEEIZIE, BE

DI 2 SNLROELMHTLULEN DL, T2,

AR € 2 iE, 7Y THIER O S OAKRY-TH

N, MEEYX Y &7 v Ty —7WaMRE) L7 5EC,

r—T7IWVHNICHHER S A ADFET L0, r—7 U5
WHL2WEDICHETHIEDVEETH S,
@Y 77y M RMHT A

LU ORN T Ty NORIESRAE L T AYE
7Ty bR LAY 7Ty b BERORE 25
THWEEDLGD 2. 757 v OB EEIE, ¥
Y OIRBSEHPAIH LT HaE 20z sd, 7
Ty MIEICHAEIN TV ARITIRE R bR w, 72
Y=Y =y FEMIERG DD, 777 v M
FDEATLE ) FRELEZONL, F MIUTERS X
FEFITHEF > TV D DHIHER T 2 LENH L. EHIC
TN A E ORI S 2 2 T2 EPRET
& 5. API670 (Machinery Protection Systems) 213,
EREE 2 & A o R 2 1&, 08RablF (fE RiF
VVVHY) 12T AT EAERINTWD, IO
ML S 25, RIES/NS RIS 2856,
JER UHICE (W) 25228 KRER L, INEEL >
PIIFEF ISR > TH D720, FERIIIERE
BRI EEZ KIFT I L b, API6T0IE, KELM
WEoFEETH ), FFEEMEA S EETITLV
A%, FEEMIIE, BET T Y MIBWTHAPIET0ML#
LS B IG5 0% v,
OB A VWEBRIEICA VY —T 2 — A EV 21— VR
UEEE R

IR o @My > 71, SIRE/ SR 2
HAMETIE WD, RE/RESMEE 252 0wE D

A )

HICRHBETLULENRD L, ZH) Liarholzlst, 77
|‘ ‘ 'll"trl.lll
J ‘ "' L) \ Y :I ' )
-I' - | RBERT 0E)
5 NE
ERED2—I
D IR GRE)
ik . FovELY
| T4ILE0EE
I (BERGE
F—Ji—FEE

ERARBIET
Fig. 3 MUZebin A A & — & v 4R f5 5L

’
’

DWNERHER R BEAR OFEATHR R L, BpR & JE TR A
AFEL T, REINIERIRRPEEARZ T SR §
N N 38

42 BEERABAGRZ-—ECOEZZV D JHEI
HERHTAY -V 1, ZFOWEIMOREERM (G5
KREY—Ey, ary7TLyyhe) LIFEALHSETHY,
FOEZYY T E LTS, Kz Iemh 2
LU EHGLEMPEA SN TG, 7272, FAF—
Y, BRY—E VLT 5 L NIIEI MK 2D
BU—=F = v IR RE o TV, O—F L r—
VY TOEREAVNSCEEIE, T v T OREH
MR TERL D, ZD0MZAIREREE £ >~ 5 % 0
AT 286055,

M 4CEH 7 ey 7 % RS,

7T

ot

§A<)

F—Tx—HEoY

Fig. 4 FHEHT A —¥ v oiR#EHIl7a v 7

BRI 2~ g, dhaZr <2 2 i (X)Y)
RESN, 7O%Y I8 LML U TAREREN RN
VT EMNLT, WEEHREY 2 — VICEMEI NS,
fil & > ¥ ORI, 1S079194d 5 WIEH A & —E ~
A= ED L EVEZEITEROEE Y v v by v
VAT AICHAREND

M2 HEE Y VI, I A s, SIS
o U CAREZEDIBEN) 724 L CREBEHREY 2 — )L
RS ND, FEHTAY - Tld, iZioiE
AL AL & i L TRz STl Y, i
£55 EV TR TRIOREL NN N 05,
7Y THNEMOME Y VS EEHT 52 LS,
BOMEEMIZ, LEITS LT, 1S010816-4d 5\ 3 A A
-V U A—AEREOLEWEELI, AT vy MY
VYV AT AR ENS,

K5 ICHEHAAY —C v OESUHZ 7T, WiREE
BAAE 51, XY TENZILE S WFMTRFIZI1E, +—
Ey b (220 OV —T2) &L LTHERLA
¥ —RRMT 5, T2, W AIRENEE L, HERR
FHEL & [FRR IS IR L CHlED 2 BT 5 2 L1

Download service for the GTSJ member of ID , via 3.143.211.215, 2025/05/06.



Vol.42 No.2 2014.3

UM —HRXE—ECORERTEZ&) L T — 191

BT (B )

EiR O L L LA B i
EFLa— \ INS\,

$—Jz—Fuv

Fig. 5 FEMHT AL — ¥ VIREE 508

Awohsd, ¥F—72—¥E7E, FL L THITHICH
HER, =Yy MERIFICIE, F—T7x2—¥Fv—F—
LT ENS,

F72, AFAMMZICELTIE, 2207uF 3%
ZA4TOEIHFIZEY 2T A I OHE % FHI L
INOPRFE L RS GEITE, A Yy T v
BRLEHITHhoTVES,

KMOF Ay =¥ T, r—yrréa—g o
FEEFHIT 5 2 & L REIE O I EERHE T
Yy, W@E r—yrrsMckOgoroFr Ik
FRWHAITT, a—2 L oMoEZFNT 5,

INPSZE, RBIOF A Y —¥ rOEIZIE, #Eik
hodlil ) 2RI 520 IREFSIR YIS b,
WEFHI T A S — ¥ v u—5 Ol ) Z o 5 —=
FREZEHIL, FHIMEABEZ B2 TV A5LAI12IE, A
AY—EVORIMBTELZVWE )OIy 7 lEFNS,

4.3 HEOE=HY > THI
Rk, FHERT A — ¥ VIl L RE)D.

NOBHIEHE LTI, Tiodbodd b,

1) == A — AT AT A

2) BRBEIREEEHL Y 2 T A

3) BAhEERY AT A

4) WIRYEAS AR Y A T A

5) 7V—FANVZAEZF Y VT VAT A

F—N—ZAE— FRANX, HAZ— VY AR
LOTHY, HEHARORELREDHENIZLZHNASY -
YOI —N—AY = FEBERAL Ty Y N7 T
BYATFATHD, HWAY —E VR —F —IN— 2
¥— FIRREE 22 o 28218, ShEHER»ITRIL T
BRI A — 0% )y TELLLERHY) VAT
LADOINEUNEETHLI DD, F—1N—A¥—FK
MY ATFLE LTI, @HSEALY AT LM SN,
T/, M)y TRBRRICET S LEENS, VAT
LADINEVENEIH I N, B O+ — =2 ¥ — FRAI

VAFATIE, F—N—A¥—FHEHY L —nZM%
30mS & ED TV 5o

PRBEIRTEREAL & LU, MRBESF O KIERMY A T 2%
b Nbd, RBEROKERE, PREMER 2L s
LUERD D,

BRFEEM Y AT 20, BB LTHTATI—E U0
SEIEIER A RIS, AV — Vv MR LERET S D
DTH 5%, BWRROFR S LIE, Bl Z=REHH R
EHWL5005TT Y MetkoTav A7 — 5 ORIE
FCTEFEML CTRABECRZHINT 200 F THA &
VAT ADREREIN TN D,

WIRMET AMH Y A7 21, HAZ—Y ¥ OBREOK
N2ty 54V THRIMNTAEYATLATHY, FAY—E
YOWEIWRET AR BB L T2 005 L0,
TR AR Y AT AR FETH I LIIUHE 2> T
W5,

TV—=FKANNVRAE=ZF )7 LIX, TAZF—EVDE
Witk 7 L — FOMELE A Y — ¥ V@i IcRus 5
ATF A THbD, HAY—E VTR, HEMETL— Ko
TEDRIET BIGENH Y, JIHF—T L — FPRET
5Ly —CryOBBENEGICEE T2 OTHY, 7
L— FICAREF A LEAICIE, e FHancmmd 2
ZENEINTVDE, RV AT LDOEMIZ, TL—FD
WIVEZEALIC & 2050 0 72 b A L AR I B o 2L & B
Aot Y2y —Crr—y yZIZHONITAZ L2 X
DIEHEFHNT 230 TH S, K 612+E 3 & uE L
BERT,

\ a Static Deflection - As a crack

initiates and propagates the airfoil

Resonant frequency - Airfoil stiffness
changes with crack lowering resonant

frequency and omplitude arrives loter

What we measure: What we measure:
Watch: 5% shift Watch: 20 mil shift
Warning: 3% shift Warning: 35 mil shift

Blert: 5% shift

Difference in Blode
Time of Arrival

(deltaTOA)
Expected Shatn g
[ g

Time, Milliseconds

Amphitude, Volts
kbbb uanndi
|
1
{

Fig.6 7L —FANLVZAEZFY ¥ 7 ORE

5. IRy E>H
51 ZEfitrH

ZRi e LT, WERXOLOPMEAINS,
LU, 7SR RIS o,

CZWEART LI, mERKLEME I, DC ~
10kHzE TOJE#HIZB VT 79 v M2 b,
DC=EH2S5EHELNVOREEHRT Tl o0
TAN—FTHIENTE b,

Download service for the GTSJ member of ID , via 3.143.211.215, 2025/05/06.



122 ST i)

—ARE—ECOEENE=21) > THili—

BARA X2 —E L FR%

Fig. 7 ZAit v o R EE %

Fig. 8 27t HHUI)

HE2 ORI CE 252 FH L C, REOALR ST
AT A PRMOEENC S AL U BHEH SRS,

B 8 ICZE it v OBl 2 Rd . Bt i, B
Wor— v rEcEEsh, ¥y v 7 boiRE) % &k
WT2BHDTH5B

52 44— UiREt Y

=y v e b LTI K9IRT LI, HE
YW GEEM), i (Ru3Iy), mEEE Y33
FEODL ORI N D,

IR D X 912, MM HBIT A ¥ — ¥ Tk,
FEr oI, HERFTAY -V TIE, £55
POREY I PHHEN L, EE MY VY, A
D70, Iilx, XuIF¥FALTPERER>TWb,

NS0y oBEMIE, R1IIORTII DL
o TWh,

6. 51Xk
(1) Mel Maalouf, Gas Turbine Vibration Monitoring — An
Overview, ORBIT Vol.25 No.l 2005

— 48 —
Download service for the GTSJ member of ID , via 3.143.211.215, 2025/05/06.

Lo Sdi oo ZEA

=L e didnt, S8 SR

Fig. 9 7 —3 v 7 & v ofimsi

Table 1 77— > 7t SO

o FHr ST
WEMEE L | OISR OB | OWE KL~ Y
I HBSE SN2
@FME A S IS | OBIRIEA Y T & 7
DI 50
QU BEAD 2 723
S R
NEIy (BT v | QBT BRI & | O iREc A
TR ) | D, AMRT o7 E | B
TORIZHEL D
A A XDBENE/
o/ A4 ADFE
PIEIRT X 2
@ufEL v X0
FE IR O s 5
Lhb
QOBRED 2\
PR
I @%%gﬁﬁﬁﬁm(ggﬁ;%éggg
@gg%;mﬁm% Wik,
;g“ u;4fﬁﬂxt
= ) N N '%’ v
OERIROISED | 5w e o1
Fons N
BEL




123 BAHX 4 —E %45

Vol.42 No.2 2014.3

| Beffrsm S

7 2.7 VPRI BENOXIRBER I3 2 IR

Study on basic for dual fuel low NOx combustor

ABSTRACT

HIRATA Yoshitaka

BT !

SEKIGUCHI Tatsuya

T ek

BA 3T

SUZUKI Shinichi

'jj-:EH IE"*l

YOSHIDA Shohei

We have been developing a dual fuel dry low NOx combustor for Gas-to-Wire (GTW) power generation system.

For the system, fuel flexibility is one of the most important characteristics of gas turbine combustor because properties

of fuels depend on their oilfield or gas field. In order to develop a dual fuel low NOx combustor with fuel flexibility,

we conducted high pressure burner component tests in two types of model burners, and evaluated the combustion

characteristics of Natural Gas, A-type heavy oil, and A-type heavy oil mixed with 15% of C-type heavy oil. As a

result, NOx emission was 11, 50, and 64 ppm for Natural Gas, A-type heavy oil, and mixed oil, respectively in CASE

A model burner on 1815 K of combustion temperature, and we confirmed the reduction of NOx emission.

Key words : NOxHEHI RS, #RBEg:, 72 7 VIREL BRESRL, HETREY A7 4
NOx emission, Combustor, Dual Fuel, Fuel Flexibility, GTW
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Table. 1 Properties of Test Fuels (Fuel Temp.313K)

Unit Heavy Ratio Heavy 0il C
n
0il A 5% 10% 15%
Kinetic o/l 909 | 2061 | 2,00 | 3.18
Viscosity
Density kg/m’ 863 866 870 873
LHV MJ/kg | 42.39 | 42.36 | 42.32 | 42.29
N wt% 0.03 0.04 0.05 0. 06
Distillate 5
Temp. @80% C 344 350 357 365
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Table. 2 Experimental Condition

Air Flow Rate kg/s 0.9
Inlet Air Temperature K 673
Inlet Air Pressure MPa 1.5
Liquid Fuel Temperature K 313
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Fig.11 Combustion Characteristics of Blended Oil
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Local Equivalence Ratio Measurements of High-Pressure Combustion Gas
by Laser Induced Plasma Spectroscopy (LIPS)
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SUZUKI Kazuo

Laser Induced Plasma Spectroscopy (LIPS) is a technique aiming at measuring local equivalence ratio inside

gas turbine combustors without disturbing the combustion fields. In this study, LIPS is applied to well controlled

mixtures of gases at the pressure of 1.5 MPa to obtain plasma spectra as calibration. Two types of estimation methods

are examined. One is the peak area ratio method in which ratios between particular atomic emissions in the plasma

spectra are used. The other is the correlation method where correlation coefficients between the objective and the

database spectra are used. The correlation method showed the best performance in terms of precision in the calibration

test. Finally, the technique is applied to the measurement of 2.5 MPa combustion gas. The peak area ratio of H656/

N746 provided a good agreement with the gas sampling data, while the peak area ratio of H656/0777 and the

correlation data shifted toward higher equivalence ratios. Oxygen quenching is considered as a dominant cause of the

shift. In summary, the results showed promising features of the LIPS technique under high pressure conditions. For

improving the accuracy further, it is required to take into account the effect of oxygen quenching.

Key words : LIPS, Equivalence ratio, Measurement techniques
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