“AD-A173 434 ﬂ STUDV OF HﬁSTE-HEﬂT DO!LER SIZE AND PERFORMANCE
EPTURL MARINE. . <U) DAVID W TRVLOR NAVAL SHIP

ARCH AND DEVELOPHENT CENTER
UNCLASSIFIED R K MUENCH ET AL. FEB

F/G 13/1

oOFA 11




. e R, ' 0
" NS CIND SV bl O FRICV RIS IGRTF TR AN »..r::
R T I ¥ O O O Nt LR NSNS NS R N P FE
JOBHVHCRY A, N
\

.

PAJL}A’Q. LY

TR N XN

k ) ’L)L [ g AL R VN

ey

' YN N e T T

2

o

1 2s as
[ FIY =
il P

. 3.6
E ks

£l

L - e
5

2 e e

!

|

—
.
—

|

N

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAY of STANDARDS 1963.4

L GRS S R TR S T
DA A S S S A R A AR R

R

7

o

v

v
A

el AR .pﬁl'"' B
PR AR AN r K
RIS A I A

Ol X4

D)

XX

b N

[ s

[



DAVID W. TAYLOR NAVAL SHIP
RESEARCH AND DEVELOPMENT CENTER

-y

AD-A173 434

iy cmrr e

———ry

. Pt
Vs v sy VPR v et

—

OTIC FILE COPY

February 1980

Bethesda, Maryland 20084

A STUDY OF WASTE-HEAT-BOILER SIZE AND PERFORMANCE

OF A CONCEPTUAL MARINE COGAS SYSTEM

by

R. K. Muench, D. T. Knauss and J. G. Purnell

APPROVED FOR PUBLIC RELEASE; DISTRIB ITION UNLIMITED

PROPULSION AND AUXILTIARY SYSTEMS DEPARTMENT

RESEARCH AND DEVELOPMENT REPORT

...............
' - .

¢
. N .Y
LA PR

AR
O - PRAN

-
Nt
L

DTNSRDC TM-27-80-19

G TG
.;-/'. -
,.' - ‘

s
. .‘

.

‘ Py e l".
- [ 3 FRRRI
. [N a" o )
LA ,
N ,

Y



. UNCLASSIFIED
‘!:. SECURITY CLASSIFICATION OF THiS PAGE (When Dete Entered)
READ INSTRUCTIONS
in REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
,}\ 1. REPORYT NUMBER 2. GOVT ACCESSION NO.{ 3. RECIPIENT'S CATALOG NUMBER
~
WY DTNSRDC TM-27-80-19
\
s 4. TUTLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED
- A Study of Waste-Heat-Boiler Size and Research & Development
oY Performance of a Conceptual Marine COGAS P
X System 6. PERFORMING ORG. REPORT NUMBER
S r
7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)
R.K. Muench, D.T. Knauss and J.G. Purnell
- 10. ELEMENT. PROJECT, TA
‘ .':. 9. PERFORMING ORGANIZATION NAME AND ADDRESS ::giaﬁA;ORLKEnNINT NURMBJEERS SK
oA David W. Taylor Naval Ship R&D Center Element 62543N
N Annapolis, MD 21402 Task Area SF43-432-301
- Work Unit 1-2721-152
i 1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
David W. Taylor Naval Ship R&D Center February 1980
i." Annapolis, MD 21402 '5'6"“"3“ OF PAGES
i"‘ 14. MONITORING AGENCY NAME & ADORESS(/f different from Controlling Ollice) 15. SECURITY CI ASS. (of this report)
o
. 1Sa. DECLASSIFICATION DOWNGRADING
= SCHEDULE .
A .t
Il e
:f 16. DISTRIBUTION STATEMENT (of this Report) " -~
v e
N DISTRIBUTION STATEMENT A el
] * . v
G Approved for public releasey oy
: : . . . ey
- Distribution Unlimited T4
:..:' 17. DISTRIBUTION STATEMENT (of the abeatract entered in Block 20, I{ alflerent irom Report)
N
-~
N
f\
’
- 18. SUPPLEMENTARY NOTES
i "
:.' L
_-' 9. KEY WORDS (Continue on reverse side ! necessary and identily by block numbder)
) AWaste-Heat Recovery, _FSteam Bottoming Cycle . -
\::' ] Waste-Heat-Koiler Sizing+ N / R
a ( COGAS System N
- ~Gas Turbine., e
N Heat Transfer - SN
‘: i / 20. ABSTRACT (Conunue on reverae slde if necessary and identify by block number) N
) LS
‘ -~ |’The effect of waste-heat-boiler weight and volume on the performance of an g
38 LM2500-based combined gas and steam turbine system (COGAS) is examined. The e
’ i boiler is a once-through type which is controlled to extract the maximum heat T
,,.:, l from the gas turbine exhaust and still maintain acceptable minimum wall -3
o temperature. At a gas turbine power of 12,000 hp (8.95MW), the boiler without ::-.
: . feed-water heating can produce sufficient steam to generate 2840 hp (2120 kW) AP
“' i at a turbine efficiency of 80%Z. This boiler, including diffuser, weighs Ry
~ FORM P
. EDITION OF 1 NOV 65 IS OBSOLETE
-’ ) DD AN T ]4,3 S/N 0102-014-6601 UNCLASSIFIED
. ' SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
-~
i 3
~
"'
2%

ey
-

- e e e e -
N R i e Y O, LS LR R P T LN
! . ye. .. . 4 - &) L)




i <.
o3 o
A ’ .
b B UNCLASSTFIED S
s : ‘ oL RITY CLASSIFICATION OF THIS PAGE(When Daete Entorad)
*» T
-~ St a o
':.‘- _}~ 19,300 Abs (8770 kg) and has a gas side pressure drop of 9 in. H & (2.2 kpPa).
-’: i With feed-water heating, the steam power can be increased to 4006 hp (2980 kW)
P with a boiler weight of 38,3000 Abs.- (17,400 kg). The 24 and 33% respective
= increases in power for these two systems at cruise are translated to 15 and
20% improvement in fuel consumption over the LM2500 gas turbine at the higher
. power levels of the COGAS system. At the lower power levels, both COGAS
$'- systems yield a 20% improvement in fuel consumption over the basic gas turbine}
:li hﬁl‘/ - - : -i
Lo '
: -
o
i
ot
Lo
T H
o3
'.t' A
]
o
X
o
L~
. -
\'l
S
s“
v
S
\" .
N
-
“
o
N
3
N
's‘.
>
“»
4

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

2
AN

.'
)
o'y

i

YL H

Pk
LAY

Aoy

b d
ae

i
PR

;}
[/

E’
b

(SRR

«
v
[

PR

PR

.

s
Y B
A S s b U

N
]
[ACS

»
. »
)

s

'a
‘1
l..-'/- LA

[
|

LONY 4,
d

~

s I'

.

g
P

P Fa
SN

l'n_'l_'
P

« v
(Y

\

.,.4,
ol
N



CIRAS A A At il Sal £ 08 Sa RS I LA Saar i AN IR ML A A S S A

B

DL 4
Wl 2

2o
B TABLE OF CONTENTS oS
bl '::.f
a:.‘- Page I)::I_
G e
C v\..

g

LIST OF FIGURES:ecceeeveosacsoncasencscscosasaseanssssssssssnccsasseas 1V

ot
ey o— L ———

Py

Iy LIST OF TABLES:ceuceeonneocssncsosacnsansssssesssaccnsscsssancnssenase 1V ;-'.“;\.
& ' 2%
Y ABSTRACT.oot.-anncn.--.oo.-o-n-.-..-a.--qo.-ooa-o---.on--o-oooo.o-ool 1 "!’N
\ RN
LY ;'}J‘.

INTRODUCTION: « s cuuuaccacacacoosnnonnsncassanatasscnerasccssnsaasnsssaas 1

. r._w.'
" D
e he
:':-: RESULTS.oo----a.-oo--.-q'-.---aoa..oaota-occuu--occoc-co'ov.coocnncc- 5 '..‘:.."
Ny .

<, a

y Waste-Heat-Boiler Sizingesccceeecseecaosaneencconnnssasssasnsonnas 5
b »
.‘:: COGAS'System Performance.---.....-........-..................-...- 12 S
R :
S SUMMARY et oeucescnscccsncsosacaasnsanscasosocssossncanssccsasssnssnacncans 16
N3 .
- REFERENCES: ccacoesnscenssoeassascnancssoassnassassssssnrossacssssoccaccsses 18 B
s
\3-\ APPENDIX A ~ WASTE-HEAT-BOILER SIZING:ceteocacoacsenccsescsanacnsacaas 19 e
s "t.'-
L ] '-‘..(i
:'5.\ APPENDIX B ~ COGAS STATE-POINT MATCHING.:-ccsenecsoscscsassconunseacas 23 :-":-:
33 s
o, ';f',
r o

'i::

o3 on_For

- - e

3 NTIS CRA&
v :*,Od

.‘-j D tb o |

faatiabtin Y Coues

A [ ST Avan ardlor
- L ot 3 opecwl ‘
3 S

oA
“a
—

L .,_

{ .
Cantd ‘-"\"1‘
o R
R S
S S
ol WG

T
e

%S

Xk

! » g
' [N
- ‘ N .!!
RS . Y
k] L e )
) DINSRDC TM-27-80-19 i
N 11{1i S
-’1. ~.A.-._-
‘.--' '- ~.-.\
’. 08
', oTa
- DA
" (AR
% R
L WAL RN e e LT e e e e R T e T T e e ™ m e T et et e e At a ey, s S . R PRGN . Y LTS _‘.".'-..‘
S AR AN AR OO SR iy A T R R S A S ST St Sk R R R T oy RO DTN AONTN NN
) ! ' = -




PRt YA A O A e R A DA Y R Al e el te R it S, R R T Al DA R R S e - Al Sptati h iy o)
-

o \

LIST OF FIGURES

RAXIR)

Page

- Once-Through Waste-Heat Boilersseeceescesscsecsccccsssccccscccnne

"‘

2
3

1 N
) 2 - Boller State-Point DesignationSecececccecearcsscvccnsncanscccens u,}ﬁ
hy 3 - Effect of Boller-Exhaust-Gas Temperature on Boiler :f{f
A S1ze (Welght)eeeeeeeasssossscsssssasssssscsssacanssanncssaas 6 ;’5?
" 4 - Effect of Boiler-Exhaust-Gas Temperature on Boiler }ﬁbf
! ? Size (Pressure Drop)ecceccrececesscascsccosacossssssasescnne 7 Slarl
I8 5 - Effect of Feed-Water Heating on Boiler Size (Weight).....cccee. 8 o
o 6 - Effect of Economizer Inlet Temperature on Total Waste- N,
3 Heat-Boiler Heat Transferesecseccccscsscosssvsosaacccacasonas 9 ~at
b 7 - Waste-Heat-Boiler Sizing SUMMATY.ecesecenvcscssoscncsscacssacas 10 PO
i 8 - Specific Fuel CONSUMPLIONecsscscessscsacccasssessssssssscacssse 12 . Q}:}
13 9 - Waste-Heat-Boiler TemperatureS.eecescssesansscsacssscssosacsoes 13 i
i 10 - Waste-Heat-Boiler Saturation PressureS.....cessceecsccccncsccss l4- e
.ji 11 - Waste-Heat-Boiler Mass Flow RateSececcsscecsccsccecssccsccccase 15 . R
et 12 - Waste-Heat-Boiler Area FractionS..eccecssceccccessonasacsssosses 16 AN
;j% 13 - Flow Chart for COGAS Iteration Model...secevsoccsacsssccassanaas 24 ?:}:'
N 3 14 - Steam=-Cycle SchematiCec.eeoeecesesssccaseesosassesesasccccsscss 26 O
“+ B
Q.i LIST OF TABLES Lo
< R
.if 1 - Nominal Cruise Conditions for Waste-Heat~ :{j e
it Boller Sizingescecrecsssccessscesscsnsscoscsscavscsscceosanes 5 AN
fﬂi 2 - Waste-Heat-Boiler SUMMATY.seceesocescescocsssccsaasrssssnccsnscscas 11
7

.

.;‘ LA
S

v ome TRy

\:{f}&{ﬂ
~ B o AL T

(3]
Lo

-

BANE

NOHENANSN
~

DTNSRDC TM-27-80-19



A AT T e o T M T T T T T T e T a7 T e e Tt o .-',»:.

4 P,
» s
£y PAEN
I s
o) ABSTRACT v
o -."\.:f\
5 , The effect of waste-heat-boiler weight and volume on a’::$
a: the performance of an LM2500-based combined gas and :w.:‘
g _ steam turbine system (COGAS) 1Is examined. The -
l ! boiler is a ouce-through type which is controlled to ﬁu“?
N extract the maximum heat from the gas turbine faiel:
;- exhaust and still maintain acceptable minimum wall Ayﬁf
t' temperature. At a gas turbine power of 12,000 hp $u:~$
~ { (8.95MW), the boiler without feed-water heating can f:f:f
. produce sufficient steam to generate 2840 hp (2120 e
~ kW) at a turbine efficiency of 80%. This boiler, N
- l including diffuser, weighs 19,300 1lbs (8770 kg) and -
X has a gas side pressure drop of 9 in. H,0 (2.2 .-
o kPa). With feed-water heating, the steam power can RS
:Q: l be increased to 4000 hp (2980 kW) with a boiler N
* weight of 38,300 1lbs. (17,400 kg). The 24 and 33%
. respective increases in power for these two systems —‘;"
2 at cruise are translated to 15 and 20% improvement f: “i
t; I in fuel consumption over the LM2500 gas turbine at P e
- the higher power levels of the COGAS system. At the A
N . lower power levels, both COGAS systems yield a 20% t\a:ﬂ
: improvement in fuel consumption over the basic gas oo
turbine. \:;J\
'-.".:':\
INTRODUCTION Ty
:.3"-,'
Gas turbines have made simple and compact power plants for combatants a {i:ﬁ:

reality. One shortcoming of the gas turbine is its possibly high fuel
consumption. The addition of a waste-heat boiler which extracts heat 3
from the gas turbine exhaust gas to operate a bottoming Rankine cycle is y
one way to improve the fuel consumption. This combined gas and steam
turbine system (COGAS) is the easiest way of obtaining improved fuel
consumption, requiring only the development of an add-on steam system.
The basic performance of the gas turbine is affected only slightly by

v

P A
a0 s

the additional exhaust backpressure introduced by the waste-heat A
boiler. Although the steam system itself does not need fuel to produce :;:::
power, it does add significantly to the volume and weight of the total ;n:xj
system. This paper examines the trade-off betweer waste-heat-boiler .:?xr
size and performance, including the effect of feed-water heating. Feed- ‘;;aj

water heating 1is necessary in some instances in order to avoid sulfuric-
acid condensation in the boiler. The sulfuric acid in the exhaust gas
is produced from the sulfur in the fuel.

The waste-heat boiler utilized in this study is a once-thrcugh cross-
counterflow type, shown schematically in Figure 1. 1In this boiler, the
feed water is introduced at the gas outlet and is moved through the core
until it leaves the other end at the desired condition (superheat). The
steam exit conditions are controlled by the feed-water flow rate. A low
water flow rate produces high superheat, high minimum wall temperatures
and low heat recovery. This control feature is utilized in this study to
produce maximum heat recovery at an acceptably lower wall temperature.

-
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The gas turbine utilized in this study is the General Electric Company
LM2500, which is nominally rated at 21,500 hp (16.0 MW) for naval
applications.

In the study, the size and weight of the waste-heat boiler, with and
without feed~water heating, will first be determined. This sizing will
be accomplished at an assumed cruise point of the gas turbine. Based
upon this boiler sizing, design cases are selected, the performance of
which will be determined over their entire power profile.
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Figure 1 - Once-Through Waste-Heat-Boiler

ANALYSIS

In order to rapidly calculate the size and performance of the waste-heat
boller, a simplified, but relatively accurate, computerized method was
developed; it is described in Appendix A. The temperature profile in a
once~-through boiler is schematically shown in Figure 2. The boiler, as
shown 1in this figure, is divided into four sections (economizer, low and
high quality evaporators and superheater). The thermodynamic conditions
and heat-transfer rates are calculated as a function of the average
temperature in each of these sections. The water-side heat-transfer
coefficients range from a maximum of 5000 Btu/hr-oF-ft2 (28 kW/(m“.°C))
in the low-quality evaporator to a minimum of 200 Btu/hr-°F-ft< (1.1
kw/(mz.OC)) in the high-quality evaporator and superheater. The gas-
side heat-transfer coefficient is on the order of 20 Btu/hr-°F-ft* (0.1
KW/ (m?.9C)).
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Figure 2 - Boiler State-Point Designations

The calculation starts with the given gas-side temperatures and mass
flow (a function of assumed gas-turbine cruise conditions). With
assumed steam-side superheat and feed-water temperatvres, the total heat
transfer and water/steam mass flow are calculated. Also calculated is
the heat transfer in each of the boiler sections. This heat transfer is
then converted to a heat-transfer area and, ultimately, a tubing length
from the known characteristics of the boiler tube bundle. The analysis
relies on the theoretical developments and heat-ctransfer data provided
by Kays and London [1]. The boiler-tubing weight is then added to the
welights of the boiler casing, water, diffuser, and nozzle to yield a
total boiler weight. In this particular medel, the core and casing
weights each represent approximately 1/3 of the total hoiler weight.

See Figure 1 for identification of these components.

The gas-side pressure loss through the core is also celculated, based
upon the pressure-loss coefficient of the particular boiler~tube
geometry. Added to this logss are the diffuser and nozzie pressure
losses. Also added is a 2 in. H20 (0.5 kPa) pressure-loss allotment for
the remainder of the exhaust system. The diffuser is assumed to have a
rectangular cross-section; it diffuses the exhaust gas from the gas
turbine exhaust exit to the inlet of the btoiler. The combined length of
the diffuser and boiler is taken tc be 8 feet (2.4m). If the diffuser
included-angle exceeds 70 degrees, the overall height of the system {is
doubled to 16 feet (4.9m). This is done to make the boiler system
compatible with ship deck-heights, which are approximately 8 feet
(2.4m).

Wall temperatures at various points in the boiler are also calculated.
One of the most important wall temperatures is located at the water

inlet of the economizer. This minimum temperature must be maintained
above the sulfur-acid dew point. 1In this study the limit was taken as
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275°F (135°C), which is slightly above the dew point of the exhaust gas
produced by the LM2500 using fuel with 1% sulfur [2]). The standard Navy
marine diesel fuel {3]), which is used in gas-turbine-powered combatants,
can have a maximum sulfur content of 1%.

The tubes used in this boiler study are nominal 3/4 inch (1.9 cm)
diameter with nine fins per inch (3.5 fins per cm) and are arranged in a
staggered tube bank (see configuration CF-9.05-3/4 J (a) in reference
[1]). The condenser hot-well condition is 115.7°F (h6.S°C),
corresponding to a condenser pressure of 3 in. Hg (10 kPa). Without
feed-water heating, the condenser water is fed directly to the
economizer inlet. In other situations, heated-feed-water temperature
increments are specified, and the steam flow needed for this feed-water
heating 1is extracted from the turbine at a specified extraction
pressure. The steam-turbine power is also corrected for the portion of
the extracted flow not expanded through the turbine.

The outputs of interest to the waste-heat-boiler sizing are primarily
boiler weight, steam power, boiler gas-side pressure drop, boiler height
and pinch point. Additional outputs are needed for the performance
evaluation over the entire load line of the COGAS system. These outputs
are total heat-transfer area, distribution of heat-transfer area over
the various boiler sections, normalized steam turbine flow rate,
extraction fraction, boller gas-side pressure-loss coefficient, boiler
frontal area, and steam/gas turbine speed ratio.

The performance of selected design cases over the entire power range 1is
calculated with a state-point matching technique. The model used for
this COGAS simulation was originally programmed for the LM2500 gas
turbine [4] and later modified for a COGAS system using a recirculating
waste-heat boiler [5]). The method was further modified for the once-
through boiler used in this application. Improvements in the heat-
transfer-calculation procedures were also included. The steam-system-—
performance portion of the program is described in more detail in
Appendix B.

The performance of various components making up the system is calculated
as a function of the independent variables or state points. The
resulting conditions, such as mass flow and heat transport between
components, may not agree, gilving rise to errors. The independent
variables are then iterated to minimize these errors. The gas-turbine
calculations are based mostly on tabulated data of the component
performance. The steam-system calculations are based on tabulated heat-
transfer coefficients and parameters obtained from the above boiler-
sizing method.

The calculation method for the boiler performance is essentially the
inverse of the boiler-sizing method discussed above. Instead of sizing
a boiler (total heat-transfer area) for a particular performance and
certain gas-side input conditions, the program calculates the
performance for a given total heat-transfer area and gas-side input
conditions. The program also calculates the effect of flow rate on the

DTNSRDC TM-27-80-19
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performance of the fixed-geometry steam turbine. The effect of turbine
speed and inlet pressure on turbine efficiency is included. The steam-
turbine speed is set by the gas-turbine speed through a fixed gear
ratio. The program can handle both the case without feed-water heating
and the case with feed-water heating by steam-turbine extraction. In
the latter case, the fraction of steam mass fiow extracted and the steam
turbine inlet-to-extraction pressure ratio are held constant. Feed-
water temperature is then calculated from a heat balance on the feed-
water heater.

The outputs of interest are the power generated by tne steam turbine and
the resultant system specific fuel consumption. The wzste-heat boiler
conditions, especially the location of the variocus regions within the
boiler, and the steam~turbine inlet conditions (mass flow,temperature
and pressure) are also of interest when trying to explain the resulting
rematching of the steam system.

RESULTS

Waste-Heat-Boiler Sizing

For the purpose of sizing the waste-heat boiler, it is assumed that the
engine cruise conditions are of interest. After all, most of the
system’s operating time will be spent near this poirnt. 7Tt is assumed
that the cruise power level of the LM2500 is 1Z,000 hp (8.95 MW).
Additional engine conditions and nominal steam~cycle conditions are
given in Table 1.

Table 1. Nominal Cruise Conditions for the Waste-Heat-Beiler Sizing

Engine Conditions

Power 12,000 np (38.95 MW)
Exhaust Mass Flow 100 1b/sec (45.4 kg/s)
Exhaust Temperature 796°F (424 °C)
Inlet Loss 4 in. 1,0 {1.0 kPa)
Inlet Temperature 5¢%p 7 (15°C)
Exhaust Gas Dew Point 275°F (135°C)

Nominal Steam-Cycle Conditions

Saturation Pressure 300 psia (2.0€6 MPa)
Superheat Temperature 700°F (3719
Condenser Pressure 3 in. Hg (10.1 kPa)
Extraction Pressure 50 psia (344 kPa)
Steam-Turbine Efficiency 0.80

Figure 3 shows the effect of the boiler gas-side tempecrature drop on the
weight of the boiler without feed-water heating. Elimination of the
feed-water heater was thought to be desirable because of the bulk and
weight associated with it. The steam system will require an on-line
storage volume for the feed water. This might be handled by an
oversized condenser hot well.
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Figure 3 - Effect of Boiler-Exhaust-Gas Temperature
on Boiler Size (Weight)

As can be expected, the boiler weight increases with increasing gas-side
temperature drop across the boiler. The steam-turbine power (assumed
steam-turbine efficiency of 807) increases linearly with boiler
temperature drop. At first, the weight increase is less than the
associated increase in steam power, but even as the welght increases
become proportionately larger, they never overbalance the steam power
from the more effective boilers. Before this happens, the minimum wall
temperature (at the gas exit of the economizer section) reaches the
sulfuric-acid, dew-point limit. The larger (more effective) boilers
will encounter sulfuric-acid condensation in the economizer section.

The dewpoint has been assumed to be encountered at 275°F (135°¢c) (LM2500
gas turbine using 1% sulfur fuel [2]).

a

T A}

-~

LC

Increasing the frontal area of the boiler has a significant effect on
the boiler gas-side pressure drop, as shown in Figure 4. This is a

result of the inverse relationship between the area and velocity. The
boiler weight increases with increasing frontal area (Figure 3) since,

VXN

e Bl
P

- with decreasing velocity, the heat-transfer coefficient decreases on

b both sides. A reasonable exhaust pressure loss may be on the order of
ﬁ: 10 1in. H20 (2.5 kPa) at cruise. The total pressure loss consists of the
o calculated core and diffuser losses and 2 in. H,0 (0.5 kPa) for

- miscellaneous losses.
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- The 10 in. H,0 (2.5 kPa) pressure-loss line is alsc shown on Figure 3. .
}5 To the right (larger frontal areas), the pressure loss is lower. At
?}; larger frontal areas, the angle of the diffuser exceeds 70° and, as
j: ! stated before, it is then assumed that the overall height of the boiler
. and diffuser increases from 8 feet to 16 feet. When this happens the
weight of the diffuser increases, accounting for the jump in weipht seen
X § in Figure 3. The more detrimental effect is the doubling of the boiler
" { volume. Therefore, it 1s of interest to selecrt boiler configurations to
- the left of the discontinuous change in weight.
g
xj J If one stays within these three limitations: (1) pressurc loss of lass
. than 10 in. H,0, (2) boiler height of 8 ft (2.4 m), and (3) wall
n temperatures of more than 275°F (13500‘, then the recoverable exhaust
N ‘ heat amounts to 2840 (2120) to 3020 hp (2250 kW), or less than 25% of
N { the assumed LM2500 gas-turbine cruise power level. Figure 3 showed that
o additional power could be extracted if a larger gas-side temwerature
T { drop across the boller could be taken without exceeding the dew-point
.' . temperature limit. The only way to obtain this additional power, in the .
KN case of the once-through beiler, is to preheat the feed water. O
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Figure 5 - Effect of Feed-Water Heating on
Boiler Size (Weight)
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Figure 5 shows the effect of feed-water heating omn boiler size as
various increments of feed-water heating are provided. Again, the
region of interest is between the pressure loss of 10 in. H,0 (2.5 kPa)
and the discontinuous change in weight. 1Initial increments in feed-
water heating result in very little gain in steam power. It can be
shown that the nominal feed-water temperature of 115.7°F (46.5°C) is
near the minimum~heat~transfer level of a given size waste-heat

boiler. From Appendix A, the following equation can be written for the
total heat transferred as a function of the feed water (TFEED) and wall
(TW) temperatures:

(A AR R 3R 2 Ried Pl RO R 2

QTOT/(MG'CP) = T6 - - (TW - TFEED) (HI/HO) (A1/A0) (1/FE)

As the feed-water temperature increases, the driving potential (TW-
TFEED) decreases, but the internal heat-transfer coefficient (HI)
increases. These effects lead to minimum heat transfe5 at a fsed-watet
temperature of approximately 130°F (54°C) for a 100 £t° (9.3 m®) fronmtal
area, see Figure 6. This does suggest that better waste-heat-boiler
configurations, utilizing different tube geometries, do exist for the
case of zero feed-water heating. It also suggests that there are
different optimum configurations for the cases with and without feed-
water heating.
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?i‘, One of the best ways to summarize the weight, pressure loss, and power ~'i
- trade-off, in a total-system context, is shown in Figure 7. The figure, S
o ’ with exhaust pressure loss and steam power as ordinate and abscissa, DN
o respectively, has constant system specific fuel consumption plotted as o
o light straight lines. The waste-heat-boller data is plotted with heavy :*:#
o lines, the constant feed-water heating conditions are shown as solid Eﬁﬁ
24 & lines, and the constant waste-heat-boiler weight as dashed lines. Also, b

shown as a limit line, is the transition between the 8 (2.4) and 16 feet

NE (4.9m) boiler~system heights. A feed-water increment of 140°F (78°C)
‘:j; corresponds approximately to the zero-pinch=-point limit of the waste-
v heat boiler. The maximum steam power which can be extracted at this
:f point is 4250 hp (3170 kw) or 35% of the assumed cruise rating of the
A - gas turbine.
j}; k It is noticed in Figure 7 that the case without feed-water heating shows
-g an increase in steam-turbine power at the lower exhaust-pressure losses,
- while the feed-water heating cases show the opposite trend. This
ﬁé g phenomenon can again be explained with the aid of Figure 6. The zero
’ { feed~water heating case, 115.7°F (46.5°C), is to the left of the minimum
; where the heat transfer to the waste~heat boiler increases with larger T
f: ) frontal area (lower pressure drop). All of the feed-water heating cases -5:
> ‘ shown in Figure 7 lie to the right of the minimum (Figure 6) and, RIAN
‘- ¢ therefore, the heat transfered to the boiller increases with decreasing .}ﬁ
I frontal area or increasing boiler pressure loss. z{%
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Figure 7 - Waste-Heat-Boiler Sizing Summary

So far, the waste-heat-boiler sizing has been performed at the nominal
saturation and superheat conditions, see Table 1. Increasing the
saturation pressure shifts the constant feed-water heating lines to
higher steam-turbine power, but the weight and limit lines (pinch point
and boiler volume) do not change significantly. Higher saturation
pressure actually results in a somewhat lower boiler heat transfer, but
the Rankine-cycle performance improves with increasing pressure.
Increasing the superheat has an effect on the COGAS-system performance
that is similar to increasing the saturation pressure. The steam power
produced for a given feed-water-heating condition increases, but the
weight and limit lines do not shift significantly.
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Three different boiler sizes were selected from Figure 7 for further
analysis. The first (Case 1) is the lightest and smallest boiler
without feed-water heating, which weighs 19,300 lbs (8770 kg) and yields
a system specific fuel consumption of 0.376 1b/hp-hr (0.229 kg/(kW.h))
(see Table 2). Even without feed-water heating, the specific fuel
consumption can be improved by 1.5% to 0.370 (0.225) by accepting a
larger frontal area. This boiler (Case 2) weighs 9,300 1bs (4230 kg)
more than the minimum size boiler. More significant improvements can be
obtained by accepting feed-water heating. Case 3 is a boiler which
results in a 7.5% improvement in system specific fuel consumption over
the lightest case. It weighs 19,000 1lbs (8640 kg) more than Case 1. It
should also be stated that the system weight will go up further due to
the feed-water heating equipment and additional piping (which were not
sized for this study).

Table 2 - Waste-Heat-Boiler Summary

Design Cases

#1 2 #3
Weight, 1lbs (kg) 19,300 (8770} 28,600 (13,000) 38,1300 (17,400)
Dimensions, 1'W'H, ft (m}) 9.0 * 9.0 * 8.0 13.0 * 13.0 * 8.0 10.6 * 10.6 * 8.0
(2.7 ° 2.7 % 2.4) (4.0 ° 4.0 ° 2.4) (3.2 ° 3.2 ° 2.4)
Heat Transfer Area, ftz (mz) 13,200 {1230) 20,100 (1870) 36,600 (3400)
Cruise
Stear Power, hp (kW) 2840 (2120) 3020 {2250) 4000 (2980)
System SFC, 1b/hp-he (kg/(kW.h) 0.376 (0.229) 0.370 (0.225) 0.350 (0.213)
Gas-side Pressure Loss, in. H,0 (kPa) 9.1 {2.3) 4.3 (1.1) 9.5 (2.4)
Steam Flow Rate, b/hr (kg/h)~ 22,000 (10,000) 23,400 (10,600) 33,000 (15,000)
Saturation Pressure, psia (MPa) 300 (2.1 300 (2.1) 300 2.1
Superheat Temperature, “F (VC) 700 (370) 700 (370 700 (370}
Full Power
Steam Power, hp (kW) 4460 (3320) 4510 (3360) 5870 {4380)
System SFC, lb/hp~hr (kg/{(kW.h) 0.327 (0.199) 0.323 (N.196) 0.311 (0.189)
Gas-side Pressure Loss, in. HZO (kPa) 16.1 (4.0) 6.7 (.7 15.2 (3.8)
Steam Flow Rate, !b/hr (kp/h) 38,300 (17,400) 35,500 (16,100) 58,300 {26,400)
Saturation Pressure, psia (MPa) 540 (3.7 490 (3.4) 550 (3.7)
Superheat Temperature, °F (°C) 730 (390) 830 (440) 710 (380)
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COGAS-System Performance

Figure 8 shows the specific fuel consumption of the COGAS system for the
three waste-heat-boiler cases discussed above and the baseline LM2500
gas turbine. The specific fuel consumptions of the cruise design points
are in agreement with the previous sizing results, Figure 7. At a given
power level, the best COGAS case has 20% better fuel consumption than
the base gas turbine only. The improvement in fuel consumption
decreases slightly with power. The lightest system (without feed-water
heating) has a 15% better fuel consumption in the mid-to-high power
range than the base gas turbine. At low power, all of the design cases
have the same fuel consumption, a 20% improvement over the gas turbine.
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Figure 8 - Specific Fuel Consumption
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Figure 9 - Waste-Heat-Boiler Temperatures

The performance of the steam system or the improvement of the fuel
consumption over the base gas turbine is a function of (1) the amount of
heat transferred in the waste-heat boiler and (2) the conversion
efficiency of the Rankine cycle. In sizing the waste~heat boiler,
attention was focused on maximizing the heat transfer while maintaining
the minimum wall temperature. Case 3 allowed more heat to be extracted
from the exhaust gas by preheating the feed water; this gave the better
performance at the cruise (mid-power) condition. Figure 9 shows the
resulting lower boiler-exit-gas temperature of Case 3 in the mid-power
range in comparison with the other two cases. At lower power levels,
the Case 3 boiler still extracts more heat from the exhaust gas, but its
advantage over the other cases is decreasing as power is reduced. This,
coupled with the lower pressures at which Case 3 operates, see Figure
10, accounts for its loss of performance advantage at low power, over
the other cases. The more rapid decrease in the saturation pressure of
Case 3 is a result of the economizer wall temperature limitation.

Figure 11 shows the flow rate as a function of power level. Case 3 can
pass significantly more water through the economizer in the mid-to-high
power range without running into dew-point problems. This is not the
case at lower power levels. The mass flow passing through the fixed
nozzle area of the steam turbine controls the steam-system pressure
level.
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Figure 11 - Waste-Heat-Boiler Mass Flow Rates

r Some additional observations about the steam conditions should be noted
before concluding this paper. Figure 9 showed some rather severe
variations in superheat temperature. The Reynolds number on the
waterside in the economizer section falls within the flow~transition
region. 1f a smoother correlation or tabulation were used for the heat-
transfer coefficient, a smoother superheat-temperature variation would
result. The important item is that in the transition region, the heat-
transfer coefficient decreases somewhat faster with decreasing Reynolds
number than it does in the turbulent region. Therefore, the
l proportionately lower heat-transfer coefficients at lower powers allow
proportionately larger mass flows without running into the sulfuric-
acid-daw point problem. This effect is also seen in Figure 12, which
shows how the different boiler regions readjust with power level.
Design-case 3 does not operate in the transition region, but it does
show a significant increase in the superheater section at low power.
The waste~heat boiler, in this case, is too large at the lower power
1 levels. The other two cases would have shown the same behavior except
that the economizer sections operate in the transition region at the
lower power levels.
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SUMMARY

For the particular application chosen, IM2500 gas turbine operating at a
cruise rating of 12,000 hp (8.95 MW), the lightest boiler weighs 19,300
1bs (8770 kg), producing sufficient steam to generate 2840 hp (2120 kW)
at a turbine efficiency of 80%. This same boiler is capable of
producing 4460 hp (3320 kW) at the maximum rating of the gas turbine.

In this study the maximum rating of the engine was arbitrarily limited
to a power turbine inlet temperature of 1440°F (782°C). The specific
weight of this boller is 4.3 1b/hp (2.6 kg/kW), based on the steam power
produced at the maximum rating.

ARG T AR T D

Feed water heating allows more heat to be extracted from the gas turbine
exhaust before encountering the dew-~point limitation. A boiler with
135°F (75°C) feed~water-temperature increment is able to produce 4000 hp
(2980 kW) at the cruise point and 5870 hp (4380 kW) at the maximum
rating of the engine. This boiler weighs 38,300 1bs (17400 kg) or 6.5
1b/hp (4.0 kg/kW). It should be remembered that this does not account
for the weight of the feed-water heater and additional and larger steam
piping. Additional steam power can be obtained, but the boiler weight
and volume increased dramatically beyond this point. For the specific
cruise rating selected, the boiler can supply sufficient steam to
produce 4230 hp (3150 kW) at its zero-pinch-point limit.
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The wall temperature at the economizer inlet can be maintained above the
acid-dew-point limit by controlling the feed-water flow rate. In the
case without feed-water heating, the velocities are sufficiently low
that the heat-transfer coefficient is controlled by the transition
regime. This allows higher relative flow ratios to be maintained than
in the case with feed water heating. The net result is comparable
performance at low power for the two cases. It might, therefore, not be
advantageous to go to the complexity of feed-water heating, and other
methods of maintaining reasonable economizer inlet temperatures wh.le
extracting maximum heat from the gas turbine exhaust should be examined.
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APPENDIX A
WASTE-HEAT-BOILER SIZING

As stated before, the waste-heat boiler is composed of four sections in
a cross-counterflow arrangement. Besides the conventional economizer
and superheater sections, there is a split evaporator section. This
split 1s necessitated by recognition of the radically different heat-
transfer characteristics of the two boiling regions which exist within
the evaporator. 1In the first part of evaporation, which has the lower
vapor fraction, nucleate boiling predominates whereas in the high-vapor-
fraction region further downstream, the heat transfer is governed by
mist flow. The point of division between these two regions is taken to
be the location where the vapor quality reaches 70 percent.

The water-side input conditions (feedwater temperature, saturation
pressure and steam exit temperature) allow the calculation of the
unknown state points on the water side. The gas-side input conditions
(mass flow and inlet and outlet temperatures) allow the water mass-flow
rate to be determined from an overall heat balance. Once the water flow
is known, the amount of heat transferred in each section of the boiler
can be determined. By applying the definition of heat-exchanger
effectiveness to each section,. the area needed to transfer the heat can
be established from a trial-and-error solution for the number of heat-
transfer units (NTU) and the calculation of the overall heat-transfer
coefficient. The sizing of the heat exchanger is completed by
converting the area to a corresponding number of passes and total tube
length. Other parameters of interest, such as gas-side pressure drop,
wall temperatures, inlet diffuser size and pressure loss, and boiler and
diffuser weight are also calculated.

The steam tables are used to calculate the various enthalpies,
densities, and temperatures needed at the inlet and outlet of each
boiler section. By employing the state-point notation given in Figure
2, the enthalpy at the 70-percent-quality interface in the evaporator
can be found from

H19X7 = HF19 + 0.7 (HG19 - HF19)
where HG19 and HF19 are the enthalpies of the saturated vapor and
liquid, respectively. The gas-side energy equation defines the total
heat transferred as

QTOT = MG * CP (T6 - T9)

where MG and CP are the mass flow and constant-pressure specific heat of
the gas, respectively, with CP evaluated at the average gas

temperature. Once the total heat transfer is known, the mass flow on
the water-side can be found from

QTOT = MW [CPE (T19 - T18) + (HG19 - HF19) + CPS (T20 - T19)]}
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- where MW is the water mass flow, and CPE and CPS are the specific heats

} of the water and steam, respectively, which are evaluated as averages

i over their corresponding temperature ranges. The above terms for the

" heat load in the economizer and superheater were specifically chosen

' over the use of enthalpy differences because of compatibility

- considerations encountered in a companion program for evaluating the l
: boiler performance in a COGAS power cycle, described in Appendix B.

- The above water flow rate can now be used in determining, by heat l
- balances, all of the unknown end temperatures across the various boiler

' sections shown in Figure 2. As an example, the superheater water-side

- energy equation is -
o QSHR = MW ° CPS (T20 - T19)

and the gas-side energy equation 1is
QSHR = MG ° CP (T6 - T7)

The above gas-side equation may then be solved for the unknown gas-exit
temperature T7 by iterating for the correct average value of CP.

o

} The gas-side heat-transfer area A for each section of the boiler is

- found by applying the effectiveness=NTU method. The heat-transfer
effectiveness (e) of the section is first found from the general
relation

‘

= Q/QMAX = Q/[CMIN ° ATMAX]

where CMIN is the smaller value of the two rate capacities, MG ° CP and
MW * CPS. Now, it can be shown [l] that, for a given flow arrvangement,
there is a unique relationship between the NTU, the rate capacity ratio
(CR), ¢, and the number of passes (PS) made by the water side.

Ca LRI N R
LY oo e
. . LR

_\‘_\ Al ..l.'.l

4

NTU = (<PS) 1n {l + (1/CR) 1a [1 - cR(1 - ER}/PS)/(cr - ER!/PS)})

where

ER = (¢ *CR - 1)/(e - 1)

N Since, initially, PS is unknown, the solution for the NTU is an

) iterative one. An analogous expression can be derived for the NTU in the
: boiiing sections where CMAX is on the tube side. The resulting

’ expression simplifies since CR = 0, and the NTU is found to be

S independent of PS. Once the value of the NTU is known, the heat-
transfer area A can be found from the definition of NTU which is

] NTU = U ° A/CMIN

. where U is the coverall coefficient of heat transfer, the value of which
’ depends on whether it is multiplied by the inside or outside value of
A. Since, in this heat-exchanger problem, the gas-side area is

e required, the value of U is also based on the gas side.
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The evaluation of U can be made by accounting for all of the
contributions to the thermal resistance between the two fluid paths.
This leads to the relation for the gas-side U, which is

1/U0 = (AG/AI)(1/HI) + (1/HO)(L/SE) + (ST/KW) + FF

where AO/AI is the ratio of the outside and inside heat-transfer areas,
respectively, HO and HI are the outside and inside heat-transfer
coefficients, respectively, SE is the thermal effectiveness of the
outside heat-transfer surface, ST is the boiler tube wall thickness, KW
is the thermal conductivity of the wall, and FF is an outside-surface
fouling factor. The heat-transfer coefficients are based on the average
properties in each boiler section. The outside heat-transfer
coefficient is based on the appropriate empirical correlation given in
reference 1. This correlation 1s expressed in terms of the Colburn
number for crossflow over various tabulated finned-tube geometries. The
inside heat-transfer coefficient used in the economizer, high-quality
boiler, and superheater is based on correlations found by Sieder and
Tate [6). This assumes that the heat transfer in the high-quality
boiler is controlled only by the vapor phase (as in the superheater).
Correlations are available for handling all three flow regimes -
laminar, semi-turbulent, and fully turbulent flows. The heat-transfer
coefficient used in the low-quality boiler is based on a special boiling
correlation, and the evaluation of surface effectiveness, SE, i{s based
on the assumption that the ratio of fin area to total heat-transfer area
is sufficiently close to unity to permit replacement of SE with the fin
effectiveness. The procedure for calculating fin effectiveness is based
on the exact solution for circular fins of rectangular cross section

(7).

One other important parameter which is evalvated by the program is the
wall temperature at the gas exit of the economizer. In sizing any
boiler, only those solutions which yield a wall temperature which 1is
above the acid dew point of the gas are considered acceptable. The
solution for the wall temperature is obtained by applying the thermal
resistance law to each side of the economizer. By denoting the gas
temperature as T9, the water temperature by T18, and the wall
temperature by TW, the governing relations for the total resistance on
each side can be written

RO 1/(BO * A0 * SE) + (FF/A0)

(T9 - TW)/Q

RI

1/(HI ° AI) + ST/(KW ° AO) (TW - T18)/Q

By combining the above equations, Q can be eliminated to give, after

some rearrangement,

[ST/KW + AO/(HI * AI)) T9 + [1/(HO * SE) + FF] T18
[1/(HO * SE) + FF + ST/KW + (AO/AI) (1l/HI)]

TW =

It should be n~ted that the denominator is 1/U0 and that all properties
are evaluated at the fluid temperatures T9 or TI18.
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Calculation of the steam-turbine power is based on a turbine efficiency
of 80 percent. The enthalpy out of the superheater of the boiler e
(HG20), the isentropic expansion through the turbine to the condenser
pressure (PCOND), and the steam flow rate (MW) form the basis for the

power calculation. Feed-water heating can also be handled by the -}}}:
program, in which case the feed-water temperature (T18) does not E}B@
correspond to the condenser pressure (PCOND). Steam is extracted from Ef?:
the turbine at a specified pressure (PEXTR) and used to preheat the feed JEuﬁ
water. With these two pressures and the specified feed-water ﬂfy:
temperature (T18), an extraction fraction (EXTRF) of the steam-turbine .
mass flow is calculated from an energy balance across the feed-water - {{f::
heater. This mass fraction is then applied as a correction to the A o
steam-turbine power calculation. S
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APPENDIX B

COGAS STATE-POINT MATCHING

A Newton-Raphson convergence technique 1is utilized to provide the
necessary state-point matching. The technique 1s relatively fast and
easily modified. The particular program used here was originally set up
for the LM2500 gas turbine (4] and then modified for an LM2500 COGAS
system with a recirculating boiler [5]. The program was again modified
for the once-through boiler configuration of interest in this study.

The Newton-Raphson convergence technique requires the definition of
independent variables (state points), which are usually chosen to
include those variables that can’t be solved for explicitly. Figure 13
shows the independent variables selected for this particular model. The
first eight variables are associated with the gas turbine. These
variables and the gas-turbine calculations have been described
previously. The next five variables are associated with the steam
portion of the system. Associated with the 13 independent variables is
an equal number of error equations, which are usually obtained from
continuity considerations. The solution is obtained by perturbing the
independent variables one at a time to generate a matrix of the change
in the error. The matrix is then inverted and applied to the absolute
error to calculate new values of the independent variables which will
drive all the errors to zero. If the system of equations were linear,
only one iteration would be needed. Since the gas turbine and steam
system models are highly nonlinear, multiple iterations are needed for
convergence.

The 13 error equations used in this model are:

El = (P2 - P2A)/P2
E2 = (HPC - HPTI)/HPC
E3 = (MGB - MG3)/MGB

E4 ~ (MGT! - MG4)/MGT1

E5 = (T4 - TB)/T4
E6 = (MGT2 - MG5)/MGT2
E7 = (HPL - HPTOT)/HPL

E8 = (P9 - PO)/PO

E9 = (QHBI - QHBO)/QHBI
E10 = (QLBI - QLBO)/QLBI
Ell = (T18-T17)/T17

E12 = (TW - TWLIM)/TWLIM
El3 (MW20 - MW11)/MWll

The 13 independent variables are defined in Figure 13. The compressor-
inlet pressure (P2) is calculated from the ambient pressure (PO) and the
inlet pressure loss, which is a function of inlet mass flow. The
calculations leading to the next six error equations have been
previously described for the LM2500 model [4); the only difference 1is
that the power in error-equation 7 is the sum of the gas and steam
turbine power.
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Figure 13 - Flow Chart for COGAS Interation Model

The exhaust backpressure on the gas turbine, P9, is calculated similarly
to the inlet loss, with the help of a loss coefficient which was
obtained from the waste-heat-boller sizing routine.

The variables for the last five error equations are a function of the
waste-heat-boiler performance, the flow through the steam turbine, and a
feed~water-heater heat balance. The method used for this model is
essentially the inverse of the boiler-sizing method described in
Appendix A. In Appendix A, the boiler heat-transfer area was calculated
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as a function of known gas and water-side conditions. In the present
case, the water-side conditions are calculated for a known gas flow and
temperature at the boiler inlet and a given total waste-heat boiler
heat-transfer area. Although the total area of the boiler is constant,
the distribution amongst the boiler sections will vary as boiler
conditions change. To account for this, the boiler area fractions for
the superheater (XSH) and the high (XHB) and low (XLB) quality
evaporators were introduced as independent variables. The economizer

[ area fraction (XEC) is also known since the sum of the fractions is
unity.
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Based on known or assumed temperatures at the ends of each boiler [N
section, the average external and internal heat-transfer coefficients, e
overall heat transferred, NTU, and effectiveness can be calculated with g
the same equations developed in Appendix A. In the superheater, the SN
effectiveness is then utilized to calculate the superheat temperature A
L (T20) and the gas temperature T7. Initially, guesses were made for
these temperatures to allow transport properties to be calculated. 1In
- the high and low-quality ecvaporator sections, only one effectiveness-
temperature relationship is available
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This still leaves the heat balance in the high-quality-evaporator
unsatisfied, and, therefore, it becomes one of the error equations. A
similar situation exists in the low-quality evaporator, resulting in
another heat-balance error equation. The economizer section is handled -
similarly to the superheater section, allowing T9 and T1l8 to be -
calculated from the two effectiveness equations. T9 does not have to

match any other condition. TI8 must match the feed-water-heater outlet -
temperature (T17), resulting in another error equation. The feed-water g
heater will be discussed below.
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N The flow through the boiler is controlled by the feed-water pump. A e
balance between the pump capability and the internal flow resistance of
the boiler core could form another error equation. In the present

| study, it is of interest to maximize the heat recovery without passing
below the sulfur-acid dew point. Therefore, an error equation is
included whick controls the wall temperature at the gas exit of the
economizer to the desired value.
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The mass-flow continuity must be satisfied at the steam turbine. The
steam turbine is a constant-area {(no throttling) device. Therefore, the
mass flow into the turbine under choked-flow conditions, can be obtained
from

LRI T g
L

.
o

where CHOKCN is a function of area. The mass flow calculated from this
equation is used in the last error equation along with the independent

1 CHOKCN = MW11+/TI1 - 460. /P11 = constant
l variable MW20.
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As mentioned before, the feed-water is preheated in order to extract S
more heat from the exhaust gas without confronting the sulfur-acid, dew- }323
point problem. As shown in the steam-cycle schematic of Figure 14, the :}:f:
extraction port is located at a given stage of the steam turbine. A BIERAS
portion of the steam is extracted at this point and does not pass E;:;
through the later stages of the turbine. The extraction port is of .
constant area, and the flow is choked; therefore, the fraction of the l :}.‘\:
flow extracted (EXTRF) 1s constant. This fraction was initially i:?}
determined in the sizing phase of the analysis. The enthalpy of the o
feed water thus becomes f::&
P A
H17 = H15 (1l - EXTRF) + HGEXTR ° EXTRF o %
\.‘ ‘-“I
where HGEXTR 1is the enthalpy of the steam at the extraction port. The . }?i{
pressure at the extraction port is related to the inlet pressure by a S
constant pressure ratio. The steam-turbine power, taking into account - ~:3‘}
the extraction, is A

HPSTRB = 778/550 * ETA * MWll [(H20 - HGEXTRI)
+ (1 - EXTRF) °* (HGEXTRI - H13I)]

where H13I is the steam enthalpy which results from the isentropic
expansion from T11, P11, to P13.
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Figure 14 - Steam-Cycle Schematic
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