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ABSTRACT

\$The purpose of this paper is to develop equations
which represent the steady state operation of the LM2500
marine gas turbine engines and which could be integrated
into an inexpensive computer for use in trending the .
engine. In the first three chapters, the topic will be
introduced and the background discussed briefly. Then a
maintenance plan, which will utilize a small computer
module and will yield results identical to a large complex
system, will be presented. The fourth chapter of the paper
presents a discussion on free power turbine theory. The
conclusions of the chapter are (1) that the operation of
the gas generator is restricted to a line on the compressor
characteristics., and (2) the pressure and temperature ratios
across the high pressure turbine are constant when the
power turbine is choked. The result of the second conclu-
sion is that the output of the power turbine is essentially
independent of compressor speed. Chapter V discusses the
trending procedure and establishes the parameters necessary
to ensure an informative system. It is also established
that the parameters can be represented as a function of gas
generator RPM as a result of the conclusion drawn from '
Chapter 1IV. In Chapter VI, the operational baseline is v
established. It is accomplished graphically by establishing
A jas generator RPM which corresponds to minimum SFC
(the data used is frcm the LM2500 performance data), and e
the RPM then is used to determine other engine parameters.
In the final stage, the data is refined using the theory
developed in Chapter IV, The results of Chapter VI are i
the six monitored parameters expressed as a function of
gas generator speed. 1In the next chapter, a procedure for
applying corrections is discussed and the logic presented.
The corrections enable the trending system to be useful
cver varying ambient conditions. And finally in :
Chapter VIII, the complete equations representing the
deviaticns and incorporating corrections are assimilated.
This is the primary result of Chapter VIII. But in
addition, other uses for the equations are discussed, and
the idea of a new design for a control system is presented.

Thesis Supervisor: Richard S. Sidell 7"
Title: Associate Professor of Mechanical Engineering

Reader: A. Douglas Carmichael

e e

Title: Professor of Power Engineering




Approved for public releases
distribution unlimited.

. A THERMODYNAMIC STUDY OF A REPRESENTATIVE
2 GAS TURBINE FOR DESIGN OF A COMPUTER MODULE
F S FOR STEADY STATE ENGINE MONITORING AND

TRENDING
L ]
Accession For e N by
A NTTS GRaal jsgf' .
DDC TAB !‘——‘
Unannouncead ] ‘ THOMAS GEORGE TETLOW
euriete,_ . L e, Gaied Btatas Svel Academy
| (1972)
By |
Distribution/ i
3 Availability Codes ’
Avall and/or | SUBMITTED IN PARTIAL FULFILLMENT
gl Bl | OF THE REQUIREMENTS FOR
{, ﬂ l " THE DEGREE OF
7 — MASTER OF SCIENCE IN OCEAN ENGINEERING
E AND THE DEGREE OF
B MASTER OF SCIENCE IN MECHANICAL ENGINEERING
i at the
A ]

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
May, 1978

T TN B,

E
:
i

Signature of Author. %‘44 ’J% 2

Department of Ocean Engineering, May,

sl bl ..

~ -
.’.4.“;;;‘:'_5'#(«-’-1"/::&]. R R SR

1978

Thesis Supervisor

Reader

~ : . .
. Certified by . A’ """“‘/‘DW o o

Chairman, Deparémental COnnTi'hee on Graduat St.:ude;:t;
© Thomas G. Tetlow 1978

q 045

-

79 08 1




A THERMODYNAMIC STUDY OF A REPRESENTATIVE
GAS TURBINE FOR DESIGN OF A COMPUTER MODULE
FOR STEADY STATE ENGINE MONITORING AND
TRENDING

by

THOMAS GEORGE TETLOW

Submitted to the Department of Ocean Engineering on May 12,
1978 in partial fulfillment of the requirements for the
Degree of Master of Science in Ocean Engineering and for
the Degree of Master of Science in Mechanical Engineering.

ABSTRACT

The purpose of this paper is to develop equations
which represent the steady state operation of the LM2500
marine gas turbine engines and which could be integrated
into an inexpensive computer for use in trending the
engine. In the first three chapters, the topic will be
introduced and the background discussed briefly. Then a
maintenance plan, which will utilize a small computer
module and will yield results identical to a large complex
system, will be presented. The fourth chapter of the paper {
presents a discussion on free power turbine theory. The
conclusions of the chapter are (1) that the operation of
the gas generator is restricted to a line on the compressor |
characteristics, and (2) the pressure and temperature ratios
across the high pressure turbine are constant when the i
power turbine is choked. The result of the second conclu-
sion is that the output of the power turbine is essentially
independent of compressor speed. Chapter V discusses the
trending procedure and establishes the parameters necessary
to ensure an informative system. It is also established
that the parameters can be represented as a function of gas
generator RPM as a result of the conclusion drawn from
Chapter IV. 1In Chapter VI, the operational baseline is
established. It is accomplished graphically by establishing
a gas generator RPM which corresponds to minimum SFC
(the data used is from the LM2500 performance data), and !

1
I

the RPM then is used to determine other engine parameters.
In the final stage, the data is refined using the theory




developed in Chapter IV. The results of Chapter VI are
the six monitored parameters expressed as a function of
gas generator speed. In the next chapter, a procedure for
applying corrections is discussed and the logic presented.
The corrections enable the trending system to be useful
over varying ambient conditions. And finally in

Chapter VIII, the complete equations representing the
deviations and incorporating corrections are assimilated.
This is the primary result of Chapter VIII. But in
addition, other uses for the equations are discussed, and
the idea of a new design for a control system is presented.
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CHAPTER I

INTRODUCTION

With the concern over the shortage of fossil fuel
today, various systems are being developed to minimize costs
and fuel consumption. Some of these are electronic controls,
on-condition monitoring systems, and data trending programs.
The General Electric marine gas turbine engine, the LM2500;
installed in the DD963 Spruance class destroyers; does
not have a system to perform on-condition monitoring or
trending. However, a trending system could be developed
for the LM2500 which is simple and inexpensive. The basis
of such a system is to compare actual engine conditions
to a baseline, which is the conditions of a new, finely
tuned engine. The deviations, when plotted against time,
will indicate trends. The major component would be a small
analog-digital computer module which would be replaceable
as a complete unit. The module would have thé baseline
programmed into the circuitry which would enable it to
calculate the deviations when the actual parameters were
fed in. The trending program would enable the engineer
to determine when the engine is operating inefficiently
and then take corrective action. For example, in a gas

turbine, a one percent reduction in compressor efficiency

results in a 1-1/2% increase in fuel flow. The system
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would detect the problem when the deviation was only one
or two percent, whereas normally, it would not be detected
until the deviation was three to five percent. If maximum
deviation limits were established, the engineering officer
would be able to predict the time of component or engine
replacement. In addition to fuel savings and decreased
maintenance costs then, the availability of the ship for
extended deployments would increase, and scheduling would
be less susceptible to changes. Tae overall goal of a
trending system is to affect repairs or replacement of an
engine when the deviation dictates, rather than when the
fixed overhaul life cycle expires.

This paper will develop the operational baseline for
the LM2500 as a function of gas generator speed, thereby
providing the basis for the computer module and other
possible applications. The baseline operation will be
determined from Reference [1], which is a listing of com-
ponent conditions for various operating regimes, and it
will be established for minimum fuel flow at steady
cruising speeds. It will enable the engineer to trend the
engine at any time, independent of speed. It would not
involve the complexity of a large computer system. There-
fore, it would be operational a larger percent of the time

and would not involve electronic technicians nor additional




training for engineering personnel. And finally, it could

perform a similar function as reliably as an expensive,

complex computer system.




) D

CHAPTER II

BACKGROUND

Trending gas turbine engines in general is not a new
concept. Airlines have established several methods of
monitoring the performance of jet engines. At first, these
methods involved recording data while in flight and feeding
it into a computer once the plane had landed. This system
has evolved to on-board monitoring utilizing installed
computers. On-condition monitoring systems have been built
and installed in a few industrial gas turbine power plants,
but generally, trending the land based plants is a recent
development. These sytems can be extremely expensive and
complex. They involve large computers with man-machine
interfaces. The printout tells the engineer component
efficiencies and specific degradations. In addition, it
determines maintenance actions required, and the engineer
then tells the computer when the maintenance action has been
accomplished. These gas turbines operate generally at
constant speed, at their design point. The marine gas
turbine, however, cannot be considered a constant speed
machine. It operates continually off-design. The concept
of trending marine gas turbines is relatively new, but
several vessels have complex systems installed such as those

discussed above. And presently, many engines are being

R R AN s Rt s ek
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purchased with the monitoring equipment built into the
package. However, for most gas turbines existing now
without the monitoring equipment, various trending

programs are being applied. Most of these programs are

f accomplished by hand. They involve reading gauges, applying
corrections, and then comparing the corrected value to a
baseline curve supplied by the manufacturer. The

i Canadian and British Navies employ this procedure. The
calculations are done by hand and then compared. In the
Canadian Navy, the baseline operations are plotted against

pressure ratio of the compressor, and the British Navy uses

the compressor speed. However, the programs are very
similar. The United States Navy does not perform trending
on their gas turbine engines.

Trending the engines is a reliable method to detect
ensuing problems. However, it should not be used as the
only method of monitoring engine performance. Other
methods and equipment that are helpful are shown in the list

below [3].

-~ Visual Inspection

- Borescoping

- Vibration Analysis

- Sonic Analysis

- Spectrometric Oil Analysis (SOA)
- Magnetic Chip Detection




i

- Filter Analysis

- Particle Counters

- Eddy Current Meters

- Radiography

- Ultrasonics

- Strain Gaging

- Monitoring During Start-Up and Shut-Down

Of these methods, several can be eliminated from ship's
force applications. Sonic analysis and SOA are costly and
require additional expertise and training. Particle
counters and eddy current meters are in a new stage of
development and therefore not reliable. Radiography,
ultrasonics, and strain gaging are complex, costly, and !
require special technicians. The methods chosen by the
marine engineer to monitor the engine muét yield useful
information, be easily applied, and be cost effective in

the marine application. The expensive and precise equipment
should be limited to use by repair facilities at periodic
intervals; thereby reinforcing the ship's program. The Q

selection from the list above, when combined with a reliable

trending program, should enable the engineer to evaluate the f
engine continually for a minimum cost outlay; thus performing

the identical function as the large computer system.




CHAPTER III
THE LM2500

The LM2500 gas turbine is a free power turbine engine.
The gas generator is a simple cycle, axial flow, gas
; turbine which consists of a single compressor with non-
variable stator vanes, combustor, and a high pressure
turbine. The exhaust from the high pressure turbine is
directed through the free power turbine which is mechanically
l geared to the ship's propellor. There is no mechanical

; connection between the two turbines, but the compressor and

high pressure turbine are on the same shaft. A schematic

of the engine, which also specifies the station numbers,

is shown in Figure 3-1. The station numbers designate where
the readings of temperature and pressure are taken. An
explanation of the nomenclature can be found in the appendix.
The design horsepower rating of the engine is 21500 (with
four to six inches of water inlet and exhaust duct losses),
but the engine can attain upwards of 28000 horsepower
depending on ambient conditions. General values of engine
parameters can be found in the appendix.
It should be noted that most of the measurements taken
on the machine are total conditions, but a few are static.
The theory developed in the next few chapters is for use with

total conditions, as designated by the "zero" in the
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COMPRESSOR POWER EXHAUST DIFFUSER
TURBINE AND DUCT

COMBUSTION CHAMBER \-GAS GENERATOR TURBINE

STATION LOCATION
0 AMBIENT
2 COMPRESSOR INLET
3 COMPRESSOR DISCHARGE
4 G G TURBINE INLET
- G G TURBINE DISCHARGE (WITHOUT COOLING FLOW)
51 G G TURBINE DISCHARGE (WITH COOLING FLOW)
54 P T TURBINE INLET
55 P T TURBINE DISCHARGE (WITHOUT COOLING FLOW)
56 P T TURBINE DISCHARGE (WITH COOLING FLOW)
8 EXHAUST DUCT FLANGE
P = PRESSURE
T = TEMPERATURE
W = AIR OR GAS FLOW
WF = FUEL FLOW
WB = BLEED AIR FLOW

FIGURE 3-1: LM2500 Station Number Locations [1]
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subscript. For the trending program, the difference between
total and static is ignored. It is considered that the
additional change in the parameter due to the change in
velocity has a negligible effect on the outcome of the
procedure. The purpose of a trending program is to detect
changes, and for trending it is not important that the
pPressure ratio across the compressor be exact, but instead
it should be consistent.

In Chapter IV, the station rnumbering is modified to a
basic gas turbine numbering system. This is illustrated
in Figure 3-2. The following chapters utilize the system
in Figure 3-1, which is standard for the LM2500. The
stations in Figure 3-1 correlate to the actual positions

of measurements of the conditions whereas Figure 3-2 repre-

sents the general theory.
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CHAPTER 1V

OFF DESIGN OPERATION

The variable speed operation of a gas turbine is quite
different from the constant speed case. Turbines and
compressors are designed to operate at one point. At this
point, the design point efficiency is usually maximum
because the fluid flow over the blades is optimum; the

induced incidence is such that flow separation is minimized;

| and maximum enthalpy change across the blade is obtained.
Therefore, when a turbine or compressor operates off design,
and this is particularly critical with the compressor, the
work is not maximized, and the most notable effect is the
rapid increase in specific fuel consumption. However,

these basic rules apply mainly to the simple cycle, but

: these unsatisfactory conditions can be improved considerably

with a more complex cycle. Each component, whether turbine

or compressor, has a unique characteristic chart referred

to as "compressor characteristics" or "turbine character-
istics". The operational range of these charts for the
compressor can be large. But when a turbine is coupled with
the compressor, the operating range of the compressor becomes
a smaller zone. And when a free turbine is placed in series
with the compressor-turbine combination, as in a simple

power turbine arrangement, the operating zone of the
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compressor is limited still further.
The compressor and turbine characteristics charts are

useful tools in analyzing and calculating the operating

el ool i el ot e LA

zones of the gas turbine engine. The compressor character-
istics for the single compressor unit can be represented

by three graphs as shown in Figure 4-1. The dashed line

in each graph is the compressor surge line, and above this
line, operation is unstable and impossible. The three
graphs above can be collapsed into one useful picture

(Figure 4-2) in which all the lines are related by the

basic isentropic equations considering either isentropic or

polytropic efficiency.

y/1=1
P AT
3‘% = (1 +ng, -—,‘I’,—ZIQ&) (4.1)
0 0
N Y/ Y23
Po2 _ 1+ Zoz-01, °P s
e gt

Turbine characteristics are, by far, simpler because their
operation is more stable. The compressor moves fluid against ﬁ
the pressure gradient; and unstable operation, above the
surge line, is where the flow stops because the angle of

incidence becomes too great and separation occurs on the

back of the blade. Consequently, the flow begins to reverse
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FIGURE 4-1: Standard Compressor Characteristics [4]
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and go into a rotating stall, total stall, or surge depend-
ing upon the conditions. However, this paper is not
concerned with unstable operation but with the stable,
equilibrium operation beneath the surge line. A turbine,
on the other hand, has a favorable pressure gradient in
that the flow is in the direction from high to low pressure.
Therefore, a turbine will always produce work. Turbine
characteristics are shown below in Figure 4-3. However,
normally, the variation of the efficiency of a turbine at
any given pressure ratio is not large, particularly when
the limited operation of a gas generator turbine is
considered. So the resulting change in the temperature
ratio is also not large, and therefore, the .i.on-dimensional
mass flow will vary insignificantly. The turbine character-
istics, then, can be simplified as shown in Figure 4-4.
This is a single line turbine characteristic.

Another way to express turbine characteristics is the
"ellipse law". The ellipse law expresses the non-dimensional
mass flow as a function of pressure ratio and assumes the

efficiency and reaction do not change significantly off

design.
f
WvT P 2
2= |1 - G2 (see [4]) (4.3)
03 03
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Standard Turbine Characteristics [4]
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:Constant RNG//T03

P93/Pos
|
|
|
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W/T03 !
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A
P03/Po4 :

FIGURE 4-4: Single Line Turbine Characteristics (4]
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The equation above is good for multistage turbines, and

the "K" is a constant dependent on size of the machine.

For single and two stage turbines, Table 4-1 has tabulated
values of the mass flow for varying pressure ratios. It is
a tabulation of the corresponding curves in Figure 4-5. 1
In calculating off design performance parameters, four
basic rules are adhered to.
(1) Continuity - The mass flow into the component
is equal to that out of the component.

(2) Compatibility of Speeds - Any components

mechanically connected have equal rotational
speeds.

(3) Compatibility of Temperatures and Pressures -

(a) The pressure and temperature out of
the downstream component is equal
to that entering the upstream i

component.

(b) The product of all the pressure i
increasing pressure ratios is equal |
to the product of the pressure
decreasing pressure ratios.

(c) Temperatures must vary consistently
with work or heat input or extraction.

(4) Compatibility of Powers - In steady state, the
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TABLE 4-1

[4]

W/T, Pin’Pout
1§§f' 1 Stage 2 Stage Multistage
i 1.0 1.0 1.0
g.1 1.0050
0.2 1.006 1.012 1.0206
0.3 1.020 1.033 1.0482
0.4 1.041 1.060 1.0916
0.5 1.070 1.097 1.1547
0.55 1.090 1.219 1.1999
0.6 1.113 1.149 1.2500
0.65 1.143 1.185 1.3159
0.7 1.178 1.227 1.4002
0.75 1.217 1.282 1.511%
0.8 1.270 1.356 1.6668
0.85 1.342 1.457 1.898
0.9 1l.446 1.600 2.294
0.95 1.603 1.826 3.203
0.975 1.725 2.045 4.501
1.0 2 approx. 4 approx. ®©

ciirin
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4.0
3.0
MULTI-STAGE {
~— | j
P TWO STAGE |
Pl SINGLE STAGE
2.0 7
|
ey -5 1.0

" Tin/PinK

FIGURE 4-5: Graphical Ellipse Law [4]
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powers produced and absorbed on the shaft are

equal; ignoring losses.

In the actual calculations, it is also assumed that the

mass flow in the compressor is equal to that in the turbines
and the effects of losses and diffusers between components
are ignored. These are valid assumptions as the data
analyzation will bear out.

The gas generator in a free turbine engine is nothing
more than a simple, open cycle gas turbine engine. The
difference is that the work out of the turbine is equal to
the work into the compressor. This can be expressed by
the following relation (neglecting fuel flow).

ntC AT -

i AT, (4.4)
pg 03-04 P, 02-01

By utilizing the compressor characteristics, it is possible
to calculate T03' If a point on the characteristics is

arbitrarily selected, values of RNG//TEI, Py2/Poye

m/T;I/Po3, and n, can also be picked off. Then, using the
isentropic relation with the addition of enthalpic efficiency,
the temperature increase across the compressor can be

calculated.
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Mor0r ® o | 5 -1 (4.5)
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The difference between the gas generator calculations versus
the simple, open cycle is that the pressure out of the

high pressure turbine is not known. Consequently, it must
be guessed. 1If P03/P04 is then guessed, the value of
w/T;;/P°3 can be obtained from the turbine characteristics.

Now, making use of continuity of mass, '1‘03/'1'Ol can be

calculated.
Wilos W% Poi  Poa  [Tes
B - - Xy X5 X |F (4.6)
03 o1 02 Fo3 01

And then using compatibility of speeds, N/»’T03 can be

calculated.
T
RNG RNG 0l
= b4 7 (4.7)
v’T03 /TOI 03

With both RNG//T03 and P°3/P04 known, the efficiency of the
turbine can be found by the turbine characteristic. Then
AT°3_04/‘1‘03 can be calculated utilizing the isentropic

relation for expansion in a turbine.

AT y=1/Y
03-04 1

—— =7 l - ( ) (4.8)
To3 t[ P03/Po4 :]
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And this non-dimensional temperature drop can be used to

calculate a new value of T°3/T

o1°
AT AT T c
T04_ pe gz-m . . = pa (4.9)
03 01 03 pg“t

Equation (4.9) comes from rearranging Equation (4.3). fhe
new value of T03/Tol should agree with the previously
calculated value, but if it doesn't, and it usually won't,
a new value of P03/P04 will have to be guessed. The
iteration procedure should continue then untii the two
values of To3/T01 agree within a tolerance. If this
procedure is repeated numerous times, it would be possible
to construct lines of constant '1‘03/'1‘01 on the compressor
characteristic chart. It follows that the compressor
turbine provides just enough power to drive the compressor,
so that there is one maximum cycle temperature for a given
condition. These would specify the compressor operating
range when coupled to that particular high pressure turbine.
In the final steps of calculation of off design
parameters, the flow compatibility equation is utilized.
The mass flow out the high pressure turbine is equal to

that entering the power turbine.

WTog WTos Po3  [Toq
5 - - X g X T (4.10)
04 03 04 03
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If an operating point on the previously established lines
is chosen from the compressor characteristics, the values
of the right hand side of Equation (4.10) are known, and
the non-dimensional mass flow to the power turbine can be
calculated. Then with the power turbine characteristics,
the actual value of the non-dimensional mass flow can be
found from the pressure ratio, P04/P05, which is known.
(P04 is known from the previous calculations and P05 is
assumed atmospheric. Here, inlet and exit losses are
ignored, but that is to keep the calculations clearer.
Later, they will not be ignored.) If the two mass flow
numbers do not coincide, then the compressor operating
point chosen would not be an equilibrium point and the
engine would accelerate or decelerate as necessary. If this
is the case, new points must then be chosen from the
compressor chart until the calculated non-dimensione® mass
flow equals that of the power turbine from the character-
istic chart. Resulting from these laborious calculations

is that for each non-dimensional speed of the compressor,
there is only one point on that line at which the free
turbine in operation with the gas generator will operate

in equilibrium. Because of this fact, the operational zone
of the compressor on its characteristics chart becomes one

line; the equilibrium running line, shown in Figure 4-6.
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FIGURE 4-6: Free Power Turbine Equilibrium
Running Line [4]




The iterative procedure mentioned above can be
simplified considerably if the behavior of two turbines in
series is considered. The effect of operating two turbines
in this manner is shown in Figure 4-7. The curves show
the characteristics of each turbine. In both graphs, the
vertical scales, pressure ratio, are different, but the
horizontal scales, mass flow, are identical. 1In the upper
graph, the solid line is the input to the high pressure
turbine, and the dashed line is its output, which is the
input to the second, disregarding losses in the diffuser.
The dashed line is established without the influence of the
power turbine, but when the power turbine characteristics
are plotted, as they are in the graph beneath the gas
generator turbine, the two curves can be connected by a
horizontal line based on continuity of mass. On both graphs,
the dotted connecting line will determine equilibrium
pressure ratios for both turbines. This condition is
illustrated by the dotted lines connecting points (a) and
(b) on the pressure ratio scales. But at point (a), the
behavior is altered. This point is the choking point for
the power turbine. The choking condition occurs when the
velocity at the nozzle throat approaches the local sonic
velocity. At this point, the non-dimensional mass flow

remains constant while the pressure ratio increases. This
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FIGURE 4-7: Free Turbine Coupling Effect (4]
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condition is represented by the curves on the turbine
characteristics. It is also represented by Equation (4.11)

below (see [4]),

WYT y+l/y-lﬁ
ot _ [hg (2p) :|= K (4.11)

AP0 Lg

where A4 is the total area normal to the flow at the nozzle
throat of the power turbine. The expression on the left
remains constant in the choked condition. Therefore, as
long as the power turbine is run in the choked condition,
the pressure ratio across the gas generator turbine is
fixed, and if the design is economical, it will be near its
choked condition. Graphically, this can be expressed as

a constant pressure ratio across the high pressure turbine
for varying compressor pressure ratios, as shown in

Figure 4-8. This can be established by considering the

compatibility of pressure ratios.

P p p P
03 03 02 05
Rk i s

Foz To1  Toa

(4.12)
04
As the pressure ratio across the compressor increases, so
do the pressure ratios across the two turbines. But once
the power turbine becomes choked and Po3/P04 becomes constant,

the continuing pressure increase in the compressor is

S A £ e 3k i A
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FIGURE 4-8: Free Turbine Pressure
Ratio Relationship [4]
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countered by an equal exit pressure increase in the power
turbine, considering the combustion process at constant

pressure. In other words, and most importantly, the

pressure ratio of the compressor; and therefore its rota-

tional speed because it is linear with pressure ratio; is

independent of the output of the free turbine running in a

choked condition.

Another consequence of operating the power turbine in
the choked condition is that T03/'1‘04 is a constant also.
Since the non-dimensional mass flow of the power turbine is

constant, the pressure ratio across the high pressure

b

turbine is fixed and therefore, its non-dimensional mass
flow is fixed also. Taking the ratio of the mass flows i
vields the result of constant temperature ratio across the
gas generator turbine. The non-dimensional mass flows are
also related by the area ratio if both turbines are

operated choked. This can be shown by Equation (4.11).

r W/T.,  W/T
ATM e 903 (4.13) r
1- 4704 3703

Since by continuity the mass flows are equal, Equation (4.13)

1 ; becomes
; T A '
y To4 03 4
x g = v (4.14)
:x . VT03 04 3




and temperature and pressure ratios for a particular
turbine are constant.

The choked condition has been mentioned throughout
the preceding discussion. A power turbine and gas generator
turbine are designed to operate in a choked condition for
as much of the power range as possible. The reason for
this is that operation is more efficient. The gas turbine,
then, is more efficient at high speeds, which is well known
and can be shown easily. Looking back at Figure 4-6, if
the operation is dropped off from the choked condition,

for example from (a) to (b), there is a larger percentage

of pressure ratio change in the power turbine. Consequently,

more of the available pressure is absorbed in the high
pressure turbine relative to the power turbine. From the

isentropic expansion relation,

Y=1/%
Po2 o 1 02
Po1 To1

if more pressure is absorbed, then there is a agreater change
of temperature across the turbine; and from the compatibility
of temperatures, the work must be correspondingly larger.

So, as the operation comes down from the choked condition,
more of the available work is absorbed by the gas generator

on a percentage basis. This means the efficiency is
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decreased because the summation of the work is less for a
constant heat input. This is shown by the equation for the

thermal efficiency,
Ne = 7~ (4.16)

where work and heat are per pound mass of fuel. The choke
point corresponds to the value of m/TEZ/PO4K equal to 1.0
using the ellipse law. From Figure 4-5, it is possible to
increase the PR across the turbine while the mass flow
remains constant. In this case, the flow becomes supersonic,
and no additional work is achieved. As the pressure ratio
is increased further, the efficiency goes to zero. However,
this is not possible in the power turbine engine because
once the power turbine becomes choked, the pressure ratio
across the high pressure turbipe is set. By compatibility
of pressures, the pressure ratios across the compressor and
power turbine are also set: So the power turbine operates
at m/TEZ/PO4K equal to 1.0.

In the discussion of the operation of the free power
turbine engine, several key factors have been established
and will be used to establish the equilibrium running line
for the LM2500 and in the discussion on monitoring. The

first half of the chapter stated that when a compressor and

S S —
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turbine are operating as a gas generator, the compressor

is restricted to a family of operating lines on the
compressor characteristics chart. Then when a power turbine
is added, the compressor is restricted to a single operating
line, the free turbine equilibrium running line. The

second half of the chapter went into a more detailed study
of the consequences of running two turbines in series.

The first of these was that the non-dimensional mass flows
at the throats of the high pressure and power turbine
nozzles are related by the area ratio when both are operating
in a choked condition. Secondly, the ratios P03/P04 and
T03/T04 are constant when the power turbine is choked.

And this means that the output of the power turbine is
independent of compressor speed and pressure ratio. Finally,
the most efficient operation of the engine is with both

turbines operating in a choked condition.
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CHAPTER V

MONITORING THEORY AND PROCESS

Monitoring an engine is a process which involves
determining changes in vital parameters and comparing them
to baseline data. Over a period of time, some parameters
will increase their percent of deviation from the baseline,
and when the deviation is plotted against time, a trend can
be seen. Trends in certain sets of parameters indicate
specific problems in various components of the engine. The
key to an informative trending program is to monitor the
parameters which are most affected by resulting prcblems
and will point to the specific problem area. In addition,
they should be able to point to problems in the control
system or indicate whether or not the engine is properly
tuned. To obtain changes in operation, one variable has to
be chosen which will be the baseline abscissa parameter.
This variable should be the major input to the control
system.

There are two basic types of control systems for marire
gas turbine engines. They are designated "speed-control"
and "power-control". The "speed-control" system has as its
primary sense the rotational speed of the power turbine.
The basic schematic for the system is shown in Figure 5-1.

In addition to sensing the power turbine speed, there is
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also a component which senses the rotational speed of the
gas generator and has overriding control, but this is only
to ensure that the gas generator is operating within limits.
"Speed-cohtrol" is not common in control systems for
propulsion gas turbines. The response of the system is
more sensitive than that of the "power control", but it is
also slower. Consequently, following seas; which cause the
flow velocity through the propellor to fluctuate; and rough
seas; which lift the propellor out of the water; are going
to cause the gas generator to cycle. These conditions
result in more wear on systems and an increase in fuel
consumption. An engine in this situation would rarely, if
ever, attain steady operation. "Speed-control" does have

a use in control of electric power generators. "Power
control"” does not exhibit the problems mentioned above,

but instead, in adverse situations, the gas generator will
run at a constant speed while the power turbine speed
fluctuates. A basic schematic of "power-control" is shown
in Figure 5-2. Using the "power-control" system allows the
free turbine to find its equilibrium speed which is
essential for the monitoring procedure in this discussion.
This system is the basis for the control of the engines in

the Spruance class destroyer above twelve knots. Since the

speed of the gas generator is the primary controlling factor,
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it will be the baseline abscissa parameter, and the
evaluation procedure then is carried out for a value of gas
generator RPM.

The control system does not specifically dictate the
choice of gas generator RPM for the baseline abscissa.

It could have been pressure ratio across the compressor or
across the gas generator, but if this was the case, the
evaluation process would be different. With choice of RPM,
the evaluation thought process parallels that of the fuel
control system. The system is told to attain an RPM, and
if the high pressure turbine performance is degraded, the
control system will have to put in more fuel to obtain the
desired speed. In addition, it was established in

Chapter IV that the gas generator RPM is independent of

the power output of the engine. Since the power output of
a marine gas turbine is nearly completely controlled by fuel
flow, which is controlled by the RPM, the speed of the gas
generator is the independent variable in the system.

The power level of the engine or gas generator speed
setting is attained by a lever angle actuated by an operator.
Between zero and twelve knots the speed of the ship is
controlled by the pitch of the propellor while the output
shaft runs at constant speed. Over the speed of twelve

knots, the pitch is held constant, and the shaft speed is




varied. These relationships are illustrated in Figure 5-3.

The trending procedure discussed in this chapter is useful
only in the range over twelve knots. Below this range,
the power turbine is no longer choked, and the engine is
in a maneuvering mode utilizing speed control where
efficiency and economy are of no consideration. 1In
Chapter VI, it will be established that the procedure is
useful in the horsepower range from 10000 to 25000. This
range is sufficient for a trending device where long term
deteriations can be detected. However, for on condition
monitoring, it would be necessary to cover the entire
horsepower range.

The preceeding discussion, concerning control, is not
meant to be comprehensive. There are other inputs to the
control of fuel flow besides gas generator speed, but
considering the variations for a measured RPM allows
qualitative changes in the parameters to be determined.

The determination of parameters to monitor involves a
consideration of what deficiencies can occur. It is
practically impossible to consider all deficiencies, but a
few of the more common problems can be reviewed. The next
step is to evaluate whether or not the parameters will
correlate to the operating efficiencies of all the engine

components. And this is probably the most significant,
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because it is this fact that allows the interpreter to
determine where the problem lies. The parameters chosen

are listed below.

Compressor pressure ratio. . . . . . « . « PRC
Specific fuel consumption. . . . . . . . . SFC
HP turbine pressure ratio. . . . . . . . HPTPR
Power turbine inlet temperature. . . . . TO054

Pressure ratio across the gas generator. PRGG

Brake horsepower . . « « « =« « « » =« = « » BHP

A common deficiency for a marine gas turbine is a
fouled compressor. In this case, the control system is
going to specify an RPM for the gas generator, and in the
compressor's degraded condition, it will be unable to
produce the pressure ratio that correlates to the RPM
attained. The decrease in pressure ratio will also cause a
decrease in compressor outlet temperature, and the fuel flow
will decrease because it will take less work to attain the
RPM desired. Considering compatibility of pressure ratios,
the gas generator outlet pressure must decrease since the
compressor discharge has decreased. The result is a lower
pressure ratio across the gas generator and a lower pressure
to the power turbine. Consequently, the pressure ratio of

the power turbine is decreased, dictating a decrease in the
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high pressure turbine pressure ratio, which will increase
the gas generator outlet temperature. The power turbine
expands to essentially atmospheric pressure, so the decrease
in inlet pressure means a decrease in temperature ratio

and therefore a decreased horsepower production. The
qualitative changes in monitored parameters are summarized
in Table 5-1. The degradation of the compressor causes its
outlet conditions to change which results in decreasing
pressure ratios and work across the turbines. The first
indication of fouling is the decrease in PRC and PRGG, and
allowing the problem to progress will result in a decrease
in horsepower for the speed of the gas generator. The
change in SFC will not be significant. One assumption that
is made throughout the evaluations, and which was stated

in Chapter IV, is that the efficiency of the turbines
remains constant over the varying conditions when not
degraded. This is a valid assumption and will be shown to
be the case in Chapter VI. The efficiency affects the
temperature ratio of the turbine, and if it remains constant,
the decrease in pressure ratio determines a corresponding
decrease in temperature ratio.
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Equation (5.1) illustrates the trend, and the idea is used
in all monitoring evaluations.

Problems in the high pressure turbine produce different
variations in parameters. When turbine fouling occurs,
the pressure ratio across the compressor will be normal,
therefore producing an unchanged air flow. The control
system will request an RPM, but because of the drop in
efficiency of the turbine, more fuel will be required to
obtain the RPM. This will increase the maximum cycle
temperature, and the drop in turbine efficiency will further
increase the gas generator outlet temperature. The pressure
ratio across the gas generator turbine will decrease causing
the total gas generator pressure to decrease. Since the
turbine fouling has altered the turbine characteristics,
the power turbine will remain choked with no change in
temperature or pressure ratios. Therefore, the horsepower
production will not change. The outlet conditions of the
power turbine will increase, however. The increased fuel
will cause an increase in SFC. Worn seals will indicate
similar parameter changes as a fouled turbine. The fouling
results in a higher enthalpy outlet which is analogous to
worn seals, where there is an enthalpy loss through the
seals. The losses between the stages will maintain no

change in pressure ratio, but the decrease in mass flow will
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result in a decrease in horsepower. Bowed nozzle vanes in
the HP turbine will print out a signature identical to the
fouled HP turbine. In monitoring the turbine, the initial
indication of a problem is the increasing gas generator
outlet temperature, indicating that the turbine is removing
less energy from the fluid. The result is to increase

the fuel to increase the energy per pound of fluid. As

the problem persists, the pressure ratio across the turbine
will decrease, but the horsepower production will not be
altered. The power turbine inlet is high in pressure and
temperature, but the mass flow has not been altered because
the compressor is not degraded. The change in pressure
ratio across the HP turbine does not influence the power
turbine as it would if the turbine were not degraded. Gas
generator degradation signatures are shown in Table 5-1

for comparison with compressor degradation.

Monitoring of the combustor is reflected by the change
of SFC. The combustor has virtually no moving parts and
relies on the air flow and the nozzles to atomize the fuel
so that proper combustion is achieved. The most effective
method of monitoring is to record the temperature distri-
bution from several temperature probes. A variation in
temperature arcund the annulus then points toward a faulty

combustion unit or can. However, as all of the nozzles wear
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evenly over a period of time, the distribution of the
temperature will be steady, but the SFC of the engine will
increase due to incomplete combustion as a result of poor
atomization. More fuel will have to be added to achieve
tiie normal maximum cycle temperature and power to drive the
compressor. The condition does lead to quicker turbine
fouling, which will then show up as previously discussed.
But the other engine parameters will remain unchanged
because the fuel flow is increased to attain the normal
operating points of the other components of the system.
Combustor degradation ¢z~ be compared to other components
in Table 5-1.

Degradation of the power turbine will be reflected by
a drop in horsepower for the gas generator RPM. The drop
in horsepower will cause an increase in SFC. The operation
of the gas generator will remain unaffected because
operation of the power turbine only affects the distribution
of pressure ratio across the high pressure turbine, and for
small degradations, it can be assumed that the power turbine
remains choked, resulting in constant HP turbine pressure.
Table 5-1 illustrates a degraded power turbine signature.

In the foregoing discussion, two assumptions have been

made to simplify the reasoning in constructing Table 5-1.

The additional fuel addition has a negligible effect on the




T ——

TABLE 5-1

SIGNATURES OF COMPONENT DEGRADATION

SIGNATURE
PROBLEM COMPONENT
PRC | SFC | HPTPR | T054 | PRGG | BEP
Fouled ¥ £ ¥ + ¥ Compressor
Compressor
High
§°“i?d HP - 4 ] + < | Pressure
SERLRG 5 Turbine
i High
gorg.HP sasil - 4 i i - ¥ Pressure
urbine Sea i Bkl
Bowed HP i High
Nozzle R £ ¥ l ¥ - Pressure
Vanes | Turbine
Fouled e i R ; 38 ' Power
Power Turbine , Turbine
Combustor T
Nozzles - + - | - < | Combustor
Worn
4 =+




=58

mass flow, and this is valid since the mass of fuel is less
than 5% for stoichiometric combustion. And secondly, the
combustion process is at constant pressure. This is
necessary because in actual practice the combustor exit
temperature and pressure are not measurable.

It can be seen from Table 5-1 that each component will
produce a distinct signature when problems develop. In
actual practice, the procedure would be reversed. Here,
the problems were considered and the changes evaluated. 1In
monitoring the engine, the signatures are given and the
problem has to be evaluated. Using the parameters selected,
the reverse procedure is not difficult. The indication of
correct operation of the compressor is the pressure ratio
developed, PRC. Pressure ratio is a linear function of
RPM, and with non-varying stator vanes, the function is
one line. The primary indicator of high pressure turbine
degradation is the gas generator outlet temperature. And
this applies to the power turbine also; except that BHP is
the monitored parameter. When its performance is degraded,
the BHP will decrease. However, it can be seen that the
BHP decreases for various problems in other components of
the engine. Thus the evaluator must be able to understand

basically the inter-relationships between the components if

a correct diagnosis is to be made. For a degraded compressor,
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the pressure ratios downstream are going to decrease, and
this, coupled with a lower mass flow, is going to yield a
lower horsepower for the gas generator RPM developed. When
the high pressure turbine becomes degraded, the parameters
of the components downstream from the compressor are going
to change while the pressure ratio across the compressor

is normal. A problem in the combustor will show up as an
increase in SFC only while the remaining parameters remain
unchanged. And finally, a power turbine drop in efficiency
will have no effect on the other components and therefore,
will only be reflected in the changes in SFC and BHP. Any
component degradation will cause an increase in SFC, and
this is a good indicator of the overall efficiency of the
engine. A limiting change in SFC could be imposed to
indicate or predict overhaul. In addition, it could be
useful in prediction of engine life for extended deployments
where support facilities are not available. The most
important parameter to monitor is the pressure ratio across
the high pressure turbine. It should remain constant and
will indicate when the engine is operating at the most
economical equilibrium point for the desired RPM. It is
independent of load and is therefore an indication of

maximum efficiency regardless of propellor pitch or damage.

And it holds over any region of operation as long as the
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power turbine remains choked.

The trending discussed so far has involved common
deficiencies which affect the four major components of the
engine. Other components include the control system and
the monitoring equipment. In addition, the problems
previously discussed show up as gradual changes in operation
over a long period of time. Some problems, however, will
plot as immediate changes in the trends. An example of
this is a damaged gauge or one that has been replaced
without calibration. When this occurs, only one parameter
will change, and it will do so in a step fashion.
Previously, at least two parameters changed (except in the
combustion chamber problem). Other examples of step changes
are brittle cracks appearing in bleed ducts or combustion
chamber liners. Foreign object damage to one of the major
rotating components would cause a step degradation and
appear as a loss of component efficiency. Control system
problems could occur as step trends if the system suddenly
went out of calibration or a component failed. Or a gradual
wearing of the linkage could produce a trend of increased
fuel and therefore SFC. Control system problems would yield
signatures similar to the engine signatures, and the problem
then would have to be evaluated by other monitoring methods

as discussed in Chapter II.




The basis of the parameter monitoring procedure is to

record the changes of parameters periodically and plot

them as a percent of deviation versus time. The accuracy
of the measuring instruments is very important and is
responsible for the trending. Degradation in the system
will only result in parameter changes on the order of one
to three percent deviation. One reading is not significant,
but instead it will take many over a long period of time to
indicate a trend. If the instruments are more precise,

the trend can be obtained earlier and the curve will appear
smoother. The shapes of the curves will then point to

engine deficiencies.
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CHAPTER VI

THE OPERATIONAL BASELINE

The baseline data are the actual operating points for
the engine in steady state conditions. This information is
programmed into the computer module and is considered normal
operation. It is then from this data that the deviations
from the normal are computed by comparing the actual engine
parameters to the baseline for a particular speed of the
gas generator. The data used to obtain the baseline is
from Reference [1l], which is a listing of engine parameters
measured by varying the speed of the power turbine while
the gas generator runs at equilibrium to produce a
particular horsepower. The parameters were measured at
different horsepower levels, and the complete runs were
repeated at different inlet temperature settings. Data
was generated between -65°F and 130°F and from horsepower
settings of 5000 to maximum. Standard atmospheric condi-
tions were 59°F and 14.696 PSIA. There was no altitude or
humidity factor considered and no water flow to the engine.
The data was collected on a test stand absorbing the
generated power by a water brake. Consequently, there was
negligible inlet and exit duct losses, and the brake has
the effect of varying the pitch of the propellor. From the

data, it appears that the RPM of the power turbine was the
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controller set point. This fact has no bearing on the
monitoring sequence discussed in Chapter V, where it was
established that the logic of the engine control and
monitoring is based on gas generator RPM control, because
the system is in steady state and operating at a single
point on the equilibrium running line. The torque generated
by the shaft at the brake will be nearly equal to that
generated by a controllable pitch propellor operating in
open water, and therefore, the RPM of the test will corres-
pond to the RPM of the shaft with a propellor at full pitch,
ignoring gearing and shaft losses. The baseline was
established at 59°F and 14.696 PSIA (International Standard
Organization Day) over the horsepower range from 10000 to
25000, in increments of 5000. The data used is included

in the appendix. The bulk of the operating points was found
graphically and refined by utilizing the theory established

in Chapter 1IV.

In the interest of economy, the steady state equilibrium
operating points were based on minimum SFC. From the data,
graphs were constructed for each horsepower rating of SFC
versus RPM of the gas generator (RNG) as the independent
variable. Then it was possible to pass a curve through the
points, and the lowest point of the curve related the

minimum SFC and the corresponding gas generator speed. For
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most of these graphs, it was difficult to obtain the actual
minimum SFC, but the RPM could be obtained within a half

of a percent. These graphs are shown in Figures 6-1 through
6-4. Then, with the RPM for each horsepower specified,
graphs of other parameters could be constructed. At

10,000 horsepower, graphs were drawn of T054, P054, WF

(fuel flow), RNPT (power turbine RPM), and torque; all
versus the independent variable RNG (Figures 6-5 through
6-9). Then, knowing the gas generator speed, the values of
the dependent parameters could be picked off. The graphs

of torque and NPT were nearly linear in the range of gas
generator RPM, so for the remaining horsepower, linear
interpolations would be adequate. Graphs were then
constructed of the three parameters for each of the remaining
horsepowers (Figures 6-10 through 6-18). 1In addition to
torque and power turbine RPM, PS3, W2, and W8 were obtained
by interpolation using the gas generator speed as the

basis, and the first set of baseline data was known. The
results are summarized in Table 6-1.

If the power turbine is choked, the pressure ratio
acxoss the high pressure turbine is constant. For now, the
power turbine is assumed choked. Figure 6-19 is a graph of
the high pressure turbine pressure ratio, HPTPR, for the

operating range from Table 6-1 (assuming constant pressure
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