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SUMMARY

The open recuperatéd and bottomed gas turbine ecycles includes |
both simple and recuperated gas turbine systems with and without lnter-
cooling and gas turbine topping—organic vapor Rankine bottoming cycles._'
The parametric investigation covers gas turbine inlet temperatures of
1255 to 1644°K (1800 to 2500°F) with a base case value of 1478°K (2200“?),_
a modest extension of present day state of the art. Pressure ratios '
ranging from 6 to 24 to 1 are investipated, These gas turbines have air
cooled vanes and blades, burn clean fuels from coal and are fully .
assembled-rail shippable modules having power outputs of approﬁimately
100 MM.

The generator is driven from the cold end, thereby allowing a
minimum pressure loss axlal arrangement of an exhaust duet, recuperator

or waste heat boilers.

" Tension braze recuperators with effectiveness values of 0, the
unrecuperated case, 70, 80 and 90% are considered. A total pressure drop
ratio of 3% is used. The cycle efficiency increases with turbine inlet
temperature in all cases. An optimum pressure ratio of about 10 to 1 is
found for recuperated cycles with higier pressure ratios resulting in
improved efficiency for the simple cycles. Efficiencies of 33,5 and
37.6% are found for the simple and recuperated systens with a 1644°K
(2500° F) turbine inlet temperature. 7The use of ceramic blades and vanes
would reduce the needed cooling air and iwmprove the cyele efficiency
3.5 to 5 points. -

-

The sulfur dioxide bottoming cycle with a 1644°K (2500°F) air
cooled gas turbine wuuld have an efficlency of ‘47, 6%. The highly super-
eritical sulfur dioxide fluid with turbine inlet conditions of 17.236 Mfa
{2500 psi)/BL1°K (100C°F) has a nearly straight heating line which




results in an excellent fit with the gas turbine exhaust gas cooling
- curve giving a ecycle with relatively high availability. The sulfur
dioxide superheats on expansion so no turbine moisture problems occur and

a desuperheating feed heater is required,

The resultant sulfur dioxide turbine is much smaller than the

equivalent'steam turbine feor the same duty,

. The cost of electrlcity {COE) for the recuperated cycles is
B.19 mllls/MJ (29 5 mills/kWh) and 8,75 mllls/MJ (31.5 mllls/kWh) for the
almple cycle at a 65% capacity factor. The more capital intensive 502
bottoming cycle has a COE of 9.14 mills/MJ (32.9 mills/kWh}. The simple
and recuperated cycles have the lowest COE of any plants at capacity
factors less than 407 due to their lower cépital cost of 170 to 200 §/kW,
respectivel;, and are,therefora,recommended for peaking and intermediate

load duty.

vi



. 5. OPEN RECUPERATED AND BOTTOMED GAS TURBINE CYCLES

'5 1 Sfate"of'bhe Art

5 1.1 Dpeanycle Gas Turbine Engines )

“The last two decades have seen a remarkable growth in the ap-

. plicatlon of the 1ndustrial gas turbine. During that period the Epeci-

fic output of the engines has doubled from about 150 to 300 kw/(kg/s
airflow) {70 to 140 kW/ (ib/s airflow)], and the thermal efficiency has in-

- .. ereased £rom about 20 to 33%.. Today, cumbiued gas turbine and steam tur-

bine power plants are commercially available with thermal efficiencies of
about 43%. Current’ gas ‘turbine engine unit sizes of up te approximately
100 MW are available as prepackaged, -fully assembled, and rail-shippable
power plants. The relatively low investment cost connected with imstal-
lation of these units has made the open-cycle gas turbine the econamic
choice of the electric utilltiES for meetxng their peakrload require~

ments.

The evolutmon of the industrial pas turblne to the current
srate of the art has resulted from combining the well—establlsned long-
life descgn features of steam turbines with the advanced technology of
. aircraft jet eng1nes. The 1atter has contributed advances in such areas

' ds the axial flow compressor, combustion system, and high—temperature '
metallurgy. Over the years, the use of gas turbines has covered a diver-
- sity of industrial applmcations including. electrie power gemeration,

- natural gas transmission, COmMpYEessor drives,,oll-fmeld repressurization,
.mariue propulslnn, pctrochemical auxilzary power generation, steel mill
blast Eutnace blowlng, mobile power generation, mobile process air plant .
drives, and locomot ive powexr plants. These appllcatlons have . involved

© the use of a wide variety of fuels, environments, control systems, and

- installation arrangements and system configurations. This variation of

L]
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possible configurations has been attained through units installed with
either one or two shafts, recuperators, evaporative coolers, supercharg-
ers, steam helpers, or as part of a eombined eycle or waste heat recovery

arrangement..

5.1.1.1 Turbine Inlet Temperature Considerations

The advancement and growth of the industrial gas turbine is pri-
marily the direct result of increased turbine inlet temperature capabi-
lity. TFigure 5.1 illustrates the temperature growth history for
induetrial gas turbines over the past ten years. The model W-501 engine
pictured in Figure 5.2 generally follows thie ‘trend, This advance in the
state of the art has been made possible by o majov ‘technical efforts
which reeulted in materials with improved temperature capability and the
~cooling ef hot parts with air.

For long-life duty, uncooled turbines using state-of-the—art .
superalloy blade and vane materials are limited by oxidation and corro~
sion to a turbine inlet temperature of about- 1172 K (1650°F) Internal
tooling of turbine vanes and blades with air has allowed inlet tempera-
tures to alvance while maximnm metal temperatures are maintained within
_'allowable Ldmits, Gurrent induetrial designs, employing combined
implngement/conveetiOn/film—cooling techniques, ‘are eapable of operation
at about 1478°K {2200°F) in peaking eervice.

Although perﬁormenee continues to improve Wlth increased tur-
bine inlet temperatures in the conwection/1mpingemeut/film eir—cooled
simple eycle _arrangement, studies ‘have 1ndieated that the major benefits
from: higher inlet temperature air~cooled gas turbinee aceruve to the'
‘combined-cycle eystems.‘ Botentlal 1mprovements for ell types. of cycle
. arrangements would be greatly enhaneed lf more’ efficient cooling‘coucepts
icGuld be developed. ‘ ) ' SR

“There are several approaches to gas turbine design ueing im-

'“1ipproved ’ooling systemsu. ‘Five such- approaehes are:. high-temperature ma=-

fterials -transpiration cooling, advaneed‘convection/impingement/film
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air-cooling, steam cooling, and water cooling. These ars discussed
“briefly below,

Unéooled Turbine Components - High Temperature Materials. Any

reduction in the cooling air required would improve the eycle efficiency.
Thus, if everything else remains the same, an unccoled turbine has the
highest potential cycle.efficiency. However, the oxidizing and some-
times highly cbrrosive atmospheres seen by the turbine element, as well
as creep conslderation, limits the temperatures of the uncooled turbine
to about 1170°K (1650°F) using current materials. To advance this limit,
development programs are under way for ceramic and composite blade and
vane materials aimed at significant improvements in uncooled turbine tem-
perature capability. A significant cycle efficiency improvement over the
present state of the art would result as uncooled ceramics elements re-
place air-cooled metal blades and vanes. Two candidate materials, high-
density silicon nitride and silicon carbide ceramics, have superior
stréngth at high temperatures, as shown by Figure 5,3, Laboratory sta-
tlonary rig tests have been successfully rum on full-size vanes at gas
temperatures in excess of 1500°K (2250°TF), and design and test work is
continuing on designs suitable for temperatures of approximately 1644°K
(2500°F). Composite materials also héqe great potential for extending
the limitation of turbine temperatures. Their superior strength will be
useful for last-stage turbine blade applications where extremely high
stresses occur, and the required airfoil shape make this blade difficult
to cool., The added strength of composite materials permit higher last-
row blade temperatures and enable the designer to maintain an efficient
blade design. ' ' .

Transpiration Cooling. The heat transfer coefficients om the

flow surfaces of tramspiration cooled turbine blades and vanes are very
high. Ideal transpiration cooling is characterized by the coolant trans-
piring through the blade shrfaces, issuing from that surface at close to
~ the blade surface temperatufe; and thus requiring the minimum amouat of
coqlant flow. Transpiration cooling, therefore, has the minimum cooling

loss penalty on cycle efficiency. (These losses are due to the aixing of

L]
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the coolant with the main flow path fluid which results in a mixing pres-

sure loss and a decrease in mikeduduf main path fluid femperature.)

Advenced Convection/Impingement/Film Cooling. Advances in tur-
bine inlet temperature to as high as 1589 to 1644°K (2400 to 2500°F) for
industrial engines is considered possible by means of utlllzing advanced

cooling system designs based on combined convection/impingement/film .
techniques. Although this approach does not have the same growth poten-
tial as transpiration cooliag, it is considered to be an important step

in the progression of the state of the art.

Steam Cooling. Steam coaling dffers advantages over air cool-
ing because of the possibility of elevated coolant pressure, a clean
inert coolant, superior heat tramsfer characteristics, and reduced pres-
sure mixiﬁg losses sinceilese.fluid'is required. The superior heat trans-
fer charscteristics provide means of absorbing mpfe heat and permit high
pas temperatures with fixed outside metal surface ‘temperatures, Thus,
steam cooling may increase permissible gas temperatures by as much as
222°K (400°F) above those arising from air cooling without changing cool-

ant channel geometry.

Water Cooiing. The use of water as a gas turbine blade and
vanea coolanf has been and is currently the subject of considerable tech-
nology development. Water has excellent cooling characteristics, and as
such it has cooling potent1a1 with gas-path temperatures well into the
1644 to 1922°K (2500 to 3000°F) range.

5.1.1. 2 Combustion Consmderations

In contrast to the advances in gas turbine engzne size and per-
formance, the state of the art of gas turbine combustlon sys tems has not
“experienced a significant comparable change. The ‘basic desmgn technology
employed today is not very different than that used 20 years agd. With
the environmental difficulties already seen with increasing turbine
firing temperature, however, a fundamental change in the way fuels are
burned in gas turbines will be required. This is illustrated in

Figure 5.4,which shows the effect of turbine inlet temperature.on NOx

- 5~7
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emission levels with current dry combustion systems and with water injec—
"tlon. Superposed on this is the proposed EPA NO rule for utllity ‘gas - .
turbines burnlng 1iquid fuels. Clearly, present dry comhustors will not
be satisfactory——and the NO “problem grows rapidly worse as hlgher tem-
'_'peratures are achleved. Water injection is expedient to meet the current'
situation but has its own environmental drawhacks and is of limited ef-
fectiveness in. controlling NO when the fuel has 'a relatively hagh nltro—
gen content, as do 11qu1d fuels ‘derived from coal, and with coal gases
containing ammonia. For the long range, several advanced combus tor
design approaches will have to be developed to suit the turbine tzmpera-
tures and fuels of the future. Concepts considered to tiold thae greatest

promise inelude: ‘ . o -

¢ Staged combustion
& Fuel/air premixing

e Catalytic combustion. S
The advanced state-of-the-art gas turbines will inelude an ad-
vanced combustor concept in order to achieve high performance goals in an

environmentally acceptable manner.

5.1.2 Gas Turbine Recuperators

There are several approaches to gas turbine recuperator design,
ranging from autumotive moving-surface rotating regeneratots to land-

based gas turbine fixed-surface recuperators. Consideration here is

limited to the latter. Two types of fixed-surface recuperator have found =~

application in power generation gas turbime systems: plate-fin tecnpefaﬂ.

tors and shell=-and-tube recuperators.

As shuwn in Figure 5. 5, the plate-fin Lecuperator utlllzes a
basic counterflow arrangement to transfer heat from exhaust gases to com=-
pressor discharge ai:. The secpional.view at the bnttqn left side_cf ;he
figure shows the conventional design approach commonly referred to és'the:'

strong-back design. Extended surface is utilized on the gas side only,

* Conventional combustor costing has been_' used for this;'study-.
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and multiple layers of the air~ and-gas-side combinations are sandwiched

4 together in compression by rigid strong-back end pieces.

The section at the bottom right'of the figure illustrates an
aiternative plate-fin desigm approach known as. the tension-braze recu-
perator. The principal difference between this and the-sﬁronngack ap~
proach is that extended surface is ufilihed bu both air and.gas sides..
This has resulted in a lighter and more _compact de51gn. The distin-
gulshing characterlstlc leading to the name tension braze is that 1nstead
of resisting the pressure loading between air and gas sides by massive '
strong-back end pieces, individual air-side channels are held'tpgether by
high-temperature nickel alloy braze, loaded iﬁ'ténsion.béfween_aif-Sidé -

extended surface and the adjacent channel walls.

Figure 5.6 illustrates the altermative shell-and-tube recupera-
tor design approach. This design is characterized by relatively massive
size and weight and higher cost. As shown in the figure, compressor dis-
charge air is heated as it passes downward through verrical tubes while
combustion gases sweep the exterior tube surfaces. The multiﬁle tubéé
are supported at their relatively cool top ends and because cf”thermél
growthwére left to expand freely downward. The entire structure is sup~
ported by the central vertical pipe which directs the cooler compréssor
discharge air to the top of the unit. '

Current design plate~fin and shell-and-tube recuperators are
commonly constructed of relatively low-cost carbon stéels. These designs
are generally limited to turbine exhaust tamperatures of about 811°K _
(1000°F). Advanced designs assumed her31n utilize higher alloy materials
{400 series 8S). '

5.1.3 Organic BottbmingICycles';

The electric power industry has utilized the exhaust heat of a
gas turbine cycie to génerate yapor and to heat the feed liquid of a
Rankine bottoming cycle in the form of the combined gas and steam cycle..
This is covered separately in detail in Section 6. The use of working

fluids other than steam for the bottoning cyclg has been studied

5-11 -




‘pexteneively but has never been implemented in a commercial poWer plant
application. In general,’ these studies ‘have shown that the advantages
associated with even the most promising and best suited fluids are not

_great enough to warrant developlng the organic fluid powexr plant.

The requirements of flulds that should be considered for power
cyele application have 1ong been recognized because of the suitability of
their chemical and phy51cal propertles. They are the types of fluid
generally utillzed in the refrmgeratlon industry where water isrnsually
an inapprcpriate working fluid."fhe rather mature state of the art of

- that industry"suggeste_that-the_risk'of developing an orgenic fluid cycle..

for power praduction may not be as great as generally considered in the
past. The payoff will depend om achieving improoements in cycie perfor-
mance that would result from overcoming some of the dieadvantagestof'
using steam.

_ The relatively large specific volume of steam at the heat rejec~
' tlcn temperature ‘makes it uneconomical to fully utilize 1ower sink tem~
peratures even when avallable.

At the high—temnerature end of the gas turbine bottoming cycle,
. the boillng characteristic of the most commonly used suberitical water
.cyclee requiree a relatively large heat input at constant temperature.
This represents a relatively poor thermodynamic fit for effective utili-
._zatiou cf heat from the falllng temperature heat input line of the gas
turbine exhausts

Although the state of the art of the organic fluid bottomlng
cycle is not well developed, a firm analytical data base does exist. In-
formation is available related to the fimid prcpertiee, Btablllty, corro-
siveness, toxicity, and general thermodynamlc snltability of many
candidate working fluids. Investigation continues into the results of
_ implementing a better thermodynamic fit for a gas turbine bottoming. cycle
than is currently avaiiable with water, [Thie subject is discuss ed
further in Section 7.2 where the criteria for selecting a bottoming cycle
working-fluid are covered in some detail (References 5.) through 5.8).]

a
~
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5.2 Descri'tion ofeParametric Points to Be Inuestigated

The recuperateu open-cycle 2as turblne cycles studied were

'-'classified into two general categorles.“ recuperated open cyclee and com-

hined recupereted open cycles with an organic Eluid Rankine bottoming
cycle. ' ' :

. The parametric points covered by the study are summarized on
Table 541, which shows the range of parameters studied and the general
gruupiug of parametric variation investigated. Of the 97 cases incluuea,
94 are simple br'recuperated gas turbine cycles. The remaining three
cases exemineuéombtped cycles using three different working fluids: re-
frigerant R—lZ' methylamine, and sulfur dioxide (502) All the cases in-
vestigated are enumerated in Section 5.4 (Table 5.2), where the study

tesults are presented.

_ The reeuperated cycle, . typical of state-of-the-art air-cooled
gas  turbine systems, was. chosen as the hase case for this study. The
-performance parameters ussumed for this case aret (See Section 5. 3 for

‘an explanation of terms and fusther aseumptlons.)

o Turbine inlet temperature = 1478°K (22009F5
‘ ,;. Compressor pressure ratio = . =10 to 1
) ..,_.Recuperetor effectiveness = (.80
® éRecuperet;rVpreseure_drap.Gégﬁ = 0.030.

.: The fuel for this case is assumed to be a dietillate oil derived
From coal. The general cycle configuration represented by the base case

" and the bulk of the points calculated are shown on Figure 5.7. The major
components contained in the systew are the gas curbine engine and recu-
petator.'-As shown in Table 5.1, the paramntric variation around the base
”ease'involved'two mejor groupings: recuperator parameter variation and

gas turbine engine parameter variation, First, the effect of varying the

_ _recupexator_effectivenees was investigated. ' Values of 0, 0.7, 0.8, and 0.9
. were selected, and the cycle performance was caleulated at a fixed turbine

‘inlet temperature of 1478°K (2200°F) -and with compressor pressure ratios

5-13
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- TABLE 5,3~ RECUPERATED OPEN CYCLE PARAMETRIC POINTS

S
| orgenic | '
_ o _ o Organic g%i;er Organic | Boiler
Turb. | s | s Recuperator] * Bofteming | - Fluid | Ppjnch | Boiler | Gas.
fnlet | ool | e | Recuperetor | Pressure | Infer- joo ot o | Cycle | Turbine | Point | Exit . | Side.
Temps | papen I Effettiveness Loss, cooling |, : ‘I Organic Inlet ! Tamp. | Temp. |Press.
1 ‘e Ratio Cooling |~ : - See : T I
°F © |SeaNote B ' apip 1 Note b Fluid Temp. | Diff. | Diff. | Drep,
- _ : . _ :| Note B : °F 7 | AT, °F | AT,-°F- | AP/P
Base Case 20 |- W0 |1 I Y R I e I e e
Recuperator 1. 0.70, 0.80, 050 b ‘
" Parameter 8 10, 12 10,020, 0,030
e 16, 20 1 0.040
- Ivariations - - ‘ -
g " ~~11800, 2000{ 8, 1,12 v
o Lm0, 2500 16,20, 28| _ :
Gds Turbine . 1800, 2000 8,10, 12 S 0 0 '
Parameter .- {2200, 250016, 20,24 : : .
Variations 20 181012 2
o . 500 |16,X,24F 3 :
See Note C _J12.16.20( Ves |
j . S o F Yes
Fuel Variation i " (Hi-Biu Gas c _
- . ) 1 an L sueer-| e |
Bottoming | 2000 o 8 Ri2" | 400 critical |- 100 - }0.05
R 1 .| Methyl- dsuper- [y | npe
Cycle Pz?.ram.eter 2000 8 aming _600 Criticat |- 100 | 0.03
- . ‘ . : ' 500 1 i | Super- |- '
Variations .. 200 16 0 0 _ Bl 000 ) cbicar | 100 | 0.05
Motes; A AT biank spaces have same value as base case upless ulhenmse noted -
' ' . Gas turbme blade cooling configurations

Turhine vanes and blades air cooled
2. Turhine vanes ceramic, blades air cooled
3. Turhine vanes ceramic, blades ceramic

C. For 1806°F turbine inlet temperalure COMpressor pressure raimun be varied as follows 6 8 10, 12, 16 mstead of the values shnwn in the table
- .. The reheat.case was omiﬂed from the study in agreement with NASA
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Fig. 5. 7—Schematic diagram of recuperated
open-cycle gas turbine system
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Fig. 5. 8 —Schematic diagram of intercooled
recuperated openi-cycle gas turbine system
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8‘ io0, iz, 1s, and 20. Effectiveness vaines of 0,80 to 0.82 are common
in current ccmmercial practice. Veriat1on of recuperator pressure drop
wae also examined, With effectiveeess set at 0.8 and at 1477°K (2200°F)
turbine inlet temperature, the recuperator pressure drop ratio, AP/P, was
assigned values of 0.02, 0. 03 and 0.04. The compresser pressure ratio
was varied from 8 to 20 for this group of parametric points in the same

step as during the effectiveness 1nvestigatinn.

The gas turbine engine parametric study involved investigation

of system performance and cost over a range of turbine inlet temperatures

from 1255 to 1644°K (1800 to 2500° r) and ccmpressor pressure ratios from
6 to 24. For the air-cooled cases, both recuperated and nonrecuperated

eycles were ineluded The latter is the so-called simple cycle and para~
metrically represents the case of recuperator effectiveness and pressure
drop set to gzero. - Also, imcluced in the higher temperature recuperated

cases are two variations in gas turbine cooling Echemes. In one case a .
design is assumed that combines ceramic (uncooled) stator vanes and air-

~nnled rotor blades; the second case assumes uncooled ceramit vanes and

‘blades. The use of ceramics is accomplished parametrically by .a pro-

grammed reduetion in compressor bleed air used for cooling the turbine

section (see Section 5.3).

4 set of points was included to investigete gas turbine engine
compressor intercooling. Figure 5.8 is a schematic illustrating the
general ecycle arrangement for this case. It assumes a single stape of
intercooling and a similar pressure ratio for both the'highf'and low-
pressure coipressor seciions. The ;ntercooler was assumed to be fed
with water from a cooling tower. The intercnoler parameters.eelected for

WaEer;'Ih) of 16.7°K
) of 12.8°K (23°F).

the study were an intercooler approach (T Alr out ~

o - —
(30 F) and 2 Water range (TWater, Out TWater, In

The intercooled cases covered a pressure ratio range of 8 to 24,

with all other system parameters set at the base case values.

One fuel variation was considered. 1In this case a high~Btu gas

derived from coal was selected to replace the coal-derived liquid fuel.
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.Fig. 5. Q-Sch'ematic diagram of recuperated open-cycle gas turbine
system combined with organic fluid b_o’_ctomi__r_ag cycle

5-18




‘Since the attraction of simple and recuperated open-cycle systems has
historically been their relatively low investment cost (and, therefore,
their econcmy in peaking and intermediate duty application), a capital-
intensive integratéd coal gasification low-Btu gas fuel system was not
selected for inclusion in this portion of the study.

The three working fluids chosen for the bottoming cycles were
selected primarily on the basis of thelr stability at the relatively high
temperature associated with the gas turbine exhaust and their relatively
high density at low temperature and pressure as would be reflected in the
size of the bottom-cycle turbine exhaust area requirement. These selec-
tion criteria are discussed in more detail in Seection 7.2, The cycle
arrangement used for both the R-12 and methylamine bottoming cycles is *
shown schematically in Figure 5.9. The topping cycle (recuperated gas
turhine‘cycle) parameters used for these cases were selected from among
the values used in the overall parametric study to provide the best fit
between the heat source (turbine exhaust) temperature and the bottom-cycle
fluid heat absorption characteristic. This resulted in the selection of
a turbine inlet temperature of 1366°K (2000°F) and pressure ratio of 8 to
1. The bottoming cycles wefe designed for supercritical operation; that
is, above the constant temperature boiling regime to fit better the gas

turbine exhaust gas cooling line,

The cycle arrangement for the vulfur dioxide bottomed system 1s
shownt schematically in Figure 5.10. In this case the bottoming cycle is
fitted beneath a simple gas turbine cyecle and incorporates some added
complexity as addilional measures to optimize the match between the heat
source and absorption temperature lines. The gas turbine parameters
selected for this case [1644°K (2500°F) and 16 to 1] also reflect the
attempt to optimize the fit with the sulfur dioxide bottoming cycle.
(The importance of matching the topping and bottoming cycles is fully
discussed for the closed-cycle systems in Sections 7.2 and 7.4.)
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5.3 Approach
. With the exception of the organic fluid poftions of the bot-
tomed cycles, all performance evaluations for the gas turbine cycle para-
metric studies were made using the Westinghouse proprietary computer
program OPICYC. This program is a performance optimizafion tool for pre-
liminary design. It is capable of handling simple or combined (gas and
steam), and recuperated and intercqoleﬂ eycles with a nonrcheat or reheat
steam eycle burning various types of fuels. It uses gas and steam prop-'
erties based on U. S. NatZonal Bureau of Standards, Series IIT, data and
the Keenan and Keyes steam tables. It also accounts for all losses en-
countered in'power plants, such as cooling, pumping, and pressure drop,
etc. No allowance has been made for the statien~building powsr require-

‘ments.

The base case cycle calculation model and assumed specifica-
tions are shown in Figure 5.1l. TFor a given airflow, ambient condition,
component efficiencies, effectiveness, and losses'; together with fuel
properties, gas turbine inlet temperature, and compressor pressure ratio;
and the steam cycle condition (in the combined plant case), the OPTCYC
program computes the thermodynamic conditions (temperature, pressure,
enthalpy, and flows) at each state point across the components. Compres-
sor performance is determined by using an efficiency calculation as a
function of pressure ratio based on a proprietary, empirical formula de-
rived from various compressors built and tested. When an intercooler is
present, the given pressure ratio is reached by assuming equdl crmpres-
sion ratios for the high- and low-pressure compressors. The quantity of
fuel required to attain a specified gas turpin inlet temperature is com-
puted iteratively. A double iteration is performed for a recuperated

cycle.

. Requirements for gas turbine cooling were deduced from heat
transfer and flow network analyses of various high-temperature machines
designed to dace., These analyses were based on the use of state-of-the-

art gas turbine materials, as described im Section 3. The cooling air
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Inlet Duct
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Specification

Temperature + 59°F
Pressure . 14.7 psia
Relative Humidity 0%
Apfp 0.0075

Function of Pressure Ratio

SAP/P 0.055
AP/P Alr Side 0.012
AP/P Gas Side 0.018
Hey 18,700 Btu/ b
LHY ~ 17,700 B/

Fig, 5. 11—~Calculation model and specifications for Base Case recuperated

open-cycle gas turbine
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usage curves used in the caleulations are shown in Figure 5.12 where, for
simplicity, the cooling flow is assumed to be a function of turbine inlet
temﬁereture only. For a given inlet temperature, coolant is extracted
from the COMPressor discharge according to the cooling scheme considered.
1t is returned to the turbine as required for each stage. In the tur-
bine, expansion takes place with mixed gas properties at a given effici~
ency. Using the thermodynamic data acquired, the program then calculates
the gas turbine and compressor power. Total net output of the plant is
obtained after the mechanical and generator losses,as well as auxiliary
povwer required,are deducted from the gross power. The auxiliary power,
as zzplicable to the cycle analyzed, includes such items as boiler feed
pump, circulating pump, cooling tower fan power, lubrication oil,and fuel
pump, ete. Finally, combined plant efficiency is calculated on the basis
of the high heating value of the fuel. MNet plant specific power is com-
puted per pound of airflow at compressor inlet.

In the cyele computations made with the OPICYC program, system
components are defined by performance parameters that are defined in con-
formance with accepted convention. For clarity, these definitions and,

where eppliceble, assumed values, are presented below:

+

¢ Turbine inlet temperature is the gas teaperature
immediately upstream of the first-row stationary

vane.

¢ Turbine efficiency is calculated on the basis of
' polytropic stage efficiency = 0.90.

e Compressor pressure ratioc is the ratic of total pres-
sures at the compressor outlet flange to those at the

compressor inlet flange,

¢ Compressor efficiency is an enmpiriczel function of

pressure ratio derived from tests.

n. = isentropic enthalpy rise for given pressure ratio
c actual enthalpy rise
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e Recuperator effectiveness:

LI

Tuoﬁbustor Inlet TCompreSsor Discharge

TTurbine Outlet ~ TCbmpre_s'sor.Disc’.haTga'

ER=

e Recuperator pressure drop ratilo:

AR 8Pr o1d Side + 8% 1ot Side

P Proco1d Side, In Py Hot Side, In
. . IR o y
where, typilcally, for = 0.030. )
AP
5 T Cold Side _ 0.01?
T Cold Side, In
BB, o en
5 T Hot Side _ 0.018
T Hot Side, In
That is,
APT PT
oy R
T T

- , _
2 Intercooler approach (TAir, Out TWater, In

assumed to be 16.7°K (30°F).

) is

s 1Intercooler range (TWater, out TWater, In) is

assumed to be 12.8°K (23°F).

5.4 Results of Parametric Study

This section presents the results of the parametric analysis of

power system performance. For convenience im referring to the calculation

5-25



9T-%

. buwg. 256CHB7
TABLE 5.2 ~RECUPERATED OPEN CYCLE GAS TURBINE INVESTIGATION

] ] Shest 1of &
|~ Parametric Point 1 2 3 4 5 6 7 8 19 0 {11 17 1B 15 16 7
Power Qutput, MWe —
Fuel
Distiliate ¥ X X X X X X X X X X X X X X X X
High - Btu Gas
L .
Inlet Temp,, °F 2200 | 800 | 1800 | 1800 | 1800 | 1800 | I800 | 1800 | 2000 | 2000 | 2000 | 2000 1 2000 | 2000 § 29200 ( 2200 | 2200
Pressure Ratio In | 6 1.8 10 12 19 20 A 8 10 12 16 20 2 8 10 12
ing (D lal @ HOREOERORROENOBEOREORNROENORNOBRONECR
Recuperator
Effectiveness 0.8 0.0 ; 00 { 0.0 puloojJooJooloo!lsalgaloo]oo]loolanl 00| 00
APIP 0o |oo; 6000|0000 'o0] 00] 6r;: Gu | O0]o00]D0{00]00]o00]00
IntercoolerEffeLtiveness 0.8 00 0.0 | 00 0.0 0.0 | 0.0 0.0 | 0G| 00 0.0 | 0.0 0.0 | 0.0 § 0.0 0.0 0.0
Reheat . 0.0 0.0 00} 0o {00} 00 |00 00{G00]00 0.0 { 6.0 [ 00 {00 [ 0.0 [ 0D 00
Bottoming System.
Fluid
R-12 : ] .
Melhyiamine ..
503 =+
Turbing Inlet Temp., °F
Bottuming Vapor Generator
Pinch Point AT, °F .
Exit AT, °F L i =
i Gas Side, AP/P .
Specific Pover, kW/ib/s 131,61 95.8 | 100.51 100.4] 100.0] 93.7 | 8501 75.21116.8] 119.3[119.1] 114.5[ 107.2| 98.3]| 1324} 136.4 | 137.3
Mote:

,@ Gas Turhine Blade Cooling Configurations
(@) Turbine Vanes & Blades Air Cooled
(b} Vanes Ceramic, Biades Air Cooled
{¢) Vanes Ceramic, Blades Ceramic
(di vanes Ceramic, Blades Watercooled ¢
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results, the parametric variations investigated and summarized earlier

in Table 5.1 have been numbered and presented in an expanded form in
Table 5.2. Point 1 represents the base case, an air-cooled gas turbine
with an inlet temperature of 1478°K (2200°F), a pressure ratio of 10 to
1, a recuperator effectiveness, Eqs of 0.8, and a vecuperator pressure’
drop, AB/P, of 0.03, which burned distilla‘e fuel. Points 2 thrcugh 26
have been assigned to the simple-cycle gas turbine parametric evalua-
tiona, covering turbine inlet temperatures of 1255 to 1644°K (1800 to
2500°F) and pressure ratios of from 6 to 1 to 24 to 1. Points 27 through
44 cover the same range of pas turbine engine paraméters for recuperated
cycles with a recuperator effectiveness; Eps of 0.80 and a pressure drop
ratio, AP/P,of 0.03, Points 45 through 64 provide for recuperator para-
g of 0.7, 0.8, and -0.9 and AP/P of 0.02,
0.03, and 0.04. Points 65 through 70 examine the intercooled recuperated

metric variation covering ¢

cycle, using rhe base cyele, with pressure ratio variation from 8 to 1 to
24 to 1. Points 71 through 92 repeat a portion of the high-~temperature
recuperated Eases, except that turbine cooling air requirements are
varied by assuming a substitution of ceramics for air-cooled components.
Point 93 was assigned to a turbine reheat ;aaea (This point was later
omitted and was not calculated.) Point 94 is the base case variation
burning high-Btu gas. Points 95, 96, and 97 cover the R-12, methylamine,
and sulfur dioxide bottoming cycle cases, respectively,

In addition to the parametric deacription of each case point,

Table 5.2 lists the corresponding results of specific power calculations.
Selected case results and the results of the parametric investigation are
discussed below.

5.4.1 Selected Case Results

Figure 5.13 presents a summary of calculated performance data
for the base case recuperated open-cycle case. The calculation procedure
and assumptions related to operating conditions and compenent parameters
are discussed in Seetion_S.B; With the exceptlion of long-time commercial

demonstration of this turbine inlet temperature, this base case performance
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TABLE 5.2~ RECUPERATED OPEN CYCLE GAS TURBINE INVESTIGATION (CONT'D.} . N Lot
) LR
.ot e Sheet 2 of 6
Paramelric Point : 18 19 20 2t 22 3 24 25 26 2 23 22 1 3D 31 32 33 24
Power Qutput, MWe . - -
Fuel
Distiliale X X X X X X X X X X X X X X X X X
High~ Btu Gas
Gas Jurbine : .
Inlet Temp,,_°F 7700 | 2200 | 2200 | 2500 | 2500 | 2500 | 2500 | 2500 | 2500 | 1800 | 1800 | 1300 | I800 [ 2000 | 2000 | 2000 2000
Pressurs Ratit 16 20 2 8 10 12 16 01 2 (i} 8 0 | 12 a.| w12 {16
Coolipg. D @ @ @ | @ @ @ | & @ @ 6] @ & @& @1l @1 & @
Recuperafor o .
w Effectiveness 0.0 0.0 0.0 001 0.0 0.0 00§ 00 0.0 ] 0.8 0.8 0.8 |- 0.8 0.8 ] 0.8 | 0:8 | 0.8
‘1: APIP . 0.9 0.0 0.0 0.0 0 0.0 0.0 0.0 .0 0.3 0.3 0,3 0.3 0.3 03 ) 83 0.3
w Intercooler Effectiveness 0.0 0.0 { 0.0 001 00| 00 | 00 [ 00 0.0 ] 00 0.9 0. ( 0.c.1 0.0} 0.0 § 0.0 0.0
Reheat 0.0 0.0 | 0.0 0.0/ 00 | 0.0 | GO 0.6 | 0.0 GO 0.0 0.0 0.0 | 0.0} 0.0 ] 00 0.0
Boltoming System : s
Fiuid
R-12
Methylamine
509 ]
Turbine Infet Temp., °F - | ‘ ;
<1y Bottoming Vapor Generalor -
] 3 Pinch Point AT, °F
- ExitAT, °F
: ,:% Gas Side, AP/P - _
2 Specific Power, kW/Ibfs 13.46 | 128.3 | 170.6 | 150.4 | 160.6 | 163.2 | 162.9 (1584 {151.9 [ 91.6 | 958 | 98.1 | 971 | 1124} 115.2 115.5( 1118
T | ’
% Notes
3 (@) Gas Turbine Blade Cagling Configurations
i @ Turbine Vanes & Blades Air Cooled
T a (&) Vanas Ceramic, Blades Alr Copled
i (c) Vanes Ceramic, Blades Ceramic
e @ Vanes Ceramic, Blades Watercooled
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" TABLE 5. 2~RECUPERATED OPEN-CYCLE GAS TURBINE INVESTIGATION (CONT'D. )

Dug. 256C489

- Sheet3ofé

Parametric Point 35 36 kY 38 3% an | qa a2 43 49 45 A6 47 -1 48 9 50| 51
Power Qutput, MWe K : = S o : B S s
Fuel C - - i ) . -
Distiliate X X X X X X X X X X X X1 X 1'% X X |- X
| High -Blu Gas ' ' : ' ; ‘ T . i
_Gas Turbine_ - : : - -
Intet Temp,. °F 2700 1 2200 | 2200 | 2200 1 2500 1. 2500 | 2500 | 2500 | 2500 ) 2500 | 2200 | 2200 | .00 | 2P00 | 2200 | 2200 | 2200
Pressure Ratib 8 12 16 20 |- 8 10 12 16 20- | 24 8 | 10 12 16 20 8 ]
'_R_Qanu?g | @Q@Qlalal@@ @@ @ @ [@ (@& 16 [@ |4 | @@
scuperater: S . ' . '
Efiectiveness 0.8 1081 08 !08 108 |08 |08 0808 08 J07 07 b7 j07 177109 |.09
AP/P : 0.03 | 003 4603 | 0031003 |D0.03 [0.03 | 0031003 |0.03 j0.03 10.03 10.03]0.03 j0.03 }0.03 }0.03
Interceoler Effectiveness 0.0 ogt 06|00 4{00 00 100 |0Di00 |00 00|00 |00 |00} 0O} 00 |09
Reheat o 0.0 0.0 P00 00 100 |00 |00 g0l0¢ ;00 §00 |00 |BC 100 0. | 0.0 0.0
Bottoming System o B i : . B e N
Floid
IR-12
{ Melhylamine
(1) E
Turbine Inlet Temp., °F
Bollerning Vagor Generstor’
Pinch Point AT, °F :
Exit AT, °F i - "
Gas Side, APIP . o B - ' ‘ _ ‘
127.21133.01130.2 {125.8 | 148.1 [154.7 | 157.9 | 158.5 | 155.0 149.3 | 127.5 | 13L9 | 133.2| I3L3 | 125.8 | 176.9.1 1314

Specific Powar, kW/Ibfs

Naie:

@ Gas Turhing Blade Cooling Configurations

(@ Turbine Vanes & Blades Air Cooled -

{& Vanes Ceramic, Blades Air Cooled

{C) Vanes Ceramic, Biades Ceramic .
(@} Vanes Ceramic, -Blades Watercooled




Dug. 256490

" TABLE 5.2~ RECUPERATED OPEN CYCLE GAS TURBINE INVESTIGATION (CONT'D. !

- _ Sheet 401 6
Parameiric Point 52 | 53 54 55 56 57 58 1 5% ¢ &0 6. { 62 63 64 63 65 67 68 |
Power Output, MWa j B : -
Fuel o _
Distillate X I X i X X X X X X X X X X X X X X X
High- Bt Gas : - o F :
Turtine
Iniet Temp,, °F : 2200 ) 2200 ) 2200 | 2200 ] 22001 2200 ) 2700 1. 2700 1 2700 - 2200 | 22001 2200 | 2200 { 2200 [ 2700 |- 2200 | 240
Prassure Raiio 12 16 | 20 8 10 12 16 20 3 10 12 16 20 8 18 12 16
R¢ﬁ°“pﬂ® lelelei@al @@ l@!l@|l !l el @alal@i @l @l @
| __Recuperalor : - .
Effecliveness 09 ] 0.9]0¢% 0.8 1 0.8 108 108 | 08 |08 |08 ;08108 0.8 | 0.8 [ 0.8 | 0.8 0.3
APIP _jo0t003]003 1 002(002]002 (002 [002f004;008 {004 {004,004 003 ) 0.03])0.03] 003
I IRnlercuoler Effectivenass .0 j 0.0 j.0.0 00100 {00 {00 0.0 100 /00 JOO | 00 100 Jo,8441D0.867 0.87510.80
[ cheat . 0gi 0040 - 00 6o 4.0 0,0 ] 00 {00 0.0 0.0 00 108 . K} Ni] . 0
e Botlgming Sysiem R i . : 0.0 10010 : .
Flujd
R-12
Methylamine
S0a
Turbing Infet Temp. , °F
Boitoming Vapor Generator
Pinch Pajnt AT, °F
Exit AT °F )
Gas Side, APIP . . '
Specific Power, kW/ibfs 13295 1B111125.8] 128.2] 132.6] 134.0] 132.1] ¥96.6] 126, 2] 130.7 ) 1321 | 138 4] 175,01 139.4 | 148.2 | 154.2{ 1618
Note

(D) Gas Turbine Biade cooling Configurations
Turbine Vares & Blades Air Cooled
() Vanes Cevamic, Blades Air Cooled
Vangs Ceramic, Blades Ceramic
(@) Vanes Ceramic, Blades Walercooled
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TABLE 5. 2—RECUPERATED OPEN CYCLE GAS TURBINE INVESTIGATION (CONT'D.)

Dinp. 256C49

_ Shest5of 6
Parzmetric Poinl 69 i0 i1 12 3 74 2 | 16 i1 78 i) 8 81 az 83 2 85
Power-Quiput, MWe
Fuel : .
Dislillatz X X X X X X X X X X X X X X X X X
High - Biu Gas
| Gas Turhine ) - o .
Iniet Temp,. °F 2700, | 2200 0 2200 y 2200 | 2200 | 2200 | 2200 | 2500 | 2500 1 2500 1 2500 | 2500 [ 2500 | 2700 [ 2200 | 2700 | 2200
. Pressera Ratib 2 24 8 10 12 [} 20 8 10 12 (i} 20 24 8 i0 12 16
— ol @ @Ielal®@le@le [@le [ale@6le e l6l el 6le
pcuperator
Effectiveness 0.8 0.8 | 0.8 0.8 | 08 | 0.8 0.8 | 0.8 08l o8] 08¢ 08 |08 los 0811 0.8 | 0.8
APIP 0.03 | 003003003 ]003]003 [003 [003]003}002"! 003|003 {0.03 603 (003003003
Interconler Fffectiveness 090 | 98! 06 (00 |00 |00 |00 |00 {ob] o0 00] 0ofo00 |00 0.0 0.0 | D.O
Reheat 0.0 00100 [0 Joo | 0o 0.0 0.0 { 0.0} oo | oo 00 |08 {00 001.001 00
Bottoming System
Fluid
R-12
Methylamine
509
Turbine Inlet Temp., °F .
Boltoming Vapor Generator
Pinch Paint AT, °F i
Exil AT, °F
. Gas Side, AP/P 1
Specific Power, kW/Ibls 1657 {167.9 | 136.9 {1441 |145.2 |id5.6 | 141.1{156.4 |163.6 |[167.2 [ 768.8|165.9 1160.8 |147.3 | 152.1 | 155.7 | 156.0

Nobe:

(1) Gas Tutbtne Blade Cooling Configurations

(@) Turbine Vanes & Elades Alr Cocled
(b} Vanes Ceramic, Blades Air Cooled
(©) Vanes Ceramic, Blades Ceramic
(@) Vanes Ceramic, Blades Watercoaled



Pug. 2560492
TABLE 5.2— RECUPERATED OPEN CYCLE GAS TURBINE INVESTIGATION

Shest6of 6
" Parametric Point 86 87 83 89 %0 9 | 92 93 94 95 96 97
Power Quiput, MWe
Fuel
Distillate ‘ : X X X X X X X X X X X
High-itu Gas X
. L_Gas Turhine :
: -_Inlet Temp., °F 1 2% | 2500 500 | 500 | 2500 | 2500 | 2500 | 2200 | 2200 | 2000 | 2000 | 2500
_ Prassure Ratib | A 8 10 12 16 20 24 0 | 10 8 8 16
’ _.....E_Gﬂliﬂﬂ (D R i
Recuperator
Effectivensss os Joslos o8 los]og [og |08 {08 08)]08]00 i
APIP . 0.03 10.03 ] 0.03] 003 ] 0,03] 0.02 §003 {003 |0.03 | 0.03] 003 Q.0
Interconler Effectiveness 0,0 | 0.0 0,0 o0l o000 |00 |00} 00 00 | 0.0 | 0.0
"i” Reheat _ 00 (o0 |00 | cCo| 00|08 {00 {200 [00] 0000 70G9
2 Bottoming Syslem
Fluid
R-12 X
Methylamine : - X
R : 502 %X
(S _ Turhine Inlet Temp., °F 1 400 | 600 | 1000
. Bottoming Vapor Genarator
Pinch Poinl AT, °F s
Exit AT, °F ) 100
Gas Side, APIP e 0.05
Specific Pawer, kWi Ib/s 152.1 | 178.8 [ 187.6 | 192.6 | 196.6 | 195.5 | 191.7 135.7
Note: * Supercritical

(@ Gas Turbine Blade Cooting Configurations
@ Turbine Vanes & Blades Air Cooled
(@) Vanes Ceramic, Blades Air Cooled
(o) Vanes Ceramic, Blades Ceramic
(@ Vanes Ceramic, Blades Watercooled
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®
Exhaust
Silencer

Recuperator

Air

@ 1nlet

®

Compressor

Generstor

Turbine Coaling Air

BASELINE CASE CYCLE DATA SUMMARY (Point 1)

Station Pressure, psia Temperaiure, °F Flow, Ib/s
1 8.7 50 750
2 147.0 600 642
£ 991 642
4 144, 0 200 654
5. 150 - 1102 763
6 4.7 173 763
[ 600 108

Fuel: disiillate from coal (18, 700 Btu/Ib HHV} ; Flew =13 25 Ib/s
Cycle Eificlency: 37.8%
Specific Power: 131 6 kW/ (ibfs)

Fig, 5. 13~Base Case recuperated open-cycle results
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Exhaust
Silencer
. 1
Ji R
Fuel ecuparator
Alr ®
(D Inlet
@
@;
~_ ®
~ LPC HPC Turbine
Generator
@ ® Turbine Cooling Air
! WA e Conling
Water
Inlercooler
CYCLE DATA SUMMARY {Point 69 o
Statfon Pressure, psia Temperature, °F Flow, Ib/s
1 4.7 59 750
2 147.0 367 750
3 9% 150
4 204,0 425 642
5 I 642
) 2830 2200 657
i 5.0 865 765
8 14,7 581 765
9 425 108
i0 T3]
1 89

Fuel: distillate from coal (18, 700 Btu/lb HHV); Flow = 15.4 It/
Cycle Efficiency = 41 0% ‘ :
Specific Power = 165, 7 kW/ilbfs)

Fig. 5. 14--Sample recuperated intercooted open-cycle results
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is typilcal of state-of-the-art systems currently available on the commer-

cial market.

Figure 5.14 provides sample results of the recuperated/
intercooled open-cycle cases. The results are shown for Point 69 with a
' turbine inlet temperature of 1478°K (2200°F) and a combined IP and HP
compressor pressure ratio of 20 te 1, which, as shown later, represents
the most economical case of this type investigated. It should be noted
that the same amount of turbine cooling airflow was used for this case as
for the base case. This is because of the simplifying assumption that
the cooling air reQuirement is a function of turbime inlet temperature
only, In reallty, however, the lower temperature cooling air available
in an intercooled system (at a given pressure ratio) would result in a
lower cooling flow requirement. This would be reflected in even greater

cycle performance improvements with imtercooling than those shown here.

Figure 5.15 shows the cycle data for the bottoming cycles cases
with the R-12 and methylamine working fluids (Points 95 and 96, respec-
tively). The gas turbine topping cycle parameters selected for these
cases were those of Point 31, that is, 1366°K (2000°F) and 8 to 1. The
cycle efficiency for that case was 36.7%, so that the effect of adding
the bottoming eycles is a 16.6 and 20,7% improvement in efficiency with
the R-12 and methylamine cycles, respectively. The bottoming cycle tur-
bine inlet parameters used for both cases were set at 589°K (600°F) and
17.23 MPa (2500 psi) abs.

The results for the sulfur dioxide bettoming cyélé, Point 97,
are summarized on Figure 5.16. TFatr this case the gas turbine c¢ycle para-
meters selected are 1644°K (2500°F) and 16 to 1. Wote that the results
for this case are for compressor airflow rates of ééz.kg/s (975 1b/s)
compared to 340 kg/s (750 1b/s) for all ather cases. Also, the sulfur
dioxide bottoming cycle was fitted beneath a simple gas turbine topping
cycle, rather than a recuperated cycle as in the cases of R-12 and
methylamine. Point 24 represents the corresponding simple-cycle case for
which a cycle efficiency of 33.5% was calculated., This indicates that the
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@
Exhaust

J Silencer

Condenser

X Vapor
7—6}‘“’ ' Generator
ol C—j .

. - .

. | 5
Vapor Turbine Generator ' F:el g § Recuperator
Air ®
Inlet
@ Burner @
@4
@
o Compressor Turbire -
Ganerator
t.
Turhine Cooling Air

CYCLE DATA SUMMARY (Point 95 and 96)

Station P, psia T, °F h, Btu/tb G, /s
Gas Turbing

1 7 59 750,0
2 nwo 520 £59,0
3 959 656.0
4 199.0 2000 670.5
5 15.8 1057 7615
6 15.5 708 191.3 7615
7 M7 290 85.4 761.5
8 529 910
Rz
101 135, 0 102 L5 695.2
102 2941.0 11 40,3
103 2500,0 500 156, 3
0 135.0 32, 124,1
Methylamine
i3 83.4 104 109.3 '163.4
i 2694.0 1M 125.5
103 2500,0 600 $10.1
164 83.4 221 484,0

Fuel: distillete from coal {18, 700 Btu/Ib}; Flow = 11.5 ibfs
Cycle Efficfency = 42. 8% (R-12); 44, 3% (Methylamine)
Specific Pawer = 129.5 kW/(Ib/s} (R-12);

= 134, 0 kW/ (Ib/s) {Methylamine)

Fig. 5. 15~0rganic fluid bottoming cycle resuits
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REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

-

Pwg. 167952
i @ Exhaust
" V\/\ = /\NV\ —'—1 A}Silencar
l Condenser, ®
L 3
0 502

‘ Vapor
101 rti% Generor
[ ]

—

502 Turbine
Genergtor

Alr Turbing Cooling Air
Gas Turbine Generator

CYCLE DATA SUMMARY {Point 97}
Station P, psla T, °F h, Btu/lb G, Ib/s

i 1.7 59.0 975,0
2 2330 769.0 801.4
3 220,0 2500.0 825. 8
4 150 1090, 0 295, 3 999.4
3 693.0 188.7 999.4
6 408.0 115. 4 999.4
7 : 306, 0 8.8 999.4
8 W7 769, 0 173.6
m 86,0 101.3 6.7 824.0
102 449.0 110.0 66, 8 824.0
103 '436,0 158.0 9.7 824.0
104 436,0 220.0 110.8 950.5
105 2768.0 250.0 19,1 9505
106 271130 368.0 167, 5 349, 7
107. 2632.0 550.0 250.6 0.4
108 2500, 0 1000, 0 362. 8 950, 5
109 4500 662,0 308.3 126,5
118 89.5 408.0 266, 7 824.0
Il 87.8 290,0 246, 2 824,0
112 86.C 145.0 2213 824.0
13 436.0° 290.0 235.2 126.5

‘Fuel: distillate from coal {18, 700 Btu/ib); Flow = 24,4 Ib/s
Cycle Efficiency = 48. 2%
- Specific Pm._ver =238, 1 RWI_ flbfs).

Fio. 5 Itﬁ--St)2 bottoming cycle results
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Thermedynamic Cycle Efficiency % (HHV)

38

36

34

32

30

28

26

24

10

turve 679873-0

42

150 Ambient—Distillsie Fuel From Coal

Cumpl:essor
Pressure Ratio
8 10
"'7‘112
. (-3 I
Recuperative Cycle - =¥
- \ . [T
ER =0.8 ',/ V,‘ 16
i

h
fu Gas,~ |
2P ’
(&) <00 A 0]
Frar SEY
§ ! V Compressor
- ‘I/ /]r Ve / ,’2 g Pressure Ratto

90 110 130 150 170
Specific Power, kW/ {[b/s)

Fig. 5. 17 —Gas turbine cycle afficiency ve cpacific power
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effect of the sulfur dioxide bottoming cycle was to increase efficiency
by 43.9% over the simple-cycle case. Compared to the corresponding re-
cuperated cycle (Point 42}, the sulfur dioxide bottoming cycle represents
an efficiency improvement of 28.1%Z.

4.2 Results of Parametric Variation

The results of the basic gas. turbine cycle parametric investi-
gation are presented on Figure 5.17. Curves of cycle efficiency and/or
heat rate as functions of specific power (gas turbine generator net
outpirt divided by compressor inlet airflew) are drawn at constant turbine
inlet temperature and constant compressor pressure ratlo for both recu-
perated (at Ep = 0.8 and AP/P = 0.03) and simple (ER = 0,0 and AP/P = 0)
cases, These show the general trends of improved cycle efficiency with

increased turbine inlet temperature.

At constant tempe:ature, the nature of the pressure ratio
effect upon efficiency is seen to be reversed for the two cases. For the
recuperated cycle, efficiency peaks at a relatively low pressure ratio
and falls off steeply as the pressure ratio is imereased. This iz actu-
ally the result of decreasing gains through fecuperation as the compres-
sor discharge temperature increases, with increased pressure ratio, to
approach the turbine exhaust’ temperature. At higher.preseure ratios, the
turbine exhaust weuld actually be colder than the compressor discharge
and negative recuperetion‘would occur, resulting in an efficiency loss.
This can be seen where the efficiency curves for the recuperative cycles

fall below those for the corresponding simple-cycle cases.

In general, Figure 5.17 shows that a substantial gain in effi-
ciency can be realized by recuperation. For example, the base case at
1478°K (2200°F) and 10 to 1 has a cycle efficiency of 37.8% which repre-
gents a 23.2% improvement over the corresponding simple-cycle efficiency of
30.2%. Comparing the peak efficiencies shown for a 1644°K (2500°F) tur-
bine inlet temperature, a recuperative cycle with a 10 to 1 pressure
ratio would have an efficiency 13.3% greater thar a simple cycle with a

=

24 to 1 compressor,

v
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Thermadynamic Cycle Efficiency % (HHV

»

Curye 675871-8

1S0 Ambient—Distillale Fuel From Coal
Typ = 2200°F

Comprossor

an ) Pressure Ratio

Recuperator

fiectiveness
38 Effettivenes

36

3

32 -
122 126 130 134
Specific Power, kKW/{ib/s)
" Fig. 5.18

Gas turbine recuperator performance variations

Thermodynamic Cycle Efficiency % { HHV)
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38

36

K14

32

" Presstre Ratio

Compressor

20

122

124~ 130 134
Specific Pawer, KW/ (ibfs)
"~ Fig. 5. 19




-Also of significance is the observation that efficiency gains
through turbine inlet temperature increases at a given pressure ratio are
_ greaker for the,recuperéfed cyéles. For éiample, at a pressure ratio of
12 to 1, an increase in turbiné inlet temperature from 1366 to 1644°K
{2000 to 2500°F) results in a 9.4% gain in efficiency with recuperatlon,
but the corresponding simple—cycle paramatrlc variatxon results in only a
2.2% gain. ' :

The results of varying recuperator design parameters are shown
~ on Figures 5.18 apd 5.19. The former shows the recuperator effectiveness
on cycle éffidiency, and the latter shows the effect of Eécuperatot pfes;
' suré:drpp (gaé side + air side) at constant effectiveness. The signifi-
cant impact of effectivenass at a2 louer cycle pressdre ratio is evident.
This is expected since, as discussed earlier, the benefit of recuperation
is'greateét with large temperature differences between turbine exﬁaust
and compressor discharge. At 20 to 1, there is essentially no improve- '
meat in performance with an increase in recuperator effectiveness from
0.70 to 0.90. |

Only a ﬁegligible effect on performance was cbserved over the
vhole range of pressure drop variation investigated.

The results of investipating the effect of substituting uncooled .

ceramics for air-cooled components in a recuperative cycle are presented
on Figure 5.20, Effi:iency as a function of specific power curves is
shown for the air-cooled ceramic vanes and ceramic vanes/blades cases
evaluated at 1478 and 1644°K (2200 and 2500°F) with parametric variation
of compressor pressure ratio. The cooling air usage variation assumed
for this investigation was discussed earlier and was shown in Figure 5.12.

The results show that a gain of about five points in efficiency (or a

12.7% improvement) and an increase of nearly 21.3% in power output can be

realized with the indicated reduction in the required amount of cooling
air at the 1644°K (2500°F) turbine inlet temperature. Further, it is
shown that a ceramic turbine at 1478°K (2200°F) inlet temperature provides

a gignificant performance advantage over an air-cooled system operating
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Thermodynamic Cycle Efficiency % {HHV)

Curve 679872-p

46 150 Ambient—Distillate Fue!l From Coal
Compressor
' Pressure Ratio

—w—- Ceramic Vanes

—-— Ceramic Vanes & Blades
a2

40

38

Pressure Raﬁo 12 -

36

16}
/ ER =0,8
34 AP 0, 030
204 ,
- :
100 120 140 1% 1% 260 220

Specific Power , KW/ {16/s)

Fig. 5, 20—Cycle efficiency vs specific power for gas turbine recupera{iVe
cycle blading variations ‘
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at 1644°K {2500°F)., Although this turbine cooling variation was examined
for only the recuperative~cycle, similar results would be expected for

the simple-cycle case.

Figure 5.21 displays the results of the investigation of the
effect of intercooling upon recuperative cycle performance. The curves
show efficiency vevsus specific power for the 1478°K (2200°F) turbine
inlet temperature selected for the study. Significant effects were ob-
served. The optimum cycle pressure ratio shifis upward from
about 10 to 1 to 16 to 1. This results from the lowering of the compres-
sor discharge temperature and the effect that this has upon the benefits
of recuperation. Also, 2 gain of about 3.6 points (or nearly a 9.6% im-
provement) in peak efficiemcy and of 23.9% in power output {at peak effi-

ciency) were calculated.

Figure 5.22 displays the results of the computations of the
bottomed cycles in relation to other selected open-~cycle parametric .
peints. It can be seen that the bottomed cycles resulted in the highest
effiéiencies, even though the R-12 and methylamine cases utilized a
relatively low-temperature [1366°K (2000°F)] gas turbine. (The unbot-
tomed cycle point is also shown for ccmparisoﬁ.) The sulfur dioxide
bottoming cycle represented the highest efficiency (48.2%) and specifie
power [nearly 529 .1 kW/(kg/s) (240 kW/{lb/s)} of all cases studied in
this category. The various other cycle points with the same gas turbine
parameters are plotted for comparison, as is the base case point and an
intercooled recuperated-cycle point. The result of the ease calculated
with high~Btu gas fuel is also showu.

5.5 Capital and Installation Costs of Plant Compeonents

The approach for developing plant capital costs has been first
t;!develop, as completely as possible in the available time, a descrip-
tion of the base case plant. Pricing data are developed for this plant
and subsequently expanded for the remsining parametric points.

@
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Plant Efficiency, %{HHV)

tarve 630291-3

Air Cooled Simple Cycle
. S0, Bottoming
pr| ZT|'|'= 2500°F, pc=l6
Air Cooled Recuperative Cycle Point 97
461 Methylamine Bottoming Cycle
- Pt %ﬁ‘;}Tn= 2000°F  Ceramic Vanes and Bladed
Point 95 =0 ) Pc =8 o Recup. Cycle

42" Intercooled = B Af =
|_Recup. Cycle AR

MOy = 2200°F, p. =20 Ceramic Vanes Recuperative Cycle
T ' ve O 1. = 2500°F, p. = 16
38— Basecase o T e
© Air Cooled Recuperative Cycle
31— Air Cooled = TyT = 2500°F, p_=16
Recup. Cycle " ¢
Uk Tjy = 2000°F
pc =8 o Air Cooled Simple Cycle

Air Cooled Recuperative Cycle -
0~ Ty =2200°F, High-Btu Gas p, =10

28 -
% | | L |
50 100 150 200 250

Plant Specific Power, kW/(Ib/s) (Based on compressor inlet air mass flow rate)

Fig.5. 22 —0rganic bottomed cycles cycle efficiency versus specific power
(Iso Ambient Distillate Fuel from Coal Unless Noted)
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5.5.1 Description of the Base Case Power Plant

The power plant arrangement for the base case is shown in
Figure 5.23, and the overall ECAS study plot plan arrangement is illus-
trated by Figure 5.24. The power plant consists of four nominal 100 MW
recuperated gas turbines for an overall plant rating of approximately
400 M. The fuel selected for use is a distillate derived from coal. No

major heat rejection equipment, such ag cooling towers, is required.

5.5.1.1 Starting Package

The starting package is a self-contained module which provides
break-away torque for initial rotation and acceleration to self-sustaining
speed. This electrically operated device also contains provision for
slow roll of the combined turbine and generator shafting during cool-down
periods.

5.5.1.2 CQGenerator and Exciter

The generator and exciter are directly coupled to the gas tur-
bine shaft at the compressor end. The generator is hydrogen-cooled and
uses shaft-mounted axial blowers for hydrogen circulation within the

generator.

5.5.1.3 Gas Turbine

The conceptual design selected for the base case gas turbine is
shown in F&gure 5.25. The 60 rps (3600 rpm), single-shaft design incor-
porates an axial-flow compressor passing 340 kg/s (750 1b/s) at a pres-
sure ratio of 10 to 1. The multiple-can burner system raises the products
of combustion temperature to 1478°K (2200°F) at the turbine inlet, The
three-gtage turbine utilizes air cooling of vanes and blades, incorporat- -
ing impingement/convection/film-cooling techniques. The unit utilizes
two £luid film journal bearings, horizontal joint comnstruction, and com-

pressor end drive; and features fully assembled rail shipment capability.

5.5.1.4 Recuperator System

The heart of the recuperator system 1s an advanced type tension-

braze plate-fin heat exchanger. A conceptual picture of one module of
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Fig. 5.24—Recuperated open-cycle gas turbine plant base case
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i .
such a heat exchanger is.shown in Figure 5.26. The unit uses thin gauge,
400 series 88, in a lightweight design optimize& for cyclic duty operation
at turbine. exhaust temperatures of about 866°K (1100°F). The cold-
alr piping Is constructed of carbon steel, and the hot-air return piping
is 1-1/4 Cr alloy steel. Series 300 SS bellows-type expansion joints are
used for this design.

5.5.1.5 Gas Turbine Auxiiiary Skids - .
The self-contained mechanical skid assembly includes lubricat-

iné oil pumps, filters and reservoir, air-system pressure switch and
gauge caﬁinet, and seal oil system., Included in the electrical and con-
trol skid are the battery equipment, motor control center, voltage regu-
lator, generator relay panel, and certain control equipment. The fuel

. skid includes fuel pumps, filters, and related eguipment,

3.5.1.6 Switchgear
The switchgear equipment includes the isolated phase bus, oil-

.eircuit breakers, the disconnect switch, and the main and auxiliary trans-

formers."

5.5.1.7 Balance of Plant

Due to the compact mature of the power plant, a site located

outside of a city near an industrial area—not the Middletown site—has
been selected. Railroad service conmsisting of two parallel spurs, each
with a 20 teuk-car capacity, has been provided for fuel delivery. Two
oll~storage tanks of API standard construction are sized for 2.592 Ms

(30 day) operation at a capacity factor of 45%. The tanks are positioned
on a compacted sand foundation and are surrounded by 2 retaining dike

system.

Foundations for the power plant are reinforced concrete not re-

quiring pile supports,

The station building—S557 m2 {6000 ftz) floor area—includes
all mecessary offices, plant maintenance, control room, and toilet and

locker facitilies. It is designed for steel frame and concrete block or
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Table 5.3 - Approximate Size and Mass of Base Case
Recuperated-Cycle Major Components

Component Basic Dimensions, m (£t) Mass (Weight), kg (Ib)
Gas Turbine Length Diameter
*
Turbine section 3.0 4.0 75,300
*
(10.0) (13.3) (166 ,000)
Compressor section 7.1 3.2 88,000*
%
(23.3) {10.4) {194,000)
Recuperator, Module Length Width -Height
(Three required) 8.3 3.0 3.6 34,000
(27.0) (9.8) (11.8) (75,000)

%
Includes recuperator

piping mass (weight).

-



insulated metal siding. Steel frame metal siding enclosures are provided

for fuel oil tank farm fire protection equipmént.

The fuel unloadihg station is designed for rail or truck de-
iivery and inﬁludes three 94.63 1/s (1500 gpm) pumps. Three 50% capacity
fuel transfer pumps supply the pas turbine units through a common header.
Complete fire prutectibﬁ is provided, including a liquid foam system for
the fuel oil tank farm and unloading station and a deluge system at the

- main transformers.

The control room, located in the station building, includes the

computer control packape for the gas turbine units.

One three-phase, 500 kV tramsformer is supplied for each gas

" turbine unit.

5.5.2 Approximate Sizes and Welghts of Major Components

Major tomponents of the recuperated open-cycle gas turbine sys-
“tem, Bimplest of the ECAS energy conversion concepts, include the gas tur-
bine engine and the recuperator. The relative sizes of these components
are illustrated‘by the power plant arrangement plan view of Figure 5.23.

A more detailed listing of the size 'and mass of these major components of
the base case is given in Table 5.3. ‘ '

It is Important to note the arbitrary nature of the classifica-
tion of the sections of the gas turbine unit. The compressor, turbine,
and combustion sections (for most open-cycle turbines) are integral parts
of_each turbomachine unit, and, therefore, the combustion section has
been gréuped arbitrarily‘with ?he compressor section. The gas turbine
would be rail shippable as a single unit, as would the individual recu-

perator modules,

3.5.3 Gas Turbine and Auxiliaries Price Determination Procedure

For the determination of parametric variations in gas turbine
price a macro (as opposed to a miecro) viewpoint has been selected. That

is, gas turbine components have heen segregated into groups of major
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functional areags for examination with respect to price analysis. For
example, compressor section stationary vane blading, combustion system,
and turbine section rotaﬁing elements have been classified as wholes for
representation by a single price as opposed to identifying sinpgle items
such as individual turbine disk forgings or individual turbine or com-

pressor Section blades.

The model for partitioning of the whole gas turbine into the
major functional groups is illustrated by Figure 5.27. A group of pro-
duction and conceptual design engines were analyzed with respect to
selling price and with prices segrepgated according to the functional
group breakdown of the model. These engines all reflect current heavy-
duty design practice and span a range in power output from approximately
25 to 130 MW. The segregated data were correlated with respect to
selected independent parametric variables and were found to be repregen-
tative over a wide range of parametric values. Additlonal price corre-
lations were developed for the gas turbine auxiliaries and ancilla;y
equipment necessary for a complete gas turbine plant. The data in nor-
malized form are displayed by Figures 5,28 through 5.43, and incorporate

the nomenclature given in Table 5.4.

Table 5.4 - Nomenclature

Glc = Compressor inlet airflow
Pa = Compressor pressure ratloe
2] = Shaft rotatlonal 'speed

" AH Combustor = Enthalpy rise from compressor discharge
to turbine inlet

« AH Turbine = Enthaipy drop from turbine inlet to tur-
bine exit
TlT = Turbine inlet temperature (temperature at

iplet'ﬁo first stationary wane row)

TZc . = Compressor dilscharge temperature.

]
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Certain aspects of the price correlation curves are worthy of

further description.

Dual curves, for different compressor pressure ratio ranges,
are shownt for pricing certsin gas turbine elements. This representation
was arbitrarily selected as an optimum means of reporting prices deter-
mined from manufacturing experience and conceptual design studies of
these selected components. The price variations reflect Fundamental
changes in the design philosophy incorporated as pressure ratio is in-

creased,

At higher pressure ratios, greater sensitivity to compressor
surge or stali during start-up and hipher operating temperatures at com-
pressor discharge‘are encountered. Typleal design approaches involve the
use of hidgher-t :mperature &lloys in the final compressor sections. In
certain cases the use of variable stationary vanes or the use of a series
éompreseor gection arrangement is incorporated for higher pressure
ratios. Such desigﬂ changes can be identified as ocecurring in the range
of pressure ratios 12 and 16 tonl; arbitrarily, the cutoff point for
price representation was assumed to occur at a compressor preésure ratio
of 12 to 1. o

For the case of the compressor stationary vane assembly price,
Figure 5.31, the higher price curve reflecte changes in materials for
high-temperature sections such as higher alloy vanes, shroud material,

and changes in design such as the use of variable stationary vanes,

In the case of the compressor rotating elements price, as re-
ported in Figure 5.32, the increased price reflects the higher-temperature
alloys materials price and the generally increased complexity in design
and manufacturing procesaes.' Similar price effects are shown on the as-
sembly cost of the rotating element, Figure 5.40, reflecting the increased
complexity of assembling higher-pressure design rotating elements.

Figure 5.42 shows the form of price correlation used for gas

turbire generators. The majority of parametric. point calculatsons were
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mada ﬁsing th; hydrogen-cooled 60 rps (3600 rpm) correlation. TFor cer-
tain calculations regarding the effect of gas‘turbine unit output on
overall plant cost, the air—coéled 60 rps (360b rpm) generator price re-~
lation was used. This type of unit is most often available commerclally
in the 25-to-75 MW size. Although shown at a slightly lower price, the
units have a ‘somewhat lower efficlency relative to hydrogen-cooled gene-
rators as a result of higher windage losses and other effects. A price

correlation for 30 rps (1800 rpm) generator is also shown in Figure 5.42,

Figure 5.43 shows the pricing correlations used for the associ-

ated gas turbine plant auxiliaries,

Two investigations regarding the accuracy of the gas turbine
price correlations were made. First, tlie degree of accuracy with which
the price relations reproduced the origlial gas turbine price data was
determined. The relations were found to be accurate to within 5% over

the whole range of varilables.

A second check was made to assess the validity of using the
price relations for extrapolation beyond the range of data used in their
generation. The relations were used to estimate the price of the concep~
tual design engine shown in Figure 5.44. This design, consisting of mul-
tiple compressor sections and separate power turbine, and projected to
operate at a firing temperature of 1644°K (2500°F) and a compressor pres-—
sure ratioc of 25 to 1, was independently priced by walue engineering per—
sonnel., The price values from the correlations and independent estimation
agreed to within approximately 10%.

Parametric price variation determination was implemented by
curve fitting and computer calculation of the many individual parametric
point values.

5.5.4 Gas Turbine Recuperator System Pricing

The recuperator system used in this study is based on an ad-
vanced plate-~fin teiuzlon-braze design of the Alresearch Manufacturing

Division of the Garrett Corporation (Referemnce 5.9). The approach used
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in expreseing parametric price variation is summarized in Figure 5.45.
This plot evpresses the variation of weight and price as a function of
pressure drop and effectiveness relative to the base recuperator for
which an accurate price estimate has been made., For parametrie point
variations where turbine exhaust temperature is different from the base
case value, the recuperator price is further modified relative to this

value according to the relationship of Figure 5.46.

The recuperator piping system consists of carbon steel piping
for the cold lines, 1~1/4 Cr alloy steel piping for the hot return lines,

and an extensive gystem of bellows-type expansion joints.

5.5.5 Tabulation of Overall Plant Material and Installation Costs

The prices of major components were determined by the proce—
dures previously described. Additional price estimates for balance of
plant equipment was provided by Chas. T. Main, Inc. of Boston. The
pricing of heat rejection eguipment, including steam turbine condensers
and cooling towers, was handled by means of parametric relations incor-
porated in the actual cost of the electricity calculation computer pro-
gram (Section 2). The input used for these and other aspects of the
calculation is summarized for the base case (Point 1) in Table 5.5.
{Inclusion of this table is made for the sake of completeness only, as
none of the recuperated open—cycle parametric points utilized steam bot-
toming cycles. Note also that the auxiliary power requirements of the
recuperated-cycle tabulation have been set to zero, as the originally
calculated plant powers and efficiencies had been caleulated with auxil-

iary power allowances.)

The direct costs for materials (equipment) as well as estimates
for installation costs were then tabulated according to account code
listing (itemized by categories, e.g., 1.0 Site Development through 21.0

Stack-Gas Cleaning) for each parametric point.

Table 5.6 illustrates the detailed account listing for Point 1,

the recuperated-cycle base case. The account listing gives first the
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Table 5.5 OPEN CYCLE SAS TURBINE

ACCOUNT WD AUX POHER#MHE PERC PLANT POW OPERATION CGST MAINTENANCE CO5T

TOTALS » 00000 00000 =00 -00000
orzh CYGLE Géﬁ TURBINE ’B“ASE CASE IHPUT

NOHIRAL PDHER: HRE k3 PON HEE 384 .8800
NOH HEAY RATEw BTUZKW=HR 9033.2188 NET HEAT RITE' BTU/®W-HR 90332185
OFF DESIGN HEAT RATE 0000
CONDENSER
DESIGN PRESSUREs IN HG A «0000 NUMBER OF SHELLS <ooape
oRaEh or " POEEEI . ¢ S S 588
ea wedEekion ’ i
HP» - Al 0 v F «0000
RREGEs E'[ <0000 OFF DESIGH Y4 'HPe F « 0089
OFF DESIGN PHRESs: IN HE A +a0Do tP TURBINE BLADE LENH» IN 0000
1 98.720 2 «378 3 000 L} « 000 5
6 =000 T «000 8 -800 a +L00 in0
11 «000 12 <000 13 1.080 14 1.000 15
16 «0800 317 40,080 18 +000 19 Uﬂﬂ 20
21 1.000 22 4#950.00 23 +000 24 0. 0on 25
26 0060 27 £000,088 28 «000 23 BBSDBBG «dp0 30
33 =300 32 E0.,000 33 <000 34 -ZBB 35
36 ZUBBUD.BDE 37 008 3B 1.000 39 1.080 &0
3] +0CH 42 000 43 <000 #& e0000.000 45
BE «008 §7 »0nn 48 3.000 9 1.000 50
51 «000 52 - 000
1 000 2 §.000 3 8.00°, ] 4000 -]
b 4« 000 r 4,008 8 1026700.000 g =050 10
11 «050 12 21B6900.800 13 +0580 14 1168100.000 15
16 2UG1280.0080 17 -180 1a 940700.000 13 «10ft 20
2_1_ «350 27 Ia5000,000 23 231600.000 24 000 25
26 i881100.080 27 «150 23 «J00 29 .00 30
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Table 3.6

ACCCUNT NOe E NAMES

SITE CEVELOPMENT

le 1 LAND COST

1= 2 CLEARIKE LAND

1. 3 GRADINE LAND

le 4 ACCESS RAILROAD

1. 5 LOOP RATLROAD TR
1. & SIDING R R TRACK
1s 7 OTHER SITE CUSTS
PERCENT TOTAL ODIRECT

EXCAVATION B FILINE

2. 1 COHMON EXCAVATION

2o 2 PILING

PERCENT TOTAL DIRECT COST I

-

B EC LN Lo
Ma » ¢

FUEL FROCESSINS

b P b o

HOHHEHOOO
Znrrrpug

OPEN CYCLE GAS TURBINE
PARAMETRIC POUINT NO.

ACCOUNT LISTING

60,00  346500.08
346500200

AMOUNT  MAT S/UNIT INS s$/UNIT
13 40.0 10000.00 «00
E 13.3 +00 &00.C0
13 4040 « G0 3o000.00
E «0 115000.0 1100800.00
E g 120080.0 79000.20
[ 1.0 1ZEDDBLO 300060.a0 1
E 0 o «Qan
ACCOUNT 1 = 1.,E75 ACCCUNT TOTALeS E
3 1L4550,68 «0 3.C0
T 33600.0 « 50 Ba.5C
ACCOUNT 2 = 1.158 ACCOUNT TOTAL:S
Yp3 4950.0 1G.00
Yo3 =0 «0C «0G
IN ALCOUNT 3 = 1.345 ACCOUNT TOTALeS
o0 0 =00
-g .5 00
ACCOUNT & = .COO ACCOUNT TOTALeS
ON 600.0 850.00 175.00
PH . 1800.00 750.B0
FT P «00 «20
CH 1 00 M
N ACCOUNT 5 = 48397 ACCOUNT TOTALeS
T3 -0 16 +16
12 6200.0 16.00 1g.00
12 «1 1Zz.00 8.00C
N ACCOUNT B = L3326 ACCOUNT TOTAL+*S
H -0 « 00 00
H «0 00 .08
L B8850C0C.0 ao =0
ACCOUNT 7 = 2.578 ACCOUNT TOTAL#S

. «0 -00 00
PERCENT TOTAL JIRECT COST IN ACCOUNT 8 = ,000 ACCOUNT TOTAL+eS
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809000.00

390000.00
a0

00
390000.00
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+00
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IZDUUD DU
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Table 5.6
Continued

ACCOUNT NDe 2 NAMEs UNIT

FIRI?G SYSTEM
Qa
PERCENT TOTAL DXIRECT COST IN ACCOUNT

YAPOR GENERATOR tFIREL)
S2R&cnT TOTAL DIRECT COST IN ACCOUNT

ENERGY CONVERTER
11e G TuR

1 GAS TURB cOMP SECT EA
11. 2 BAS TURE COMB SECT EA
11. 3 5AS TURB TURB SECT A
1le 4 GAS TURE ENG AUX EA
11. 5 GAS TUR3 GENERATOR EA
17« 5 € T MUFFLER B COOLER: EA
11e 7 GAS TURB ENG MISC EA
PERCENT TOTAL DIREGT COST IN ACCOUNT

COUPLING HEAT EXCHANGER
FERCENT TOTAL CIRECT COST IN ACCOUNT
HEAT RECOVERY HEAT EXCH

13. 1 RECUPERATOR & PIPING
PERCENT TOTAL DIRECT COST

A
ACCOUNT

E
IN
ER TREATMENT
RCENT TOFAL OIRECT CGST IN ACCOUNT
ER COND EIONING
SID ANSFORMER KVA 48253
AL DIRECT €OST IN ACCOUNT

QUIPHENT
PUMP EDR.KWE

SYS KHE 13674
L%R PPH
ECT COST IN ACCOUNT

Lt
Ve

T
£

]
Ino

1 b A b
LRamnC
Mle & 8 8 3¢

ON &
N ACCOUNT

«0 00 <00

9= LODD ACEOUNT TOTALsS

=0 <10 .00
10 = 000 ACCOUNT TOTALsS
4.0 1D26700.00 §1335.00
4.0 307300400 15365.08
f.,0 2165300.00 108345.00
4.0 11e8100.00 162534.00
h.0 2061200400 185506409
4«0 240700.00 94070 .00
4,0 27470000 9614500
11 =E2.802 ACCOUNT TOTALeS

«0 -00 «00
12 = .COO ACCOUNT TOTALesS

4,0 1381100.C3 262185.00
13 -15,.GBB ACCOUNT TOTALrs
o0 00 Wk
14 = 000 ACCOUNT TOTALsS
1.1 00 00
15 = 4.991 ACCOUNT TOTAL+S
.0 .00 .00
«0 «88 vl?
Ga2 1.17 13
uf! 4,00 «80
15 = 471 ACCDUNT TOTALeS
UG 3000.00 1800.00
17 = .522 ACCOUNT TOTALeS
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Table 5.6 OPEN CYCLE 6
Continued PARAMETRIC PO
ACCOUNT NO= & NAMESs UNIT AMOUNT
AUXILIARY ELEC EGUIPHENT
1%a )} MISLC MOTERS 8116042
18« 2 SWITCHGEAR 5 HCC PAN KWE 91160.2
18« 3 CDNDUIT!CABLES.TRAYS FT 200000.0
18- 4§ ISQLATED PHASE BUS FT N
18« S5 LIGHTING & COMHUMN §55300.8
PERCENT TOTAL DIRECT COST IN ACCOUNT 18 =
CONTRCL » INSTHUMENTATICN
19. 1 COMPUTER SACH 1.0
19. OTHER CONTROLS LACH 1.8
PERCENT TOTAL DIRECT COST IN ACCOUNT 19 =

PROCESS WASTE SYSTEHS
PéRCENT TOTAL DIRECT COST IN ACCOUNT

g;nc¥ GAS CLEANING
PERCiNT TOTAL 6IRECT COST IN ACCOUNT

TOTAL DIRECT COSTSe+S

AS TURBINE
INT NO. 1

MAT S/FUNIT

la40
1.%5

510 UG

ACCOUNT LISTING

INS

35
5.455 ACCOUNT

« G0
«300 ACCOUNT

& |

o3r
or

000 A

5-81

OUN

S/UNIT MAT COSTes
w17 1276524.22
o45  1¥177BZ2.30

1.356 254000.,00
450.00 00
159530.27

TOTALYS 2288316.72
«00 92640000
3E000.00 eR00C .00
TOTALe S 985400.08
=-0n 00
TOTALsS <00
«00 =G0
TOTAL»S 00

43120263.00

NS COSTes

7036228.56



OPEZN CYCLE GAS TURBINE SUMMARY PLANT RESULTS
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unit measure and quantity for each item, followed by the unit cost and
unit installation cost, and finally the total equipment and installation
cost. At the end of each account section is listed the percent of the

total equipment and installation cost contained within that account.

Similar cost tabulations were provided to NASA Lewls Research
for the remaining parametric points. Only the suﬁmary sheets are included
here as Table 5.7. In this tabulation, major component (e.g., gas tur-
bine compressor, combustor, turbine section, etc,) total direct material
costs are itemized for each parametric point. Additlonal information
tabulated includes those remaining costs going to make up the total plant

cost.

These are each expressed on a dollar per kilowatt hasis. Note
that line 1, "Total Capital Cost." for each point expresses the total
cost on a straight dollar basls for the categories making up the total

plant cost, namely the costs of:
e Total direct major component material
o Balance of plant direct materilal
e Site labor
e Indirect expenses
o TProfessional services and ownership costs
@ Contingency
@ FEscalation
o Interest during construction.

Cost of electricity data for each parametric point are given in this rabu-
lation and list the breakdown with respect to capital, fuel, and operating
and maintenance costs; as well as the effect of selected parameters on the

cost of electricity.
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5.6 Analysisc of Overall Cost of Electricity

Using the tabulated capital coasts for the recuperated open-
cycle gas turbine systems in conjunction with calculated power plant ef-
ficiencies, and designated values of fuel price, capacity factor, time of
construction, fixed charge rates, contingency provisions, and escalation
rates, the cost of electricity was computed for each parametric point
variation. The results of these calculations, summarized for each para-

metric point, are given in Table 5.8.

In addition, a more detalled examination of the effects of

selected parameters included:
@ Labor rate
o Contingency
® Escalation rate
@ Interest during comstruction
o Fixed cha:ige rate
@ Fuel cost
e Capacity factor.

Table 5.9 gives the results of the variation of these parameters omn the

overall cost of electricity for the base case,

The effect of the basic gas turbine paramerere of compressor
pressure ratio and turbine inlet temperature on the cost of electricity
waé.investigated for both simple and recuperated gas turbine plant ar-
rangements. By comparison with other ECAS energy conversion systems,
these recuperated gas turbine plants are generally well suited for low-
capaclty factor operation. It is important, therefore, to consider in
addition to compressor pressure ratic and turbine inlet temperature the

effects of capacity factor on the overall cost of electricity.

In Figure 5.47 the simple cycle cost of electricity variations

are plotted against compressor pressure ratio and turbine inlet temperature

5~89
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turve 580367-A
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Fig. 5,47 —Effect of turbine inlet temperature and compressor pressure ratio on
cost of eleciricity for a simple gas turbine cycle
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for capacity factors of 12, 45, and 65%. The results show that for all
capacity factors, the cost of electricity steadily decreases as turbine
inlet temperature increases. Further, it indicates that higher compres-
gor pressure ratios (above 16) generally give the lowest cost of electri-
city only at the highest turbine inlet temperatures investigated.

Results for simllar calculations using the recuperated gas tur-
bine cycles are shown in Figure 5.48, These results, all calculated for
recuperator effectiveness of 0.8 and recuperator pressure drop of 0.03,
similarly show that the cost of electricity'steadily decreases as turbine
inlet temperature is increased. It should be noted that the optimuh
pressure ratlos for this recuperated cycle are generally lower than those
for the simple cycle,

Figure 5.49 compares representative results of both the simple
and recuperated cycle at the various capacity factor levels. At each
capacity factor identical wvalues of Q&M expense were used; and for each
system, compressor pressure ratlos near the optimum for each system were
selected. The results indicate that for these conditions the simple cycle
enjoys a cost of electricity advantage at the 12% capacity factor, and
the recuperated'cycle enjoys the advantage at both 45 and 65% capacity

factor.

All of the above studies were performed in conjunction with the
use of conventionally air-cooled turbine blading. Additional z.teution
wag focused on the application of ceramic turbine blading. The results
of this.work are ghovm In Figure 5.50. Two levels of ceramic blading im-
plementation have been introduced. First, ceramic stationary vanes in
conjunction with air-cooled rotating blading have been considered; and
second, both ceramic stationary vanes and rotating blading have been uti-
lized. Each case has been considered at turbine inlet temperatures of
1478 and 1644°K (2200 and 2500°F}. Cost of electricity results plotted
against compressor pressure ratio indicate an optimum value of pressure
ratio at 1478°K (2200°F) turbine inlet temperature of near 10 to 1. At
1644°K (2500°F) turbine inlet temperature, the optimum value is 12 to 1,
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Fig. 5.49 —Effect of turbine inlet temperature on the cost of electricity for simpie
and recuperated gas turbine cycles using equal operating and maintenance costs
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Curve 680370-A

ol | |
| Cawacitor ~ 2200°F
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Fig. 5.50 —Effect of ceramic blading turbine inlet temperature and compressor pressure
ratio on cost of electricity for a recupera’ced gas turbine cycle |
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In neerly.all cases the use of both ceramic vanes and hlades yields a
1owe# calculated cost of electricity than does the use of ceramic vanes
alone. e

. The influence of recuperator effectiveness on the cost of elec-
triclty has been investigated for a turbine inlet temperature of 1478°K
(2200°r) used ia conjunetion with air-cooled vanes and blades. The re-
sults plotted in Figure 5.51 show the cost of electricity versus compres-
eof éressufe ratio for three ﬁaluee:ef capacity factor. It is evident
that capzecity factof'piays:e significant.role in determining optimum re-
cupe;atof effectiveness. A closer look at the influence of recuperator
effectiveness is shown in Figure 5.52. This curve for 1478°K (2200°F) _
turbine inlet temperature and 10 to 1 compressor pressure ratio shows
that for a 45% capacity factor operation, the optimum recuperator effec—
tiveness is 0.83; and for a 127 capacity fasctor, the optimum value is
0.73.

The use of compressor intercooliny in conjunction with recu~
peration has been studied at a turbine inlet temperature of 1478°K

(2200°F). In this analysis, compressor pressure ratio was varied, and

recuperator effectiveness was held constant at 0.8, The results of this

calculation, as compared with the corresponding nonintercooied'eycle vari-
ation, are shown on Figure 5.53. The first significant result of this
comparison is that compressor pressure ratlo optimizes at much higher
values for the interccoled cycle, the optimum being 20 to 1 as compared

with 10 to 1 for the nonintercooled case. The secoad important result is

- that: optimum cost of electricity is generally lower for the intercoeled

case than. for the nonintercooled variation.

Natural resource requirements consisting of ‘coal requirements

‘and land usage have beenicalculated for eech parametric point. These re—

sults are given in Teble 5.10. The coal usage rates for this tabulation

 are based_en initial amounts required prior to coal processing.
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Curve 682142-A
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Fig. 5.52 —Influence of recuperator effectiveness on cost of

electricity
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Curve 6820824,
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Fig.5.53 —Recuperated cycle cost of electricity

comparison intercooled and non-intercooled
cycles
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OPEN CYCLE GAS TURBINE NATURAL RESOURCE
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5.7 Conclusions and Recommendations
5.7.1 Conclusions

An analysis of the recuperated open-cycle gas turbine system
in comparison with the other ECAS Task I power ganeration-ccncePts indi-
cates that the simple cycle, recupefated cycle, and raéuﬁerated eycle
with intercooling are lowest in cosp.of electricity over a wide range o

intermediate-~ and low-capacity Ffactors.

Conclusions regarding identification of optimum cnnfigurations
within the scope of the recujerated gas turbine cycle can be drawn with

respect to Several eriterdia.

It was determined that cost of electricity is a steadily de-
creasing funetion with progressively higher turbine inlet Eemperatures;n_
This result was found to apply to both simple and recuperated cycles '
(turbine inlet temperature variations were not Btudied with the inter;
cooled recuperated cycle). Further, up to the maximum turbine inlet teﬁ~
peratures studied, 1644°K (2500°F), no minima in the cost of eléctricity '

versus turbine inlet temperature curves were found.

Selection of compressor pressure ratio for a minimum cost of
electricity is a function of several variables, the pfincipal ones of
which are turbine inlet temperature, cycle configuration and capacity
factocr. TFor the'simple cycle at 12% capacity factor,'dptimum pressure
ratios for turbine inlet temperatures 1478 to 1644°K (2200 to 2500°F) lie
in the range of 12 to 16 to 1. TFor the nonintercooled recuperated-cycle :
configuration at a 1478°K (2200° F) turbine inlet temperature and 45%
capacity factor the optimum compressor pressure ratio is approxlmately 10
to 1, while at 1644°K (2500°F) and the same capacity factor the optimum
is 12 to 1. The recuperated cycle with compressor intercooling has
markedly higher optimum compressor pressure ratios., At a turbine inlet
temperature of 1478°K (2200°F), it was determined. that the Optimum.comu
pressor pressure ratio is 20 to 1,

-Of the recuperator parameters studied, recuperator effective-

ness has the most significant impact on the cost of electricity. In turn,
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gelection of recuperator'e*ﬁec*iveness for minimum cost of electricity is
strongly influenced by power generation capacity_factor, as discussed in
Section 5.6. It is concluded that since the recuperated cycle is ideally

suited for intermediate duty, the optimum recuperator effectiveness ideh:“““=~\_\_x

tified for 45% capacity factor (recuperator effectiveness 0.83) should be T

used for further conceptual design and development assessment work.

Related studies have shown the iast—row turbine blade to be a
key limiting item in higher-temperature design considerations. Due to
the relatively low optimum compressor pressure ratio of the noninter-
cooled recuperated cycle and the corresponding higher exhaust tempera-
tures, the potential problem is especially important., Although not
explicitly determined in this study, it has been tentatively concluded
that uncooled last-row turbine blades of :onventional materials would not
have sufficient strength and life for opzvation at higher temperature
conditions than 1478°K (2200°F) at a 10-to-l compressor pressure ratio.
Higher temperature recuperated-cycle operation with the size of units
under consideration will in all likelihood require a breakthrough in ma-

terials development, such as fiber-reinforced composite blading materials.

The performance and cost results for the intercooled option are
most encouraglng. Relatively little optimization of parameters was per-
formed, however (turbine inlet temperature variations were not considered;
the effect. of water condensation in the compressor was not comsidered;
and a complete turbomachine cross-sectional arrangement drawing was not
prepared). Further work in defining more completely the coneceptual plaat
layout would be most useful.

5.7.2 Recommendations

In order to realize the potential benefits of the recuperated
open gas turbine cycle and its associated variations, development work
must proceed in the following areas:

® A tenglon-braze plate-fin recuperator capable of low-

capacity Factor cyclic operation with low maintenance
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5.8
5.1

3.2

requirements at turbine exhaust temperatures to 922°K
(1200°F) is not currently coﬁmercially availlable.
Development of such a unit will be required.

e Turbine blade air-cooling technlques, capable of con-
tinuous operation tb af least 1644°K (2500°F) or
higher must be developed to achieve maximum benefit
with the recuperated cycle.

e Material developments in the areas of turbine blading
and combustion section components will be required to
realize the benefits that accrue from minimizing the
expenditure of cooling air. Recommended areas for
development include the application of ceramics to
turbine blading and combustion section components.

@ It is recommended that composite fiber reinforced
turbine blade development be initiated for eveatual
application in last~row turbine blade designs.

@ Preparation of a more complete conceptual design
study of a recuperated, intercoocled gas turbine power
plant is recommended. To be included in such a study
would be a detailed engine eross-sectional design,
selected thermodynamic parameter variation, and con-
sideration of specific operational details such as

compressor condensation.
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