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This is the second paper exploring the effects of the degradation of different components
on combined cycle gas turbine (CCGT) plant performance. This paper investigates the
effects of degraded steam path components of steam turbine (bottoming) cycle have on
CCGT power plant performance. Areas looked at were, steam turbine fouling, steam
turbine erosion, heat recovery steam generator degradation (scaling and/or ashes depo-
sition), and condenser degradation. The effect of gas turbine back-pressure on plant
performance due to HRSG degradation is also discussed. A general simulation FORTRAN
code was developed for the purpose of this study. This program can calculate the CCGT
plant design point performance, off-design plant performance, and plant deterioration
performance. The results obtained are presented in a graphical form and discussed.
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Introduction working at its original design point conditions, regardless of its
eI“L]‘etime. Then by applying a certain amount, as described below,

It is the nature of power plants that they do not work at all tim ; . .
at their design point conditions. From the experience built up ov8]; 3§gtrﬁgatg?otr%gfgegéﬁg\?&ogfqi oflghn? ztgiﬁgi?] mlmgcoul d
the past years of operation of such plants it was observed that t Qe beenp simulated. In this way the plant’s behavic?rycan be
main sources are available which offsets the plant from its desi g ' y P

point conditions, these are gnonl_tored. . . . .
This study is performed by way of simulation. The gas turbine

1. off-design due to normal conditiorighanges of ambient degradation effects on a CCGT plant were investigated by using

conditions and part logdand N S Turbomatch(a FORTRAN code available at Cranfield Univer-
2. off-design due to abnormal conditiofehanges in fluid path sity), [4]. To simulate the degradation effects of steam turbine
components configuration due to degradation (bottoming cycle on the CCGT plant; a new FORTRAN code

While the first problem can be dealt with up to some extent, thgas developed. The obtained results are then discussed and com-
second one is really hard to control and it is a function of manyared with published data wherever possible.
interrelated parameters.

According to[ 1] and others, fouling of heat exchanger surfaces
in power plants results in huge economical losses. Von Nostrand
[2] estimated the total cost of fouling of heat transfer surfaces for
petroleu_m refining in the non-Communist countries as high as Turbine Performance Deterioration
$4.41 billion per year.

Although it has been recognized since, a long time ago theContrary to the first papef4], the strategy thoughout this paper
effect of degradation of heat exchanges have on heat transfer{o keep the gas turbine at its design point conditions while
there seems little field data or experimental research work fouagplying different amounts of degradation to the steam turbine
on this subject in the open literatufd,] and[3]. cycle components. The only one exception case to this is the

It is well known that the efficiency of the steam turbiteot- Simulation of increased back-pressure of the gas turbine as a result
toming) cycle as a part of CCGT plant is primarily a function ofof HRSG heat transfer surfaces foulitage the discussion below
GT efficiency, [4], and HRSG efficiency. Therefore, it is very To have comparable simulation results of CCGT plant compo-
important to see how degraded HRSG affects the steam turbiments degradation as a whole, it was meant to use the same gas
power plant performance, and hence CCGT plant performangetbine(topping and steam turbinébottoming cycle plants(Fig.

For the effects of gas turbine component degradatior{ 4ge 1) that were used in the previous papel]. This helps in having
Therefore it is becoming of great importance to predict in adk global overview of the plant's behavior in accordance with dif-
vance the behavior of thermal plants as they get older and olderfegent component degradation. It also helps in investigating the
as plans can then be made in advance to avoid long shutdowfiects of degradation of both plants as separate units. And hence
and hence a lot of economical losses. Also this prediction of plaigtentify the sensitive parts of both plants to degradation. Also by
behavior helps in pre-arranging maintenance plans. comparing the results obtained in both cases a wider understand-

This paper describes how common faults affect CCGT plaiitg of the response of CCGT plants to different component deg-
performance. In this study, it is assumed that the gas turbiner&dation can be observed.

Therefore, main gas path components of the gas turbine,

Contributed by the International Gas Turbine InstitU®TI) of THE AMERICAN namely compressor, combustion chamber, and turbine, were as-

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF  sumed that they are working at their design point conditions at all
ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Intermna-jmag

tional Gas Turbine and Aeroengine Congress and Exhibition, New Orleans, LA, Juhe hi ical . havi he followi .
4-7, 2001; Paper 2001-GT-0389. Manuscript received by IGTI, December 2000, |.n this SI.u.dy a typical gas turbine having the following design
final revision, March 2001. Associate Editor: R. Natole. p0|nt condltlons[4], was used:
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Fig. 1 Schematic diagram of a single pressure CCGT power Fig. 2 Back pressure effects on GT performance
plant (Zwebek and Pilidis [4])
up to some extent, the process of investigating this problem. In the
inlet mass flow = 408.66 kg/sec case of a steam turbine plant the degradation is affecting two
compressor pressure ratict 15.2 surfaces of some components of the plant at the same time. In the
turbine entry temperature = 1697.80 K case of the HRSG and the condengerat exchangerswo types
exhaust mass flow = 419.4 kg/sec of degradation are available, one is the outer tubes surface fouling
exhaust temperature = 871.24K and corrosion, and another is the innertubes surface scaling or
net power output = 165.93 MW erosion. This is, of course, in addition to the degradation of steam
thermal efficiency = 35.57% turbine unit.
Even with the latest fuel treatment techniques, the exhaust
Gas Turbine Degradation Simulation gases from the gas turbine will contain some chemicals in a form

% flying ash and soot which deposits on the outer heat transfer
surfaces of the HRSG. Also, the impurities, however, water treat-

establish the base linlesign poink performance of the plant. ment techniques are used in circulating water deposits on the inner
This base line performance, as{#}, is represented b{0.0 value {’ﬂls of the heat exchanger pipes. These then lead to a reduction

on all deterioration graphs shown below. Once the design pow{

has been identified, then the magnitude of faults that represent'g.f%he heat excha_nger per_formar(eéfectlvepes)s The condenser
ill also behave in a similar way. The third cause that leads to

ggy:;ccil fc?)lﬁnlt c:)fnt:r?t %%Z‘?g T)Zntelsr:a%?igﬁgg ration to be mplante‘ﬁeam cycle plant performance deterioration comes from the steam
b X &lrbine unit degradation.

Unfortunately, not much literature was found on the subject In order to cover most types of degradation that might attack

CCGT plant degradation, or on modeling of this problem, includ; . ;
ing the effect of back-pressure. Therefore to simulate the effectqgfe bottomlng_cycle of the CCGT plant, it was assumed that each
e{pponent might degrade separately. Then all components were

back-pressure on gas turbine performance, due to HRSG degral ; ;
tion some assumptions has been made. According}oan in- assumed to degrade together. This helps to establish the nature of

crease in back-pressure by0.0025 atm results in a reduction inthe faults and to assess if they are additive or not. The faults

gas turbine power by=0.3%. Because of the inherent probleménves‘t'g‘r’uecj were the following:
which accompanies the increase of back-pressure, e.g., high. economizer degradation,
torque on the shaft, coupling forces on thrust bearing, and vibra-2. evaporator degradation,
tion, it was assumed that maximum it can go up to 0.025 atm over3. superheater degradation,
the DP value. Referencgb] stated that typical back-pressure 4. steam turbine fouling,

Before starting any degradation simulations it is necessary

ranges from 0.025 to 0.037 atm above the design value. 5. steam turbine erosion,
6. ST isentropic efficiency degradation,
Gas Turbine Degradation Simulation Results 7. condenser degradation,

As already mentioned above, in this paper the gas turbine of the8' combmapon of all faults me’.“'"“ed above, and
current CCGT plant was kept at its DP conditions, but because of?: 9as turbine back-pressure increase due to heat exchanger
the increased back-pressure due to HRSG degradation, the gas (HRSG surfaces fouling.
turbine will not work at its DP condition any more. .
As Fig. 2 shows, a back-pressure increase of only 2.5% resull.lgguIt Representation
in a reduction of gas turbine thermal efficiency and power of In order to investigate the effects of faults mentioned in the
approximately 1.7%, while the exhaust mass flow was almost caprevious section on the steam turbine plant performance as a stand
stant and the exhaust temperature increased by about 0.65%. alone unit, and hence on the CCGT plant as a whole, these faults
were fed into the program as a percent reduction of the original
Steam Cycle Performance Deterioration design point value. This is done as follows:

As with the case of gas turbine gas path componé#is,the (i) Heat Exchanger Degradation. The degradation of ei-
steam turbine cycle steam path components are also subjecteth&r of the heat exchangefsconomizer, evaporator, superheater,
degradation due to fouling, erosion, and/or corrosion. and condensgmwas simulated by assuming a percent reduction in

While in the case of the gas turbine almost only one surfatlkee original DP value of the overall heat transfer coefficient of the
(outen is subjected to these degradation effects, which simplifielseat exchanger in concern.
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Table 1 Representation of component degradation case of HRSG degradation simulation, it was assumed that every
1.0% deterioration in all componentgconomizer, evaporator,
and superheatemwould result in an increase in the gas turbine

Fault Represented by Range

Gas turbine back-pressure GT Back-pressure rise0.0—(—2.5%) back-pressure by 0.5%ee Fig. 2
Economizer degradation Drop in U 0.0-(~5.0%) Throughout this work it was assumed that there was no equip-
Engg%ig;ggg;ggg%gn %r?opp'i”n% 88:&:28% ment washing or any type of maintenance taken on the steam
Condenser degradation Drop in U 0.0-(-5.0%) turbine cycle plant until the deterioration reached 5% from the
Steam turbine fouling Drop i’ 0.0—(-5.0%) original design point performance.

Drop in 7y 0.0—(—2.5%)
Steam turbine erosion Rise In 0.0—(+5.0%)

Drop in ¢ 0.0-(—2.5%) i i i
FOD Drop it 0.0 ( 5.00) Steam Cycle Degradation Simulation Results

The most important steam turbine cycle deterioration simula-
tion results are represented graphically in Figs. 3 through 7. It is
worth reminding the reader here that the pdili0) on (Y) axes

(i) Steam Turbine Fouling. The steam turbine fouling is of all graphs represents the design point value.
represented by a reduced flow capacity at the inlet of the turbineFigure 3 below shows the steam turbine power variation with
plus a reduction in turbine isentropic efficiency. By doing so, it igifferent components degradation. As it can be seen from this
assumed that there is a blockage in the inlet area of the turbifigure, the steam turbine unit isentropic efficien@s an indi-
due to particles deposition accompanied by a decrease in its iseislual fauly was the supreme affecting parameter on the plant’s
tropic efficiency due to surface roughness, for example. power. When the steam turbine unit isentropic efficiency degraded

. . ) . by 5.0% the reduction in ST power output was about 5.6%. The

(iii) Steam Turbine Erosion. The steam turbine erosion is nower deterioration due to steam turbine fouling or erosion, as
represented by increasing mass flow capacity at the turbine inlgfs figure shows, is less in value than in the case of steam turbine
and at the same a reduction in turbine isentropic efficiency. it jsentropic efficiency degradation alone. The reason for this is

_The two previously mentioned phenomenGauling and ero- 4 the ratio of isentropic efficiency degradation to the ST fouling
sion) are represented by changing the so-called nondimensiongly/or erosion applied in each case when simulating ST fouling or
mass flow(Eg. (1)) of the component map. erosion is 0.5:1.0. This means that the value of ST isentropic

WA efficiency degradation along with 5% of fouling or erosion is
— ' —onstant. (1) 2.5%. Whereas in the case of simulating the ST isentropic effi-
PA ciency degradation individually with 5.0% degradation, the value

used was 5.0%.
It is well known that the ST power is a function of steam mass
w. Now by looking at Fig. 5 it will be observed that evaporator
etpradation, compared to economizer and superheater degrada-
gns, resulted in the highest level of steam mass flow reduction,
which then resulted in reducing the plant’s power output.
Also as this figure shows, the erosion effects on ST cycle power
(v) Gas Turbine Back Pressure. The increased back- output was predominant over the effect of steam turbine fouling.
pressure at the gas turbine exhaust is represented as an increabeftine case of steam turbine fouling by 5.0% the deterioration in
the GT exhaust outlet pressure. ST power was about 2.6%, where as in the case of steam turbine
The above-mentioned faults are applied to different componerosion by the same amou®0%) the deterioration in ST power
of the plant in different values. Table 1 summarizes these fault&s in the region of 3.3%. The reason for this is that in the case of
and their ranges at which they were applied to each componersteam turbine fouling the increase in the inlet pressure due to inlet
area blockage did compensated for some of the power loss and
Steam Cycle Degradation Simulation hence resulted in a lower reduction in ST power output compared

Before starting any degradation simulation it was necessaryfbST erosion.
establish a datum working line of the plant. Therefore, by using
the developed code, a steam cycle DP was arrived at. This cycle

(iv) Component Efficiency Degradation. This fault affects
the steam turbine unit. It is modeled by reducing the unit’s isen-
tropic efficiency of the appropriate map and keeping all other m
parameters at their normal condition. In this case, it was assu
that the component isentropic efficiency may decrease from its
value due to any reason, such as blade tip rubs.

was having the following DP conditionf4]: 1 —
live steam pressure = 65.4 bar A A A S A
live steam temperature = 537.8°C (] =— m—cem: r———t e
steam mass flow = 67 kg/sec R N T—— i e deed
steam turbine isentropic efficiency 89.48% S —
superheater surface area = 8424.8 £ 1 - : — T ’
evaporator surface area = 29315.6 M 5,1
economizer surface area = 38004.1 M - U T S T T SO A N T e O D i
condenser surface area = 39429 § N q
HRSG efficiency = =81.11% 5 e
steam turbine plant power output= 76454.1 kW E R e o
steam turbine plant efficiency = 33.97% &4 7| 2= Superheater Degradation

o M +Condenser Degradation

Having established these DP conditions, the steam cycle w || = §am Turbine Fouing

then analyzed in a degraded mode. The amount of degradat || 7 ST Isentropic Efficiency Degraded | .

applied to each component was really a matter of assumption A e Do oy Fouling I .

there was no such documented work of the similar type in tt 8
open literature. Therefore, in the present work, when modelir
steam turbine unit, it was assumed that every 1.0% deterioration

in mass flow capacityfouling or erosion would result in a dete- Fig. 3 Steam turbine power variation with component deterio-
rioration of (0.50%9 in steam turbine isentropic efficiency. In theration

-1 -2 -3 -4 -5
Deterioration (%)
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Fig. 6 Live steam pressure variation with steam turbine com-

Fig. 4 Rankine efficiency variation with component deteriora- Seal
ponent deterioration

tion

The GT efficiency has a predominant effect on CCGT powggsult in approximately 1.0% deterioration in cycle heat rate. Now,
plant efficiency over steam cycle and HRSG efficiencies. as it can be seen from Fig. 4, the steam cycle efficiency thermal
Figure 4 shows the variation of steam cydRanking effi-  deterioration was approximately 5.6% with 5.0% degradation of
ciency with different types of steam cycle component degradgteam turbine unit isentropic efficiency degradation. This leads us
tions. In general by comparing Figs. 3 and 4 it will be noticed thag two conclusions:
the ST cycle thermal efficiency is more or less following the
plant’s power, since efficiency is a function of power output. ; b .
As this figure also shows,ywhile Rankine ef?iciency ispalmoﬁarameter has the highest effect on Rankine efficiency.

constant with condenser and economizer degradations, it showe@" The S|mulat|on results obtained from t_he develope_d code are
a little decreasdabout —0.32%) with degraded superheater by agreement with what the authors put their hands on in the open

5.0%. The largest deterioration in Rankine efficiency due to de terature. This gives a sensible confidant in the code developed at

radation of any of the three components of the HRSG was & _r_anfield University, which is the source of simulation result of
countered with evaporator degradation. This was about 0.64% [‘—,t}'-s paper.
ficiency deterioration with 5.0% degradation. By looking at both Figs. 3 and 4 at the same time, it will be
As an individual fault, the steam turbine fouling by 5.0% gavebserved that the evaporator degradation was the most affecting
about 2.5% reduction in steam cycle efficiency. When added fiault on ST cycle deterioration. This is due to the fact that the
this the degradation of other components, the increase in Rank@&waporator is producing the largest duty, and hence the reflection
efficiency deterioration was about 0.11%. A similar result waaf its degradation on the cycle was the highest.
obtained in the case of steam turbine erosion simulation. AmongFigures 6 and 7 shows how live steam pressure and temperature
all the faults investigated, the steam turbine isentropic efficiensyaries with different component degradation. As Fig. 6 shows the
degradation gave the highest level in Rankine efficiency deteriblockage of the steam turbine inlet due to fouling by 5.0% re-
ration. Sander$6] stated that the degradation of state line effisulted in about 5.3% increase in live steam pressure at the ST
ciency of 1.0% in each section of the steam turbine unit wouldirbine inlet. The combination of all other types of degradation

1. The steam turbine isentropic efficiency as a performance

2
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Fig. 5 ST steam mass flow variation with steam turbine com-
ponent deterioration
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Fig. 7 Live steam temperature variation with steam turbine
component deterioration
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with steam turbine fouling boosted the inlet pressure to abo 057 717
6.4%. On the other hand, the steam turbine erosion by 5.0% T
sulted in about 5.1% reduction in live steam pressure. R
As far as live steam temperature concern, the control meth o seZS— -
during simulation was adjusted in such away that to keep tig
temperature at the steam turbine inlet not higher than the DP teg )
perature. This is done due to the limitations of mechanical pro€.q5 |-
erties of the steam turbine blades. As Fig. 7 shows, the change-g !
live steam temperature was not as high as the change in live ste>

pressure. The highest change in this case was with superhe@ 4 ’_._E L D’ 'd "
i i i i _ @ conomiser Degradation
degradatlon, which was 1.1% approximately with 5.0% degra 3 — Evaporator Degradation
dation. E [| * Superheater Degradation
w H =¢ Condenser Degradation
. X . . '6.1 5 { “® Steam Turbine Fouling
Combined Cycle Degradation Simulation Results 3] -8~ Steam Turbine Erosion
. . . . . & =% ST Isentropic Efficiency Degraded X
The most important performance deterioration simulation re :AII Components Degrade+ ST Fouling | _
sults of combined cycle gas turbine are shown in Figs. 8 throu; _, {L=-Al.Comoonents Degrade+ ST Erosion),
10. It is an obvious result to find out that the CCGT power outpt 0 A 2 -3

-4 -5
would follow the steam turbine power behavior as the gas turbir.. Deterioration (%)

power was kept constant during this study, except in the case of - o ) )
increased GT back pressure due to HRSG degradation. Fig. 9 CCGT efficiency variation with steam turbine compo-
Although the deterioration was high with some steam turbing "t deterioration
cycle components degradation, e.g.5.6% with steam turbine
erosion, the GT power output which measures approximately for
2/3's of the CCGT power output did compensate for this reducticgdme cases of ST component degradatiexy., all components
in power output. degrade plus ST erosipnstill the effect of decreased ST effi-
As Fig. 8 shows, the steam turbine isentropic efficiency degraiency for the same faulsee Fig. 4 has a higher effect on CCGT
dation and ST erosion accompanied by all components degraé#iciency.
tion resulted in the higher amount of degradation. As already men-As Fig. 9 shows, the combined cycle efficiency has fallen with
tioned, although steam turbine isentropic efficiency degradati@t types of ST unit component degradations. The effect of any of
by 5.0% resulted in about 5.6% reduction in ST cycle power outhe heat exchangers of the HRSG and condenser degradations on
put, the same amount of degradation resulted in only 1.8% defeCGT plant efficiency, as can be seen from this figure, is almost
rioration in CCGT power output. The same comment is applicabiegligible. One small exception can be made here where the
to other components degradation. evaporator degradation by 5.0% led to decrease the CCGT effi-
As in the case of ST power deteriorati(see Fig. 3, the effect ciency by about 0.2%.
of steam turbine fouling on CCGT power outpfior the same  The stack temperature by it self as a performance parameter is
reason mentioned aboveas less than the effect of steam turbin@nly a measure for the amount of heat extracted from the stream
erosion. of the GT exhaust gas. It also helps in finding out how far is the
As Eq. (2) below shows, the combined cycle efficiency is alRSG efficient in converting the energy available in the GT ex-
function of gas turbine cycle efficiency, HRSG efficiency, antiaust gases to a useful energy. As Fig. 11 shows, the degradation
steam cycle efficiency4]. of the combination of all components with ST fouling resulted in
the highest increase in stack temperature.
nce= et (1= 7671) " MHrse Msc (2
As_per this equation, given that t'he GT eﬁiciency is constant gSpnclusion
mentioned above, any decrease in steam turbine efficiency will . . . )
give its effect directly on CCGT plant efficiency. Even though, aS_The obtained _back-pressure simulation results are in agreement
Fig. 10 shows, there was an increase in HRSG efficiency withth was found in the open literature.
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18 T - - The effect of HRSG and condenser degradations on steam cycle
Economiser Degradation .
Igvap%‘mtor Dsgradgho_n and hence on CCGT plants performance is very low compared to
1.25 1 +ng§e:g$foeggga_ggg" the steam turbine unit components degradation.
g S Tirbine Eoetion
3 ‘
e 11 ST Isentropic Efficiency Degraded - Nomenclature
k] ;ﬁ“ Componen}s Degrade+ ;Eouli_ng L H heri
3 —All Componen rade+ ST Erosion | ; atm = atmospheric pressure
& 075 1 CCGT = combined cycle gas turbine plant
® DP = design point
2 GT = gas turbine
*g ST = steam turbine
£ I' = nondimensional mass flow
e n = efficiency
§ . ; U = heat transfer coefficient
R I A ‘ i--i---i--4  Subscripts

. % CC = combined cycle
‘ GT = gas turbine
- - - -4 -5 — i
° 1 2 3 Deterioration (%) ST = steam turbine
HRSG = heat recovery steam generator
Fig. 11 Stack temperature variation with steam turbine com- i = Inlet
ponent deterioration SC = steam cycle
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