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SUMMARY

A three-part study was conducted to evaluate the feasibility of using hydrogen
and oxygen or air combustors in power conversion systems (PCS) for the genera-
tion of electricity. The three tasks in the study were organized te perform a
technical and marketing evaluation of several PCS's in Task 1, and to select
the most promising three for evaluation in Task 2, The effort in Task 2 was
to perform additional technical analysis of the selected PCS, including pre-
liminary combustor design, and to perform an economic evaluation to determine
cost of electricity (COE). At the conclusion of Task 2, one of the PCS's was
to be selected for the Task 3 effort, which was to perform a plant conceptual
design. The study results show that several applications for H»/02 or air
combustor are attractive. The supplementary steam generation (SS8G) applica-
tion is a near-term system that has the petential to solve current problems at
a low development cost and low capital and operating cost.

TASK 1 - IDENTIFICATION OF POTENTIAL APPLICATIONS AND DEFINITION
OF CANDIDATE PCS

The PCS's identified in Task I were as follows:
(1) Retrofit Systems (Supplementary Steam Generation)

This involved replacing old or worn out boilers, still having serv-
iceable turbogenerating equipment, with a H/02 combustor. This ap-
plication was found to be attractive but, in review with our con-
sultants, principally Commonwealth Edison, a modification eof this
application was developed called the supplementary steam generation
(88G). 1In this concept, a H3/0p combustor would supply makeup steam
directly to a systen that has been derated for one of many reasons,
including emission control requirements, fuel changes, or boiler
loss of efficiency.

(2) Nuclear Superheating Systems

a. A direct inspectlon of H;/0p combustion steam for pressurized
water reactor (PWR) systems

b. An indirect superheating by means of a H2/02 or air cembustoxr
for boiling water reacter (BWR) systems

(3) Advanced Steam Systems
a. The Ericsson cycle incorporating several reheats (reburns)

b. A high-temperature steam cycle with turbine temperature range
to 2000 F

c. A medified high-temperature cycle with partial condensing



(4) Gas Turbine Systems

a. Simple Brayton with and without regeneration
b. Brayton with regeneration and intercooling
c. Combined cycle (steam bottoming)

All systems examined were found to be technically feasible. The advanced steam
cycles and particularly the Ericsson cycle produced the highest efficiency, but
were the most complex or required signficiant advances in present state of the
art., Both the retrofit and SSG applications improved the efficiency of the
system being modified. The simple cycle gas turbine applications produced the
lowest efficiemcy, but this was improved significantly when combined with a
steam bottoming cycle.

The marketing effort of this task indicated no limitations to using a Hp/02
combustor,

The environmental assessment revealed possible problems with the disposal of
excess and potential radicactive water in the nuclear applications. Formula-
tion of NOX in the gas turbine application was also identified as a potential
problem. No other polution problems were identified. No operational preblems
beyond the present state of the art in handl]ing and using hydrogen were
uncovered.

OQutput

The analyses of Task 1 eliminated all PCS's except the Ericsson cycle, the
gas turbine and direct steam injection systems, which include both PWR (as
required by contract) and SSG.

TASK 2 - TECHNICAL ANALYSIS AND ECONOMIC EVALUATTON

This effort required a system analysis, preliminary conceptual design of the
combustor, and an economic study resulting in an estimate of the COE. Heat
and mass balances of the three PCS's were performed. Flow diagrams and sche-
matics were prepared. The sizes of the combustors for each application were
determined. Combustor cooling requirements were established. The cost of
retrofit or, as in the case of the Ericsson cycle, the cost of the new plant
was determined. Installation times were estimated and a final COL determined.

The basic result was that the S$SSG and gas turbine applications produced thes
lowest COE., Direct steam injection for a PWR system produced a high COE
primarily because the application necessitates either base load operation or
a second turbogenerating set with complex valving for peaking application.
Either of these limitations add to the COE.

The Ericsson cycle alseo produced a high COE. The cost of fuel is the major
driver in the COE of this application (when compared to a coal-fired plant
. for baseload and SSG or gas turbines for peaking. The high efficiency of this

’ . ' QRIGmP‘L Al_ﬂfl
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cycle would make this application a contender should hydrogen costs be
reduced or ccal costs be increased.

Output

It was recommended and approved that the supplementary steam application be
continued in Task 3. This was done on the basis that this application has

near-term capability, is a potential solution to several emission control and
fuel conversion problems, is cost competitive, and is readily demonstratable
at lew cost.

TASK 3 - PLANT CONCEPTUAL DESIGN
A preliminary plant conceptual design was performed and an R&D program proposed.
The combustor system was defined, including controls for operation and for mini-

mizing temperature shock. The plan system was described showing possible com-
bustor locations.

The R&D program describes a plan from combustor system development to site pre-
paration and combuster installation and proof of concept testing. This plan
can be to the point of testing within 3 years.

Output

No unsolvable problems were uncovered in the conceptuadl design installation
of the 8S8G in a typical fossil fuel plant.



CONCLUSTIONS
A market exists for all potential uses of the H2/02 combustor.

The largest market exists for direct steam, i.e., supplementary
or steam boiler replacement systems

Highest efficiency gains result from the Ericsson cycle, advanced
steam system.

Hydrogen costs limit its use In most cases to peaking applications.

Pressurized water reactor and gas turbine systems using air have
problems of potential environmental pollution.

The lowest COE is obtained from gas turbine and supplementary
steam generation.

Supplementary steam generation offers a solution to plant genera-
ting capacity loss due to emission control requirements, fuel con~
version, or boiler efficiency losses. -

Supplementary steam generatien offers incentive to convert to
coal from gas or oil without loss of generating capacity, with
early payback for conversion costs.

A supplementary steam generator demonstratien is possible in the
least amount of time at the lowest cost,

The commercial and space program records of safety in the use of

hydrogen affirms that minimum operating and handling problems will
occur with systems using hydrogen as a fuel.

Pgact-:nme PAGE BLANK NOT FuLmep



INTRODUCTION

This report is submitted in accordance with the requirements of Contract NAS3-
20388. It describes an 8-month techmical study to analyze potential systems
which utilize hydrogen as a fuel for the generation of electrical power,

A number of studies by both governmental agencies and independent utilities and
study groups have indicated that hydrogen has attractive potential advantages
as a fuel for the generation of central station electrical power., The subject
is complex in that there are many questions to be resolved in the areas of
technical feasibility, economics, safety, and environmental impact, such as the
production of the hydrogen, its transmission and storage, and its utilization
in the generation of electrical power. The purpose of this report is te pro-
vide technical and economic feasibility data on potential power conversion sys-
tems (PCS) that utilize turbegenerators for the production of the electrical
power. The study is concerned with only a portion of the spectrum of technical
and economic factors that will ultimately govern the utilization of hydrégen
for central station power generation. In the subject study, the economic and
technical feasibility of candidate PCS's is assessed relative to competitive
systems on the basis of parametric assumptions on the cost of hydrogen and
other consumables, i.e., hydrogen fuel cost is not derived in the study. The
study results are intended to be utilized in combination with the results of
other studies that will define the economic and technical feasibility of the
hydrogen production and transmission/storage systems.

The fundamental objective of this program is to provide parametric economic
and technical feasibility data on several PCS's suitable for the generation
of central station eleccrical power through the combustion of hydrogen and
the utilization of the resulting heat energy in turbogenerator equipment, In
connection with this fudamental objective, one may define specific subobjec~
tives as:

1. The identification of potential applications for the zeneration of
central station power through the combustion of hydrogen, and the
definition of candidate power conversion systems

2. A preliminary technical analysis and a preliminary economic evalua-
tion of those applications selected as most promising

3. The conceptual preliminary design of an integrated hydrogen-fired
PCS selected from among the systems studies in subobjective 2
above, '

The approack, te achieving these objectives was te conduct an 8-month technical
study consisting of a well-defined series of sequential technical tasks, with
consultation and review with NASA occurring upon the completion of each task teo
obtain approval prier te initiation of the subsequent task. The details of the
work accomplished are ‘described in this report.

The study deals with tﬁe technical, (including envirenmental effects), and
economic aspects of the utilization of hydrogeu as a fuel in hydrogen combustor/
turbine components for utilization in the central station generation of

»
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electricity., While this is only a portion of the spectrum of technical and
economic aspects of the "hydrogen economy", a wide range of technical and
economic disciplines is involved.

The Rocketdyne Division of Rockwell International led the study effort and pro-
vided the major inputs, on the technical and economic feasibility of the new
technologies that were required in the area of hydrogen combustion and heat
transfer equipment. A group of cunsultants participated in the study and cri-
tiqued the results on tie hasis of their specilal expertise. The Ralph M.
Parsons Company, an architect and engineers firm, provided expertise on overall
powerplant factours and op the effect of hydrogen fuel-burniug eguipment upon
the cost and technical §fzasibility of other portions of the powerplant. The
Institute of Gas Tethaology provided state-of-the-art and background informa-
tion on the costs and congiraints on the hydrogen fuel likely to be available
for combustion in the grudisd fastallations. the Commonwealth Edison Company
provided the viewpoint of a wajor utility on the feasibility of the concepts
studied, The Atomics Internacional Division of Rockwell International previded
the viewpoint of a major developer and manufacturer of nuclear and other power
generation equipment. The role of each of the consultants was to provide the
study input information required, in addition to the information generated by
Rocketdyne on the combustor and heat transfer equipment, to evaluate the tech-
nical and economic feasibility of each concept. Additiomally, the consultants
participated in reviews of the progress of the studies, adding the benefit of
their specialized knowledge and background to periodically critique the work
accomplished.

The technical feasibility of the concepts was evaluated largely on the basis

of the present state of the art in combustion, heat transfer, materials utili-
zation, and envirommental effects. As a part of the evaluation of the techni-
cal Feasibility, it was alsc intended to identify techmical development require-
ments. The economic feasibility of the concepts examined were a function both
of the equipment costs and the costs of the hydrogen and other input streams.
The economic evaluations are expressed in many cases in terms of the differen-
tial costs, i.e., the difference in cost/kW-hr of electricity of power produced
with hydrogen fuel as against the cost of a competitive system with conven-
tional fessil and nuclear fuels. Additionally, electrical power costs are ex-—
pressed parametrically in terms of various costs of hydrogen and eother input
streams, so that eccnomic feasibility assessments may be tied in with the re-
sults of other studies on the cgst of production, transmission, and storage

of such fuel streams,

" This study was conducted acoording to the following plan. The first task in-
volved the identification of potential applications of hydrogen combustor/
turbine power conversion systems and the definition of their content. The six
potential applications jdentified by NASA, and additiomal applicatiens identi-
‘fied by the contractor, were studied for technical and market feasibility,

The results of the study were reviewed with the contractor team and with NASA
with three of the candidate applications selected for a more detailed analysis
and evaluation. The second task consisted of a more detailed parametric
analysis and evaluation of the hydrogen applications selected under Task 1.
The capacity range studied was as appropriate for the type of applicetion,
i.e., peaking, intermediate, or baseload operation. On the conclusien of the

8 }515
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second task, another review by the contract team and NASA resulted in the selec-
tion of a single candidate application for further study. This application, the
supplementary steam generation (S8G) svstem was studied in Task TIIT and resulted
in the preparation of a conceptual design of the hydrogen combustor/turbine
power conversion system integrated with a complete central station powerplant.



STUDY OBJECTIVES AND CRITERIA

The work conducted on this contract was organized into three tasks, all con-
cerned with power conversion subsystems which convert the energy content of
hydrogen (H2) into eleetric power via combustion, and the routing of the com-
bustion products through turbemachinery.

Task 1 of the program was concerned with the assessment and cefinition of par-
ticular applications of candidate power conversion systems (PCS). For this
study, the preduction and storage of H2 and/or oxygen (0j) were assumed to have
been satisfactorily resolved. It was recognized however that both Hp and 02
may be produced in a wide variety of purities, depending upon the production
process and, in each instamnce, the interrelation between system technology and
Ho and/or 07 property specifications was established.

Several factors were evaluated in examining the likelihood for successful
application of any particular candidate Hz/07 PCS., The fundamental economics
of the application were a prime comnsideratien, and this involved, as well, the
projected size of the market for the Hp PCS application. The question of the
applicability of the particular PCS to the various duty dycles encountered in a
centra, statien power supply is also important. Those systems that are capable
of rapid and repeated startup and shutdown have the advantage of being appli-
cable to "peaking" installations as well as to intermediate and baseload in-
stallations. The economics and competitive pesition of Hp PCS's relative to
alternative systems are thus a function of the duty cyeles available.

The technology sephisticatien required for each Hz PCS is also important in
evaluating the likelihood that the PCS system can attain maturity and commer-
clal operation. The polluting effects of the Hp PCS cycle are of interest in
this regard as well as the questions of operability and safety of plant opera-
ting personnel. Peollution standards and requirements are expected to become
stricter with the passage of time and teo have a greater ifpact on station and
cyele practice than the vetry substantial impact which exists teday. The influ-
ence of cycle thermodynamic efficiency, i.e., KWH produced per unit of energy
input, is automatically ineluded in the evaluations in the areas of economic
competitiveness and potential marketability. Additionally, cycle efficiency

was evaluated in this study as a separate entity on the basis that international

political developments over the long term may well place a premium on ecycle
efficiency attainment beyond its influence in the competitive market place.

The candidate PCS's assessed during Task 1 and listed in Table 1 may be organi-

zed inte several classes as described below,

The light water reactors, (i.e., ordimary water), which almost entirely monopo-

lize the generation of nuclear power in the -‘rited States, are presently limited

to relatively low steam pressures and, more impoertantly, low steam temperatures,

by the limitations of the nuclear reactors. One can project significant im-
provefiénts in overall cycle efficiency by the separate addition ef superheat to
the steam, leaving a light water reactor. Two concepts involving the provisien
of such superheat by the combustion of Hy were examined in this effort, the
pressurized water reactor (PWR) and the boiling water reaction (BWR).

PRECEDING ppge BLANK NOT Fippgep
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TABLE 1 . PCS'S REVIEWED

e PWR Direct Superheater
e BWR Indirect Superheater
e Steam Boiler Retrofit Cycle

e Conventional Fossil Steam Plant Replacement
e Supplementary Steam Generation (SSG)*

e High-Temperature Steam Turbine Cycle

o 24.13 x 10° N/m2/1366 K/1366 K
e (3500 psi/2000 F/2000 F)

e Partial-Condensing Rankine-Brayton Cycle®

e 24.13 x 10% N/n2/1366 K/1366 K
* (3500 pSi/ZOOO F/2000 F

e Steam Ericssom Cycles

o 24.13 x 10° N/m?/811 K/811 K
e 3500 psi/1000 F/1000 F/1000 F/1000 F)

o 24.13 x 10° N/mZ/1366 K/1366 K
e (3500 psi/2000 F/2000 F/2000 F/2000 F)

® Ho Gas Turbine Cycles
e Regenerative High~Temperature 1922 K (3000 F) Open Cycle
e Regenerative Partial-Closed Cycle 1366 K (2000 F)

%These PCS's were added to the s tudy By Rocketdyne -

PWR DIRECT SUPERHEATER

The PWR operates in a mode whereby the steam utilized in the power cycle does
not pass thrcugh the reactor; the steam is generated by exchange of heat within
a completely separate high—pressure water loop that passes from the reactor
through the steam boiler and back to the reactor. In this mamner, the radiation
contamination of the steam in the turbogenerator system is minimized. The hy-
drogen combustion PCS evaluated for this system superheated the steam by the
direct combustien of H2/02 in the steam lime, under the pressure existing
therein.

BWR INDIRECT SUPERHEATER

<

The BWR is arranged so that the steam that drives the turbine is produced by
boiling water in the reactor itself, dnd this steam is inevitably contaminated
with radicactive material. The excess condensate produced by the direct com-
bustion of the H2/02 in the steam line as a superheat would be expected to con-
tain sufficient radiation activity to comstitute an unacceptably expensive dis-
posal problem. One can visualize, however, an appropriate system for the addi-
tion of surerheat by hydregen combustion that would be applicable to either the
BWR or the PWR, and this is by using H2/air or Hy/0y as fuel for a separately
fired tubular superheater. This overcemes the problem of radioactive condensate
by keeping the products of combustion separate from the steam produced by the

12 : : .



nuclear steam supply system. Such a Hy PCS system was the second candidate
evaluated in Task 1.

In addition to the application of H2 combustion to superheat nuclear steam,
is one in which such combustion would be utilized to replace boillers of con-
ventional fossil fuels, i.e., coal, oil, or natural gas,

RETROFIT (CONVENTIONAL FOSSIL STEAM PLANT)

One system examined in Task 1 uses an H» combustor te replace the obsolete
and inoperable boiler of a conventional fossil fuel-fired steam powerplant.
The obsolete boiler is replaced by a steam supply system in which Hp and 02
would be burned directly to produce high-temperature steam, and that steam
would be immediately diluted and tempered by the addition of spray water, to
produce the quantity, pressure, and temperature of steam required for the
turbogenerator of the existing power station. Such a system has the advan-
tage of providing electrical power at a minimum capital cost, in that the
turbogenerator system, electrical installation, etc., already exist. Peaking,
intermediate, or baseload power supply might be attempted depending upon the
cost of the H2/02 fuel supplies and the technical characteristies of the par-
ticular station involved.

RETROFIT (SUPPLEMENTARY STEAM GENERATION, SSG)

A variatien on complete replacement of an existing fossil-fired boiler by the
direct generation of steam from Hy/09 is the concept of supplying supplemen-
tary steam by this method. Such supplementary steam finds application during
periods ef peak loads at stations whose steam generating capacity has been re-
stricted by environmental considerations to some value less than the capacity
of the turbogenerater set. Restricted boiler capacity als¢ may arise in

cases where a conversien has been made to ceoal from eil or gas firing, and the
capacity on coal firing is less than that available on oil or gas. The appli-
catien of the Hy PCS to these situations is attractive in terms of supplying
peaking power at a minimal capital investment. The application can also be
visualized in which new ceal-fired stations weuld be provided with additional

turbogenerator and electrical station capacity over and above that required for

the coal-fired boiler, along with a H2/0, direct=fired steam generator. The
incremental cost of the additional turbogenerator capacity and Hp/fired PCS
might then be lew eneugh te make peaking power generation via H2 an attractive
economic situation,

The operating steam pressure and temperature conditiens in current central
station technology are determined at least in part by limitations imposed by
boiler and steam piping material. The single reheat 811 K/811 K (1000 ¥/

1000 F) steam temperature condition has up to now been the standard of the
industry for many years. When one censiders direct combustion of Hz and 02 to
produce steam, the boiler and piping limitations no longer apply. The way is
opened to examine power cycles providing substantial improvements in cyele
efficiency. Several such cycles were identified and examined during Task 1
of this centract.

13



ADVANCED STEAM CYCLES

These cycles included advanced high-temperature steam turbine cycles operating
at pressures up to 24.13 x 100 N/m2 (3500 psi) and steam temperatures up

to 1366 K (2000 F). Additionally, "partial condensing"” steam Rankine/Brayton
cycles were examined which are hybrid cycles combining aspects of the Brayton
and Rankine cycle with steam as the working fluid. Finally, Ericsson steam
cycles with multiple reheats were evaluated at several steam pressures and
temperatures.

GAS TURBINE CYCLES

All eyeles so far discussed have been concerned largely with variations on the
conventional Rankine steam cycle. It seems evident, however, that Hg will also
be an interesting fuel for application to gas turbine, i.e., to Brayton cycle
power zeneration power systems, A number of such possibilities were identified
and evaluated during Task 1, including open-cycle gas turbines with Hy/air fir-
ing, combined cycles, and high-temperature fluid working cycles.

The objectives of Task 2 of this effort were to analyze and evaluate parametri-

cally the three Hp applications that had been selected out of the larger number

of concepts evaluated in Task 1. This technical-economic assessment was planned
initially to cover power ranges from 10 to 100 MWe and to include the following

parameters :

1. System thermal cycle efficiency as a function of (a) component per-
formance, {(b) turbine inlet temperature, and (c) reburn applications

2, Estimates of physical size and cost of all components of the PCS

3. Cost perturbations as a function of {(a) plant use factor, and (b)

modular equipment installation
4, Environmental impact assessment
5, Qualitative and quantitative benefits

6. Estimates of capital, operating, and maintenance costs with appro=-
priate contingencies for developmental processes and uncertainties

7. R&D requirements to bring the concept to commercial readiness, in-
cluding cost and time through evaluation via a demonstration plant

The three power conversion systems which were selected out of the Task 1 array
included:

1. A representative advanced steam cycle; in this case, the Ericsson
cycle, providing both high steam pressure and temperature and multiple
reheats

2. An open-cycle gas turbine combined with steam bottoming for improved
' cycle efficiency
3. A supplementary cycle, in which Hy and 0y are burned to generate
additional steam or to provide additicnal superheat for an already
established steam flow

ORIGINAL PAGE IS
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The No, 3 system represents not a single Hz PCS but a class of PCS's including
superheaters for pressurized water reactors and the provision of direct—fired
steam generators or superheaters to supplement fossil fuel-fired boilers.

In the initial evaluation of these cycles, it quickly became apparent that it
was not reasonable to limit the power range to 10 to 100 MWe, and this limita-
tion was subsequently ignored in favor of selecting the PCS size applicable

to the system.

For this study, the production, distribution, and storage of Hz and/or 07 was
assumed to have been resolved satisfactorily. The Hg PCS was assumed to be
supplied with Hy (and, when necessary, with 02), in gaseous form via pipeline
to the plant boundary. In evaluating the relevant econemics of the various
concepts considered, however, it was necessary to have some relative values for
the costs of Hp and 02 as compared to alternmative fuels. Information of this
nature was obtained from the open literature and from the Institute of Gas
Technology (IGT), one of the consultants on this effort. The Hz and 03 costs
utilized in this study are presented in ¥Fig. 1, 2, and 3.

The cost of Hy via electrolysis is presented as a function of the cost of elec~
tricity., Many present-day estimates of the cost of electricity produced from
newly erected nuclear or coal-fired stations, utilizing ceal at roughly $1.00/
per million Btu, or nueclear fuel at 25¢/million Btu, result in estimates of the
cost of electricity in the range of 3 te 4¢/kW-hr. As can been seen from Fig.
1, the major cost of energy im the form of H when electriecal costs are in
this range is the cost of the electricity itself. Note also that these esti-
mates are based on utilizing an advanced system for electrolysis and that the
energy efficiency of the electrolyzer is relatively high, i.e., the higher
heating value of the Hy produced represents about 85% of the energy contained
in electricity that went to produce the Hj.

The cost of Hy produced by chemical processing from a coal feed stock is pre-
sented in Fig, 2. These data are based on informatien supplied by IGT, and
show performance expected from current processes as well as the improved per-
formance expected from advanced processes. Note that the energy efficiency of
these processes is on the order of 55%, i.e., the higher heating value of the
Hy produced is about 55% of the higher heating value of the coal that was
needed to produce the Hp. Notwithstanding the lower energy efficiency of ceal
gasification as compared te electrolysis, the cost of H? produced at a coal
cost of $1.00/million Btu are expected te be substantially less than the cost
of electrolytically produced Hp with the same ccal costs. The explanation lies
in the relatively low efficieucy of conversion~of-coal-contained energy to
electricity, which is on the order of 35%, which must then be converted to H2
by electrolysis at an energy efficiency of 85%. The combined generating sta-
tion/electrolysis energy efficiency (coal to H via electrolysis) is then on
the order of 307 as compared to the 557 for gasification. TFigure 2 also pre-~
sents for some typical compositions ef Hj produced via coal gasification.
There are substantial velumes of noncondensible gases that will be produced by
the combustion of Hy derived from coal gasification, and it is necessary to
give attention to these noncondensible gases in the ecenemic and technical
analyses of Hp PCS's utilizing such Hp.
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Figure 3 presents some estimates of the price of tonnage 02 delivered to a
central station in either liquid or gaseous form. As can be seen, the cost of
such 02 1is expgcted to vary with the cost of electricity, as the 0y would be
produced by separation from air through processes involving réfrigeration and
fractional distillation. The costs are presented in terms of 0j cost/million
Btu of Hp, assuming that 02 is supplied at the stoichiometric ratio, 3,6 kg
(8 pounds) of 02/1b of Hp. This means that the costs presented are the costs
of 59,4kg (131 pounds) of 0»3.

The results of the parametric analysis of Hp and 09 costs are summarized in
Table 2. Many of the econemic comparisons made throughout Task 2 were based
on the costs listed under the "MID" celumn.

The ground rules utilized in conducting the economic studies are summarized in
Table 3. Fundamental to the ground rules was the specification that the Hy
and Oy would be delivered "over the fence" as gases at the ambient temperatures
and pressure required for utilization in the Hp PCS. This assumption very much
simplifies the ecenomic studies as all questions of storage and compression are
omitted, '

Estimates of capital equipment costs were based on the 1977 cost of equivalent
equipment, Costs of Hy and Op combustor equipment were based on Rocketdyne
experience with the fabrication of Hy/02 rocket engine and combustor equipment.
Costs of turbine generating equipment, electric equipment, valves, piping,
etc,, were estimated on the basis of current costs for equivalent equipment,

It must be recognized that the costs of the more advanced high-pressure/high-
temperature equipment have less foundation than the costs of currently produced
equipment.

Interest and escalation expense was lumped together as (1 + interest)buildtime
x capital cost. This represents a simplification of interest and escalation
expense accounting that is believed to be sufficiently accurate for the end re-
sults to be in the right prepertion. Interest and escalation expenses are in-
curred during the pericd between the timz that a commitment is made to construect
the station and the time that plant operatien begins. During this interval, mno
power is produced from the plant., At any given moment, that equipment which
has been purchased and paid for is assumed to be accumulating interest expenses,
while that equipment which has not yet been paid feor is being escalated in
price due te general inflation, The total of the interest and escalation ex=
pense must be added to the actual purchased price of equipment and labor in
determining the accumulated capital cost of the installation when power pro-
duction is initiated.

The fixed charges were assumed to amount to 18% of installed cost each year.
Fixed charges are independent of the amount of electricity produced in any
year. The 18% value is used frequently in making evaluations of alternative
power generating systems, and is reasonably consistent with the assumption of a
50-year useful life of the installation and investor-owned utility economics.

.
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TABLE 2. PARAMETRIC HYDROGEN AND OXYGEN COSTS, $/106 BTU

HYDROGEN FROM COAL

Low Mid "High

‘Hz And Alr 3,00 3.75 5.00
H2 and GO2 4,50 5.65 7.20
H2 and LO2 g.30 7.00 9.10
Coal Cost $/106 Btu 0.50 1.00 1.50
Power Cost Mils/kWh ‘ 15 25 hQ

HYDROGEN BY ELECTROLYSIS

Low Mid High
H2 and Air 5,50 i1.00 17.00
H2 and GO2 5.50 11.00 17.00
HZ and LO2 6.30 12.35 18.90
Power Cost Mils/kWh 10 25 . 40

TABLE 3. COE GROUND RULES

. H2 and 02 Delivered '"‘Over the Fence' as Gases at Réquired Pressure
e 1977 Capital Equipment Prices '
e Interest and Escalation Expense at {| + interest)bPuildtime
x Capital Cost
o Fixed Charges = 18% of Installed Cost/Year
e Maintenance Estimate Based on Egquipment Type
e Operating Labor at $25/hr
¢ Development Costs not Included
20 QRIGINAL PAGD
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Both the maintenance and operating costs were estimated individually on the
basis of the kind of equipment installed and the duty cycle being examined. As
gseen in Table 3, the cost of operating labor was assumed to be $25/hr, which
includes all overhead. Thus, the cost of operation was assumed to be the total
operating labor hours (including supervision) multiplied by $25.

In each instance, the technology was assumed to be sufficiently developed so
that the system was ready for commercial operation; no development costs other
than those normally encountered in commercial powerplant operation were included
in the economic balance,

Much of the economic criteria were developed in coordination with the R.M.
Parsons Co., which has considerable experience in this area.

The third task of this study was organized to concentrate on the conceptual
design and analysis of a plant incorporating the SSG H2 PCS concept. The objec-
tives were to provide a detailed description of the overall system, including
the necessary flow charts, schematics, and heat and mass balances, so that the
required operating conditions and performance of the supplementary equipment
could be defined. Based on this description, a specification for the major PCS
components;, i.e., the combustors and their related controls were to be defined
in sufficient detail to permit an estimate of cost of these components. As part
of these specifications it was planned to provide preliminary design-type draw-
ings of the components and the system, again with the objective of providing
sufficient detail to permit an estimate of the cost of the components and the
nature of the R&D program required for the development.

The environmertal impact of the supplementary steam cycle was to be assessed in
sufficient detail to permit an assessment of whether significant environmental
problems would need to be resoclved in the development of the PCS.

Estimates were to be prepared of the capital costs, including interest and esca-
lation charges during the construction peried, as well as operating and mainten-
ance costs of the PCS system, These cost estimates and the technical analyses
outlined abeve then were to be utilized in preparing an analysis of the techni-
cal advantages and economic benefits of the integrated supplementary steam PCS/
fossil fuel-fired integrated installation. Additionally, the technical a ~‘or
environmental and economic problems brought out by the economic anl technical
analyses were to be identified so that a plan for specific R&D efforts, a sched-
ule of time, and an estimate of the cost required could be prepared on the
effort required to develop the integrated Hy PCS/fossil-fueled concept to the
demonstration stage.
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MARKET POTENTIAL
TOTAL ELECTRIC CENERATING CAPACITY FORECAST

To determine the market potential for the various candidate PCS's, it was nec-
essary first to project the agprepate growth in electric generating capacity
over an extended period of time, then te estimate the probable mix of electric
generating technologies during this period. The availlable market for each of
the candidate PCS's, expressed in megawatts of capacity, then could be deter-
mined by inspection of curves illustrating this growth in capacity and mix.

For one of these candidate systems, i.e., boiler replacmenet, retirement rather
than growth in capacity determined the market potential.

Projection of the total installed electric generating capacity to the year 2000
is shown in Fig. 4. This projection is based on data from the Federal Power
Commission (FPC), Edison Electric Institute (EEI), Electric Power Research
Institute (EPRI), Energy Research and Development Administration (ERDA), and
the publication, Electrical World.

The ERDA high- and low-growth cases bracket most of the projections developed
by other sources. The high-growth case assumes intensive electrification,
while the low-growth case assumes signifciant conservation efforts and nc in-
creased degree of electrification., There is fairly good corrcoboration of pro-
jected growth data from the other sources to the mid-1990's, and this is shown
as the solid dark line in Fig. 4 . The Rocketdyne extrapolation from the year
1995 to 2000 assumes growth consistent with that established earlier in that
decade, and yields a total United States installed electric generating capacity
of 1,620,000 MW by the end of the twentieth century.

The projected mix of electric generating technologies at 5-year anchor points
from 1975 to 2000 is shown in Table 4. Data from three primary sources, EEI,
FPC, and Electrical World was used in construction of the matrix, and Roecket-
dyne extrapolations were used to complete the matrix for the distant years.
Applying this mix to the total installed electric generating capacity curve
of Fig. 4 yielded the capacity growth curves for generic technoleogies shown
in Fig. 5.

Although fossil steam electriec generating capacity, as a percentage of total
capacity, continues to decline through the peried to the year 2000, it still
represents more than ene~half of the total U,S. capacity im the year 2000,

or 912,000 MW, DNuclear steam electric capacity, which has healthy growth

in the perioed, primarily at ths expense of fossil steam electric capacity, is
projected to rise te about 450,000 MW by the year 2000. This is a little less
than one-half that of fossil steam in that year. ‘

The other technologies, conventional/pumped hydroelectric and combustion tur-
bines/internal combustion (including cembined cycle), show shallew declines
in growth to the year 2000, with each expected to represent 130,000 MW of in-
stalled capacity in that year.
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TABLE 4 . PROJECTED MIX#* OF NET ELECTRIC GENERATING CAPACITY

Fossil Steam

‘Nuclear Steam

Conventional and Pumped Hydro

Combustion Turbines and Internal

Combustion {including combined
cycle)

Total

1975+« | 1980 | 1985 {1990 | 1995 | 2000
68.7 65.7 60.9 59.5 57.5 56.3
7.2 | 2.3 19.7 | 231 | 26.0 | 27.7
13.9 | 12.5 | 10.4 9.0 8.5 8.0
10.2 9.5 9.0 8.4 8.0 8.0
' t00.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0

Sources:

*Mix shown in percentages
#*Actuals (approximate)

EE1, "59th Electric Power Survey'' (April 1976)

"Electrical World," 27th Annual Electrical Industry Forecast,

(15 September 1976)

FPC News Release No. 22763,

{8 December 1976)

“Electric Ytility Expansion Plans, 1986-1995"
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Second-~ and third-generation technologies, such as solar thermal electrie and
magnetohydrodynamics, were purposely excluded from this fipgure because of un-
certainty regarding the timing of their commercial intreduction. In any event,
the contribution to total electric generating capacity would be a fraction of a
percent in the early 1990's, rising to a probable maximum of 5% of total in-
stalled capacity by the year 2000, and would displace some of the capacity
shown for the generic technologies in Fig. 5. In other words, the projected
total capacity would be the same 1,620,000 MWe, but the mix in the cut years
would be altered slightly.

Table 5 sunmarizes some of the key growth rates associated with this toetal

electric generating capacity forecast.

TABLE 5. AVERAGE ANNUAL COMPOUND GROWTH RATES
(1975-2000)

Real GNP ’ ——— 3.5%
Population - 0.8%
Total Installed Electric —— 4.7

Generating Capacity

Nuclear Steam Electric e 10.5%
Generating Capacity

Fossi] Steam Electric — 3.8%
Generating Capacity

NUCLEAR STEAM ELECTRIC GENERATING CAPACITY FORECAST

A tabulation of nuclear plants and capacity by year and reactor type (pressur-
ized water or beiling water), for all plants either operational, under con= .
struction, or planned, is shown in Table 6. Electrical World's 1977 Nuclear
Plant Survey (15 January 1977) was particularly helpful in the preparation of
this table. The planned capacity additions beyond 1985 diminish rapidly because
of the utilities' uncertainty regarding national energy policy, and because it
is not necessary now to make a commitment to build a plant 10 to 20 years into
the future. . ’

Figure 6 shows the projected growth in nuclear steam electric generating capa-
city to the year 2000. This was constructed using the infermation from Tables
4 and 6, and Fig., 5., The historical 2:1 ratio of pressurized water reactcr
(PWR) capacity to boiling water reactor (BWR) was used in this projection.
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TABLE 6. NUCLEAR PLANT INSTALLATIONS
PWR BWR
No. of Capacity, No. of Capacity,

Year _Plants Hw Plants MW
1960 - - 1 200
1961 ! 175 - -
1962 - - - -
1963 - - - -
1964 - - - -
1965 - - 2 137
1966 - - - -
1967 - - - -
1968 2 1,025 - -
1969 - - 3 1310
1970 2 987 2 1499
1971 1 700 2 1354
1972 ] 2,854 4 2819
1973 7 5,311 - -
1974 8 5,541 4 3973
1975 5 ,776 5 4031
1976 4 3,717 - -
1977 7 6,293 2 1886
1978 5 5,118 I 1078
1979 6 6,349 4 3493
1980 6 7,090 3 3246
1981 k] 11,862 4 4323
1982 12 12,849 3 2795
1983 10 11,465 7 8097
1984 1] 16,044 .5 £699
1985 3 10,331 5 5776
1986 10 10,832 4 T3]
1987 5 5,639 ! 1178
1988 3 3,440 1 1150
1989 2 2,068 - -
1990 2 2,050 - -
1991 ] 918 - -
1992 1 1,150 - -
NOTE : Includes those ;lants whichrére either aperational,

under construction, or planned.
plant and eight plants with indefinite planning

status.

Excludes one HTGR
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FOSSIL STEAM ELECTRIC GENERATING CAPACITY RETIREMENTS

Annual and cumulative utility boiler retirements to the year 2005 are projected
in Table 7. The best method for calculating these retirements, using the data
available to Rocketdyne, was determined through discussion with the FPC's Bureau
of Power. Briefly, it consisted of using the known fossil steam electric plant
capacity additions through the year 1975, and applying a 30-year boiler life to
these figures to yield projected retirements to the year 2005. Inasmuch as

the FPC data for total installed capacity, available to Rocketdyne, was reported
in 1l0-year increments prior to 1970, constant annual growth rates between these
anchor points were assumed to arrive at the annual figures shown. Actual annual
figures were used after 1970. The cumulative fossil steam electric generating
capacity retired by the year 2000, using this methodology, is almost 341,000
MW, as shown in Fig. 7.

MARKET POTENTIAL ASSESSMENT

Table 8 summarizes the market assessments completed and illustrates the market

potential for Hp turbine power generation systems. The following conclusions
that can be drawn: '

1. Market potential, or lack of, is not a deciding factor in evaluating
the future mix of Hy turbine systems.

2., A significant market exists for all the Hy/09 combustion cycle
system. '

3. In fact, the market fraction capable of using the H2/02 combustor
actually increases over the time span studied (from 80% in 1980 to
92% after the year 2000).

4, The largest single market exists for steam boiler replacement or
supplementary applications.
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TABLE 7. FOSSIL STEAM ELECTRIC PLANT RETIREMENTS (ACTUAL AND PROJECTED)

Annual, Cumulative,
Years MW MW
1973 and Befare - 14,772
1974 1,880 16,652
1975 2,250 18,902
1976 2,694 21,59
1977 3,225 24,821
1978 3,855 28,676
1979 4,269 32,945
1980 4,725 37,670
1981 5,230 42,900
1982 5,799 48,690
1983 6,410 55,100
1984 7,096 62,196
1985 7,855 70,051
1986 8,695 78,746
1987 9,626 88,372
1988 7,731 96,103
1989 8,332 104,435
1990 8,979 113,414
1991 9,677 123,091
1932 10,429 133,520
1993 11,239 154,759
1994 12,112 156,871
1995 13,054 169,925
1996 14,067 183,992
1997 15,161 199,153
1398 14,717 213,870
1999 15,747 229,617
2000 16,849 246,466
2001 18,028 264 494
2002 18,456 282,950
2003 24,308 307,258
2004 17,751 325,009
2005 15,869 346,878
“NOTE:  Annual %;gureg'arévcalcufated on a
compounded grawth basis using known
FPC discrete 10-year net installed
capacity anchor points

B IS
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TABLE 8. MARKET POTENTIAL SUMMARY

Years
1980 1980 to 2000 | After 2000

Total Capacity, MW 550,000 1,000,000 1,600,000
Mix, % 86 90 92
Nuclear Capacity, MW 50,000 130,000 500,000
Predominant Market, MW

® Retired 50,000 100,000 250,000

® Substitution . 310,000 500,000 750,000

oRIEEN 2 qual
oF 20°
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TECHNICAL AND ECONOMIC ANALYSIS

This section presents the results of the technical and economic analyses per-
formed on each PCS evaluated. Since the program was structured to delete less
promising PCS with each succeding task, the amount of analyses performed re-
flects this. The Supplementary Steam Generation cycle which was the PCS
selected for Task 3 cycle received a complete analyses through plant concep-
tual design. Plant conceptual design consisted of system analysis, PCS con-
ceptual design, cost estimate and specific evaluations to identify technical
and environmental problems plus recommediations, schedule, and cost estimate
for an R&D program,

In addition to 8SG, the Ericsson cycle and the hydrogen gas turbine cycle re-
ceived the analyses through Task 2. All of the cycles considered received
the analyses of Task 1. As a result of this approach, the BWR, PWR, high-
temperature steam turbine cycle and partial condensing Rankine-Brayton cycle
received only the least analyses as required by Task 1,

The results of the technical and economic analyses performed for each PCS
presented below,

SUPPLEMENTARY STEAM GENERATION

System Description

The hydrogen power conversion system to be evaluated in Task 3 has been described
as supplementary steam generation (S5G). The concept provides for the corpora-
tion of peaking power by providing additional steam during peaking periods that
is ever and above the capacity of the fossil-fired beiler installed in the sta-
tion. One can visualize several scenarios for this condition. There now exist
conditions in which steam beoilers cannot be operated at full-rated steam cutput
conditions because of environmental restrictions, or because it has been necessary
to switch from oil or gas to coal with a resulting reduction in output capacity.
The remainder of the statijion, however, including the turbine generater, trans-
former, feedwater heating system, etc., are capable of operating at fully rated
or even overrated conditiens. In this circumstance, one may visualize that the
addition of facilities to generate steam by the direct combustion of H2 or O3
may be inexpensive enough (in terms of capital costs) so that the use of such
facilities during periods of peak load may be justified economically.

In addition to retrefitting existing stations whose beilers are steaming at
reduced capacity, it is pessible to visualize such supplementary steam genera-
tion in new stations, In this concept, additional steam turbine, generator and
transformer capacity are provided during construction of a mew facility at
minimal incremental cost and utilized in conjunction with direct combustion of
steam via Hp and 02 combustion to furnish economically viable peaking power.

In such an installation, for instance, the costs of the ceal- and ash-handling
equipment, beiler, fuel preparation equipment, flue gas cleanup equipment, etc.,
would all be based on the base load capacity and only the incremental ceosts of
the Hy and 0 combustion system, control system, and turbine/generator/transformer
system would be charged to the peaking generating capacity.

y BLANKN.OTF“'MED
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To conduct a realistic study of the utilization of Hy and 0p for such supplemen-
tary steam generation, it was decided to study the integration of the Hp/0p steam-
generating equipment into a typical coal-fired steam station, The station condi-
tions selected were 12.41 x 106 N/m2/811 K (1800 psi/1000 F) primary steam condi-
tions and 811 K (1000 F) reheated steam temperature condition. The unit was
assumed to have a rated capacity of 160 MWe, but to be limited to 140 MWe by its
coal-fired boiler capacity. Thus, 20 MiWe of peaking power are to be provied by
the generation and superheating of steam with the H2/02 propellant combination.

Having defined a typical system for amalysis, the next step was to define the

operational and legal requirements that would govern the design of the H2 PCS

and its integration into the larper system. A number of target criteria to be
accommodated were identified as discussed below.

i. The nature of the duty cycle, i.e., peaking power supply, implies that
both physical arrangement and the contrel in sequencing of the system
should permit the rapid pickup or dropping of lead by the Hp/02 system.
The wasting of Hp/0Op and/or water must be minimized. It is expected
that in typical peaking service, the equipment may well be started
5 to 10 times per week, operating for 2 to 6 hours at a time. The
needs of peaking service are best serviced by a capability for rapid
acceptance and shedding of load, on the order of 10 minutes between
zero- and full-power output from the Ho PCS.

2. Integration of the Hp PCS with the remainder of the steam station must
be accomplished with a minimum of disruption to the conventional
fossil fuel station design and operation. Such minimization is neces-
sary so that the ineremental cost of adding the H2 PCS is minimized,
making it competitive for the peaking applicatien. There are impli-
cations here relative to the integration of the Hp PCS into the statlon
steam piping and the location of the PCS relative to other equipment
for both automation and ease of operation. Further implications exist
with respect to control and eperation of the H2/02 PCS toe minimize
the quantity of noncendensible gases routed to the steam condenser,
where their presence influences turbine exhaust vacuum, cycle effi-
ciency efforts of pump out and, possibly, plant safety.

3. The safety aspects of the addition of the H2/0p PCS to the conventional
steam statiom are amocher area imfluencing the choices for design of
such equipment. Both station operating personnel and the general
public must be protected against undue hazard. Design criteria rela-
tive to plant safety are well defined for conventional fossil fuel
steam stations in a series of codes such as the Boiler and Pressure
Vessel Safety Code and the Power Piping Code, which are written and
kept up to date by committéees under the sponsorship of the American
Society of Mechanical Engineers. Such cedes have the force ef law
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in many localities on the basis of state and local ordinances. Addi-
tionally, safety codes and recommendations are available on combustion
equipment, electrical equipment, and the like. Additionally, the OSHA
provides safety regulations relative to provisions for safety of plant
operating personnel. These codes and regulations furnish substantial
guidance on design requirements but do not, at present cover the speci-
fic condition of the generation of additiomal steam by the combustion
of Hy and 02 inside a pressure vessel and a full operating steam
pressure and temperature.

4. Finally, there are series of safety regulations with respect to the
effluents of the plant, i.e., its environmental impact. While these
are well defined with respect to sulfer oxides, nitrogen oxides, par-
ticulates, carbon monoxide, etc.,, there are no present regulations
governing the emission of Hp or 092 or water vapor.

An analysis of the operating and design requirements, which are broadly defined
above, leads to a recognition that there are a number of potential problems in
the design of the supplementary steam generating system that need satisfactory
resolution to provide an acceptable and economically competitive system. These
are discussed below.

The requirement for rapid acceptance and rejection of load by the Hz PCS steam
supply system has significant effect on the design. The startup and shutdown
time of steam generating systems is typically affected by the thickness of the
pressure parts and the generally accepted cebjective that fatigue cracking of the
pressure parts be avoided by preventing the thermal stresses at any point in the
system from exceeding the yield point of the material, Adherence to these
standards frequently requires that the startup time of 312.41x105N/m2/811K/811K
(1800 psi/1000 F/1000 F) temperature steam powerplant takes many hours, compared
with the 10-minute startup time targeted for this peaking installation. The
implication for the supplementary steam system is that it should be at operating
temperature at all times and capable of being started in such a way that the
temperature shocks involved are not sufficient to cause yielding in any of the
affected pressure points.

The H2, Oy, H20, and steam flow-rates for the primary high-pressure steam and

the lower pressure reheated steam necessary to increase the statien output from
140 to 160 MWe are defined in Table 9., The primary steam flow augmentation is
derived from H2/02 combustion, which produces a very high temperature pure steam,

" plus the addition of "tempering' feedwater flow which, by evaporation, brings

the temperature of the H2/02~produced steam down to 811 K (1000 F) to match the
temperature of the steam produced by the tossil fuel boiler. Therefere, the
steam leaving the high~pressure turbine, which is routed to the reheater in

the fossil fuel beiler quantity will correspond to the 160 MWe operdating level.
Thus, it 1s not necessary to increase the flow of reheat steam but, since the
beiler is operating at a condition where the heat added to the reheater corres-
ponds to the 140 MWe, and not te the 160 MWe, level, it is expected that external
heat addition to the reheat steam will be necessary to provide for 811 K (1000 F)
temperature of reheat steam to the turbine. In this concept, the heat addition
to the reheat steam is provided by the combustion eof a small quantity of H2 and
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TABLE 9. COMBUSTOR FLOWRATES

Primary Combustor

Hydrogen Flow 0.653 1b/sec

Oxvgen Flow 5.22 1b/sec

Water Flow 31.9 1b/sec

Steam 37.8 1b/sec = 136,000 1b/hr
Reheater

Hydrogen Flow 0.142 1b/sec

Oxygen Flow 1.137 1b/sec

Steam 1.279 Tb/sec = 4604 Tb/hr

02 in the steam line connecting the exit of the high-pressure turbine with the
Inlet of the fossil fuel-fired boiler reheater. The flow propertions throughout
the steam generating system, when operating under this concept, are slightly
deviant from the conditions that would have existed had the 160 MWe been generated
entirely by steam from the fossil fuel boiler, but these deviations are not
significant to operation and can be accommodated, if necessary, by operating

with the high~pressure steam flow very slightly below rated and the reheat steam
flow very slightly above rated.

The equipment arrangement planned to provide the increase in steam flow and the
increment in reheat enthalpy is shown schematically in Fig. 8. Most of the
system shown would already exist in a typical plant. Only the combustors and
their related equipment are additional to this concept. The storage system and
compressors are not a part of this study, but are shown as a typical case.
Design features of interest as shown by this arrangement are as follows.

Provisions for rapid acceptance and rejection of load by the H3/02 primary
steam generator are provided. The H2/02 combustor is positioned between two
spray-type desuperheaters. These desuperheaters are present state-of-the-art
- equipment available commercially from several firms. They are constructed so
that the pressure parts of the steam pipimg are never subjécted to excessive
thermal gradients. The water supply may be turned on or off at any time, as
required to modulate steam temperature, and n¢ thermal shocks are caused (other
- than those caused by the chanée in steam temperature itself.) Provisions are
madz in the desuperheaters for thermal sleeves around the water injection
piping and for a thin, internal, thermal sleeve in the steam piping to protect
the piping itself from impingement by water droplets. The H2/02 combustor is
also designed so that its pressure parts operate at all times at the temperat-
ure of the flowing steam. Thermal sleeves are provided on the GH2/G0y inlets
to minimize thermal shock where the lines pass through the wall of the pipe. A
combustion can is provided that is similar in some respects to the gas turbine
can. It mixes the hot products of the Hy/0, combustion with the flowing steam
to maintain the temperature of the can components within aceeptable limits.
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The can components, themselves, are nrt steam piping pressure parts. The
operational concept for this equipment is that the steam piping and internals
will be operating at 811 K (1000 F) prior to lightoff of the Hy/0, combustor.
Lightoff will take place at roughly 25% of rated Hp and 02 flow and, under
these conditions, the decrease in steam temperature at the upstream desuper-
heater will be less than 283 K (50 F), the rise in steam temperature at the
burner will be less than 311 K (200 F), and the decrease in steam temperature
at the downstream desuperheater will be less than 283 K (50 F). The result
will be the commissioning of the H2 combustor in a step increment to 25% of its
rated output without producing unacceptable thermal gradients in the pressure
parts of the piping or turbine, Further increases in steam output, from this
point can be accomplished by simultaneously increasing H;, 02, and cooling
water flow, thus maintaining low thermal gradients throughout.

The H/07 steam reheater does not require the addition of tempering water. As
shown in .he schematic (Fig, 8 ) it merely adds some sensible heat and a very
small increment in weight flow to the steam in the line between the high-
pressure turbine and the boiler reheater, The reheat burner would be ignited a
short time after satisfactory operation of the primary burner had been attained
on the order of several minutes. It, teo, would begin firing at roughly 1/4 of
rated capacity. The step increment in steam flow occasioned by lightoff of the
primary hydrogen combustor and desuperheaters can be accommodated easily by a
reduction of steam flow from the fossil-fuel-fired beiler, maintaining constant
steam flow to the steam turbine until it is ready to accept thz greater electri-
cal load. Once ignited, it is expected that the heat input by the primary and
reheater Hp PCS systems can be varied at will over the range from 1/4 rated to
full rated input, with the complete load change a matter of only a few minutes,
certainly fast enough te accommodate the usual 1% per minute load change custom-~
ary for the turbine.

In a general sense, the Hp PCS concept defined schematically in Fig. 8 appears
capable of meeting the operational requirements outlined above. There are
however several areas that need detailed examination and/er development to
provide satisfactory operation. Any solids present in the desuperheating water
supplied to the piimary steam line will be carried through the piping and into
the steam turbine, where they may create a problem with deposits and/or ero-
sion. The satisfactory answer to this problem appears to be to fellow prac-
tices frequently used in existing stations that employ spray-type desuper=-
heaters, i.e., either deionized water or the very pure condensate available
from the high-pressure heaters. Both of these expedients provide satisfac-
torily pure water. : :

Reliable and fast response controls are required for several reasons. The
steam flow must be propertioned to the lead, the Hy and 0y flows must be pro-
portioned to minimize the presence of nencondensibles in the condenser, and
control of the ignition system must provide reliable ignition and positive
protection against flameout. While there are many concepts for controlling
the combined fossil-fuel-fired boiler and Hp PCS steam flow to respond to
general load demands, perhaps one of the simplest and most reliable would be
to place the H2 PCS load under manuzal control, permitting the existing fossil-
fuel-=fired boiler control system to provide constant steam pressure and res-
pond to variations in turbine demand. With such a system, the Hp feed would .
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be under essentially manual control, and the 02 feed would be proportioned

to the H2 feed to maintain a proper stoichiometric ratio. A trim on the pro-
portion of 02 to Hy might be provided by a steam-sampling system that would
respond to indicetions of H» and/or Oy in the steam system. A steam tempera-—
ture measurement downstream of the Hy burner and desuperheater system would
control the quantity of tempering water added in the upstream and. duwnstream
desuperheaters. The steam temperature upstream of the Hp combustion system
would be regulated by the beiler control system in the nermal manner.

The contrel of ignition and flame safety appears to be one of the more critiecal
and challenging technical problem areas. The present concept envisions an
augmented spark igniter (AST) which is basically a very small combustor that
is ignited by an elec’rical spark and which operates at a mixture ratio that
is both low enough s» that uncooled metal walls can be used to contain the
burning gases, but high enough that a mixture of H, and 07 exposed to its
flame will be ignited. Such an AST could be mounted on the exterior of the
combustion system where its ignition and stable operation could be sensed by
thermocouples and/or radiatieon-type ignition detectors, and its hot gases con-
veyed to the interior of the combustor where ignitien of main propellants
would occur. Additional safeguards to detect ignition and verify the con-
tinued combustion of the main propellant also appears appropriate, and this
equipment might take the form of thermocouples and/or radiation-type flame-
detection equipment. Additionally, an overall system to verify the presence
of the flame may be constructed with a sensing and computing system that inte-
grates the overall effect of upstream and downstream steam temperatures, H2
flowrate, the superheating water flowrate, and steam flow. A significant un-
balance in enthalpy relationships among these quantities is cause for suspi-
cion that the flame conditions are net under proper control.

The minimizatien of nencondensible gases in the steam produced by direct com-
bustion of Hp and 07 is important because these gases will wind up in the ex-
traction heater and the condenser, frem which they will have to be removed to
maintain correct pressure balances and heat transfer effects. The quantity
of noncondensible gases produced via deviatioen of the mixture ratic from
stoichiometry and/or the presence of contaminant gases in either the H2 or 02
are presented in Table 10, The presence of noncondensible gases affects the
overall system performance because they must be pumped from the cendenser
against the differential pressure between the cendenser and the outside atmo-
sphere, Additlenally, some of these gases such as 0z and CO2 may result in
corrosion effects in the turbine and/or condenser, and the presence of Hp may
praesent a safety hazard,

Analysis indicates that the stoichiometrie ratio of 0 to Hy can probably be
maintained via flow proportiening (trimmed from hydrogen concentration) to a
deviation of approximately 1/2 of 17 from exact stoichiemetry. Present think-
ing is that it will be moest satisfactory to provide a slight excess of Hg in
the combustion products te avoid the corrosien pessibilities existing with
free oxygen in the wet portions of the turbine and in the condenser. There
will be ne explosion hazard present se long as the hydrogen is mixed with the
steam and, even in the condenser, the operating pressures will be so low that
an explosion hazard with infiltrating air mixing with the H? will not exist,

ORIGINAL E’}_X_Cfﬂ 15
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TABLE 10. 4 NONCONDENSIBLE GASEOUS STEAM FROM H2/02 COMBUSTION

/2% 1% 1/2% 1%
Stoichiometric|Excess 02 Excess Oq|Excess Hgy | Excess Hap

Electrolytic H ) ‘
Eiectrolytic 02 0 0.05 0.11 .11 0.22
Koppers/Totzek HZ*
02 From Air 1.5 1.6 i.6 1.6 1.7
Liquefaction®*
U-Gas H, =%
O2 From“Air 1.2 1.3 1.3 1.3 1.4

Liquefaction®=

AStanda-rd'ft3 of noncondensible gas/pound of steam; typical 25 MW steam con-—

denser is provided with a 2-stage ejector for 4 x to-5

of steam.

*Typical composition of

**Typical composition of commercial oxygen produced

99.5% 0,

coal-divided hydrogen

%BY VOLUME
K/TOTZEK| U-GAS

o 0.1 0.1
H2 93.1 94,3
CHy 5.5 . L-8
N, and AR 1.3 0.8

0.5% N2 and argon

scfm of dry air/pound

by air liquefaction:
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Once the noncondensible gases have been compressed from condenser operating
pressure to atmospheric pressure, and the exhauster steam condenser, combus-
tible mixtures of Hy and air may exist and these will be vented under condi-
tions guarding against accidental ignition.

The final item of some concern relative to the safety of ¢he plant is the
possibility that control system malfunctions would result in the addition

of so much water to the primary steam desuperheaters that droplets of water
would reach the turbine, and cause damage. MHowever, the Hy PCS system differs
from the conditions existing in conventional plants, in which desuperheaters
are installed for superheat temperature coantrel, in that those temperature
control desuperheaters are usually located between a primary and secondary
section of the superheater. Analysis indicates that protection against this
eventuality can be provided with a "knock-out drum" incorporated in the steam
1ine between the final desuperheater and the turbine. This drum would effec-

tively remove any slugs of water or moisture that might possibly be traveling
with the steam.

The R. M. Parsons Co., one of the project team members en this contract, is
familiar, with the engineering of coal-fuel steam stations and furnished equip-
ment arrangement drawing layouts. A conceptual layout of the location of the
primary steam combustors aud desuperheaters and the secondary steam combustors
is indicated in Fig. 9 and 10. The primary steam generator and desuperheaters
are located in a protected but somewhat remote area of the statiom in the

main steam line between the boiler and the high-pressure turbine. The conbus=
tor for reheat supplementation is located at the same elevation in the cold re~
heat line between the high-pressure turbine and the boiler reheater. The loca-
tion provided is accessible for maiatenance in zll weather and permits minimum
disruption to the usual vouting of the high-pressure and reheat steam lines,
Operation of the combustors and desuperheaters will be entirely by remote
contrel from the control room. Provision for safety sheilding of the combus—
tors may be made if a more thorough amalysis indicates this to be necessary.

Technical Analysis

There have been an increasing number of fossil-fuel-fired steam power plants
that have to operate at reduced capacities for the necessary reasaons of switech-
ing to poorer grade fuels and pollutien abatement. it has been suggested that
Hp/0y direct combustion steam generation might be able to provide an econemi-
cal approach te supplement the existing boilers with the additional steam
generating capabilities to run the turbines at full loads, especially during
the peaking perieds, Such H2/02 direct steam generators not only would require
low initial capital investment but also weuld enable gquick startup and shut-
downs, which are necessary in applications as peakers or spinning-reserve
units.

To assess the effects of the use of an H2/09 supplemental steam generator on

the overall plant performance, detailed cyele analyses are conducted as a

typical mid-range fossil-fuel steam power plant of 160 MW with throttle steam
conditien of 12.41 x 106 N/m? and 811 K (1800 psig and 1000 F) and reheat tempera-
ture of 1000 F, The steam turbines are tandem-compounded 3600-rpm, 2-inch Hg
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condensing pressure, double-flow low-pressure, with 23-inch last-stage bucket
length, and a one-row 34-inch pitch diameter governing stage. The feedwater
pump is electric-motor driven and has a 75-percent pump efficiency and 81.6-
percent drive efficiency.

To facilitate the computations in the analyses, Syntha II Powerplant Design
Computer Program was employed (Ref. 1 ) using the fossil-fuel (e0il) steam
turbine performance prediction procedure given in Ref. 2,

Four cases were analyzed which included: (1) the baseline full-lcad (valve
wide open, VWO) case of 161 MW, (2) reduced-load case of 144 MW, (3) full-load
with’ the existing boiler providing heat input to produce 144 MW and the
supplemental steam generator providing the remainder, and (4) which is same

as case (3), except that the effect of noncendensibles is accounted for by
raising the ejector steam flow.

Figure 11 shows the plant arrangement and mass balance for the baseline full-
load case with a generator output of 161 MW. The net thermal efficiency (after
deducting the feedwater pump power requirement) is 41.77%. The overall plant
efficiency, assuming 15% boiler and furnance losses, amounts to 35,50.

Figure 12 shows the reduced load case (about 89% of full leoad). A slight
drop im net thermal efficiency is noted because of the decrease in turbine
efficiencies. Figure 13 shows the full-load case with the supplementary
H2/02 steam generator providing about 117 of the tetal heat input. The net
thermal efficiency is not different significantly from that for case (1)
because there is no boiler or furnace loss associated with the H2/07 combus-~
tion steam generator. Fipure 14 shows the full-<load case with the supple-~
mentary steam generator, which is the same as case (3), except for taking
into account the effect of noncendensible gases. A summary of these cases

is presented im Table 1l.

In conventional steam powerplants, the only source of noncondensible gases is
the air leakage into the low=pressure turbines and the condenser; and the
amount is usually negligible. In H9/Op steam generators, however, the non-
condensibles are produced in the system either from incomplete combustion of Hp
and 02 from the mixture ratio control tolerances or from impurity gases carried
by H2 and 0. For instance, at a combustion efficiéncy of 98%, the amount of
noncondensibles will be equal te 0.02 1b for each pound of combustion steam
generated. For operational reasons, the mixture ratio centrel will be set up
to give fuel-=rich combustion as explained earlier.

Steam jet ejectors are usually employed for pumping the noncondensibles out
from the condenser, mainly because of the availability of low-pressure steanm,
4.13 x 105 to 8.26 x 105 N/m2 (60 to 120 psia), and the recovery of the ejec-
tor exhaust latent heat for feedwater heating. The amount of steam required
for a twostage steam Jet ejecter operating at ejector suction pressure of 3.8
to 6.3 cm Hg (1.5~ to 2-inch Hg) ranges from 8 to 10 1b per 1lb of nonconden-
sible. This range would correspond to the 0.2 1b of ejector steam requirement
per 1lb of combustion steam generated (based on a 98% combustion efficiency and
10 1b of steam per 1b of noncondensible)., Figure 14 shows the ejector steam
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TABLE 11.

SUMMARY BALANCES FOR SUPPLEMENTARY

CYCLES (IN MW)

Bus Bar Output

- Feedwater Pump Power

Generator Output

" Generator + Fixed Losses

Turbine Shaft Qutput

Heat Input From Fossile Bailer
Fossil Boiler Heat ( = 0.85)

Heat lnput From HZOZ Combus tor

| Heat Input From Pump
| Heat Output Frem Condenser

Net Heat |nput

Net Cycle Thermal Efficiency, %

' ‘Net Plant Efficiency, %

} Equivalent net Thermal % for Supplementary Hy/0z Combustar,

Percent of Hzfﬂz Combustor Heat |nput, %

Case 1 Case 2 Case 3 _ Case &
157.67 140. 44 157.73 157.54
2.87 3.38 3.87 3.87
161.54 143.82 161.6 161.41
2.46 2.31 2.46 2,46
164.00 146,113 164,06 163.87
376.73 335.73 335.73 335.73
504,31 394 .98 394.98 394.98
-- -- - - L3 4y 43,44 L3.42 43.42
3.16 3.16 2.76 2.76 3.15 3.15 3. 16 3.16
| -215.89 -215.89 -192,36 -192.36 -218.26 -218.26 | -218.44 -218. 44
' 164.00 230.48 146,13 205.38 164,06 223.31 163.87 223.12
41,85 41.83 41.6 41,55
35.57 35.56 '35.98 35.94
% (A Generator Output) 40.93 40.43
A Heat Fnput 11.46 9.91 11.45 9.90
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extracted from the low-pressure turbine exhaust at 6.40 x 105 N/m2 (92.9 psia)
and a rate ‘of 4350 1b/hr. The ejector exhaust is condersed in the steam jet
air ejector (SJAE) condenser by the feedwater. Upstream of the SJAE condenser
is the gland steam condenser (GSC) which condenses the gland leakoff steam
from the low-pressure turbine shaft seal supplied by the sealing steam
regulator.

Table 11 gives the summary heat balances for the four cases., Comparison of
case (2) with case (3) and (4) shows only a small improvement of about 0.3
points in overall plant efficiency, because the supplementary combustor heat
input constitutes only about 11% of the total heat load. The equivalent ther-
mal efficiency for the supplementary Hy/02 steam generator is based on the
difference of heat inputs and the difference of power outputs from the par—
tial load case (2). Only a small drop in efficiency is noted with the non-
cundensible case, which also is due to the fact that the combustion steam
flov-rate is only about 2% of the total steam flow.

System Design

The basic steam generation system is designed as a 20-MW supplementary system
to he added to an existing 160-MW system. The base system generates 1,098,000
1b/br of steam at 12.41 x 109 N/m? and 811 K (1800 psia and 1000 F). The
supplementary system i1s designed to consume 2350 pounds of hydrogen, 18,800
pounds of oxygen, and 115,000 lb/hr of preheated feedwater to supply an addi-
tional 136,000 1b/hr of steam at the same exit conditions. Details of this
system are listed in Table 12,

The steam generator is designed for through-flow of the main steam at all times
(even when the supplementary system is idle) and for three-step generation of
the supplementary steam te minimize system thermal excursions. The hardware is
thus fabricated in three major subassemblies: - an upstream de-superheater (or
atemperater), a hydrogen/oxygen burner-mixer, and a downsteram de-superheater.

The upstream de-superheater follows conventional steam powerplant practice as
closely as possible. In actuality thils unit may be purchased from a regular in-
dustry source. This first unit injects roughly half of the feedwater, depress-
ing the inlet steam temperature 70 F, The water is sprayed inte the center of
the steam flow with an atomizing spray nozzle. The combined steam and atomized
water is accelerated in a Venturi section te further atomize the liquid droplets
by aerodynamic shear and to aid in the mixing process. The downstream diffuser
section deccelerates the mixed flow to recover the dynamic pressure, All ele-
ments of the assembly are provided with heat sheilds to minimize the rate of
temperature change and thus aveid thermal fatipgue. The entire pipe sectien is
provided with a thermal liner, and a portion of the steam flow maintained ad-
jacent to the wall with little or no temperature change. Slip joints are pro-
vided in all thermal shield or liner assemblies to permit differential expansion
withoeut structural leading. An access flange is provided to allow removal of
the spray for service or inspection without disassesnbly of the main flewline.

The central section of the upstream de-superheat is the burner-mixing section
shown in drawing AP77-213 (Fig. 15). In this section the heat is qdded to thg
steam flow by direct combustion of hydrogen and oxygen within the steam flowline.
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TABLE 12. COMBUSTOR COMPONENT FOR 20 MWe SUPPLEMENTARY SYSTEM
DESIGN CHARACTERISTICS

Primary Combustor
e Diameter, 4.0 in. ID 8.0 0D

e Length, 96-in. Burper = 12 Feet of Sleeve Lined Mixing Sectien

e Hydrogen Flow 0.653 1b/sec at 2100 psia 1.0 in. |D Approximate
Supply Pipe Size :

e Oxygen Flow 5.22 1ib/sec at 2100 psia 1.5 in. ID Approximate
Supply Pipe Size

e Water Flow 31.9 1b/sec at 2100 psia

37.8 136,000 1b/hr

Separator {Cyclone)
o lInlet, 5 in. x 2.5 in.
e Diameter, 15 in. ID 24 in. OD
e Height, 30 in. L8 in. Overall

Reheater

® Pressure, 450 psi

e Intet Diameter, 7.5 in. ID
OQutlet Diameter, 8.0 in, D
Length, 60 in. Burner, No Mixer Length Needed
Hy Flow, @.142 1b/sec at 520 psia, 0.75 in. ID
0, Flew, 1.137 Ib/sec at 520 psia, 1.0 in. 1D

The burner head is similar to a classic rocket engine ejector assembly that is

used with these same reactants as propellants. Both fuel and oxidizer are in-

jected as & -i.gh-pressure gas. The combustion mixture ratie is held g5 ~losely
as possible to theoretical stoichlemetric, which produces superheated steam as

combustien products that can be mixed directly with the existing steam and re-

sulting in no heat transfe+ loss.

- The burner sectien in the burner-mixer includes a basically cylindrical section
that uses film cooling for the combustor walls. This section is designed to
allow the reaction to be almost fully completed hefore the steam is mixed with
combustion products. The further downstream section is patterned after the
burner basket of ‘a pgas turbine combuster sectien. This is primarily a mixer
section that combines louvers and eyeleted heles to allow steam to penetrate

into the core of hot combustien products. Mixing is a rombination of penetration
and turbuylence in the combustor section.
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This hardware section also uses therimal shielding to protect the primary struc-
ture from excessive thermal cycling. The temperature rise through this section
is limited te 333 K (140 F) by the three-stage process; however, all structure

is still protected by the thermal liner that provides a jacket of nominal temper-—
ature steam flowing adjacent to the walls. The suppert and feed structure for
the burner sections are enclosed in a streamline strut to provide both aerody-
namic and rhermal protection for the feedlines and the burner support.

The thermal liner is fabricated of a light-gage corrosion-resistant alloy and is
suspended in a slipjoint type of structural assembly to permit assembly and
differential structural expansion without any of the burner structure loaded
portion yielding or buckling. The burner section proper is an assembly consist-
ing of a small injector for injecting and mixing the H,/0p and a mixer "burner
can'" section for mixing hot combustion gases with the steam. The mixer struc-
ture strongly resembles a gas turbine burner '"can,'" bécause the functions of
both are very similar; these functions are the cooling of the structure with the
steam flow and the mixing of the cooler steam with thlie hot core from the burner,

Thermal fatigue 1s aveoided by using nonleoaded thin sections that can heat
rapidly and track the temperature changes without building up induced stresses
due to thermal gradients. Cooling and mixing are accomplished with a series of
louvers and eyeleted holes in the burner basket,

The injector configuration is a multiple-element system that is typical of the
Hy/0» injectors for rocket engine systems. The coaxial injection element has
been selected (similarly as most Hy/0y engine systems) because it has demon-
strated good performance and good mixing with these reactants. The symmetrical
nature of this element also assures against hot streaks in the combusting gases,
which might damage the burner walls, The central oxidizer stream is injected at
relatively low velocity, with the concentratic hydrogen stream mixing by shear
and turbulence as a result of its higher injection velocity.

The burner ignitien will be accomplished by a combustion wave ignition system.
This system permits the bulk of the equipment to be located outside of the

stream flow thirough the duct. This unit consists of an external chamber in which
a combustible mixture of Hp/0y is introduced and is flowing through a tube routed
te the injector face. This mixture is ignited with an electric spark. The com-
bustion proecess rapidly pressurizes the chamber and a detonatien-~like flame

front propagates down the tube to the injector face. This energy will ignite a
low-flow pilet element that will ignite the balance of the injector flow. The
big advantage to this system is that only a single tube need be routed to the
injector face, and this tube can be bundled with the reactant feedlines. All
major items that may require service, such as valves, spark plugs, electrical
leads, etc., are external to the basic system and may be readily serviced.

Downstream of the burner mixer, instrumentation will be added to determine the
average heat profile and the enthalpy of the exiting steam and te estimate the
amount of cooling water to be added by the de-superheater located downstream of
the burner. This de~superheater also may be a purchased because it alse is an
existing piece of equipment, ' '
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The total steam generator assembly will fit in a straight run of the system
main stream line with little envelope increase over the existing steam distri-
bution system. A thermal liner section may be added to several feet of the
downstream steam line to assure against thermal stress. ‘

Reheater

The reheater burner also will be fitted in line with the base line steam flow
and virtually will be identical to the burner section of the steam generator
previously described. The primary difference will be the longer and larger
diameter mixing "'basket" commensurate with the larger diameter of the steam
reheat line. The reheat burner is shown in drawing AP77-214 (Fig. 16), and
is designed similar to the steam generation burner. For these operating con-
ditions the ignition system and the central burner injection hardware can be
identical in size and configuration to those of the generator burner, with the
possible exception of some of the injection orifice sizes which would be ad-
justed slightly to optimize performance at the lower pressure and lower flow-
rates. This hardware is also fitted with the steam temperature stabilized
thermal liner to aveid thermal cycling of the structural duct, even though the
steam temperature excursion in this system is within the 283 K (50 F), range
allowed by structural code,

Sizes of the equipment needed for this system are provided on the drawings and
in Table 12.

Supplementary Steam Generation Economics

The economic evaluation performed for the SSG system is based upon the addition
of 20 MWe to an existing 160 MWe plant that has been derated to 140 MWe. Steam
conditions feor this facility are 12.41 x 106 N/mz/Sll K/811 K (1800 psi/1000 ¥/
1000 F). Costs were determined only for the differential caused by the addition
of the H2/02 combustor. The ground rules and criteria specified in the Study
Objectives and Criteria section were applied to this evaluation.

Table 13 1lists the elements included in the capital cost estimate for the
addition of the SS8SC system. The combustor costs include both a primary and a
reheater. As discussed in the Technical Amalysis section, it is possible that
evaporation of the cooling water may at times be incomplete. Therefore, to
protect the turbines;a water separator is included in the cost.

Estimates were made for additional steam and fuel supply lines and for addi-
tiohal control required to operate the combusteors and to integrate the com-
bustor system into the fag¢ility. No installation time is charged against the
system, because, at the advice of consultants, installation would be performed
during a routine plant shutdowm for other reasons and therefore should not be
charged against the system. A 2-day startup was included, however, as a comserv-
ative pad to allow for the operatiomal complexities expected at first startup of
the system, The result is a capital cest of $127/kW of added capacity for the
58G system. '
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TABLE 13. SUPPLEMENTARY STEAM GENERATION-TYPICAL

¢ Existing 160 MWe Coa! Station Limjted to 140 MWe
Add 20 MWe hZ/OZ Steam Generator and Reheater

Steam Conditions - 1800 psi, 1000 F/1000 F
Capital Costs

* H2 Combus tors and Separator 700,000_
e Additional Piping, Controls, etc. 1,700,000
e 2-Day Startup 130,000

Total $2,530,000

e Capital Cost per kW of Added Capacity = §127

To establish a COE for this system, an efficiehcy of 42% was estimated. This
efficiency percentage is less than the thermal efficiency of the system to
allow for losses due to increased noncondensibles and for combustion efficiency
being less than 100%. Ne boiler lesses are experienced with this system. A
design and installatien time of 1 year was estimated to obtain a base to de-
termine fixed costs. Table 14 provides a COE detailed breakdown for this sys-—
tem for several duty applications, Labor and maintenance costs were estimated
based on experience of our censultants and of Rocketdyne with other related
systems, The COE determined for the SSG is the lowest of all applications up
to about 3000 hr/yr wuse; this difference results from the low capital cost and
high efficiency (i.e., low heat rate). Thereafter, the SS8G and hydrogen gas
turbine are very close, mainly because of fuel cost differences.

Figure 17 shows a comparison of COE for a coal plant, a hydrogen=fueled gas
turbine, amd the S3G system. As indicated, the S$5G system results in the low-
est COE through intermediate load duty of about 3000 hr/yr. Thereafter, the
COE for a coal-fired plant is the lowest.

The low capitdal cost of the $SG system and the competitive COE makes this com=
parison attractive for other applicatiens. Some other applications were exam-
ined superficially, and the results show sufficient promise to warrant addi-
tional effert.

The S8G system provides a capital savings when base load capacity, which must
be replaced, is lost at several locations. One can construct a new plant to
preovide all the lost capacity or add the lost capacity by means of §8G systems
added te underrated plan. -Table 15 provides a simple example of this appiica-
tion. It is evident that net all facters have been considered, however, the
potential savings are large enough to justify further evaluation.

Another potential use of this system is to encourage conversion from oil or gas
te coeal. A capacity loss is usually incurred when this fuel conversion is made.
Table 16 shows a case where the differential eost between ceal and oil more
than offsets the additional cost of Hy/0y used by the SS5G system to supplement

the capacity loss. The net differential is net a savings, of course, because



TABLE 14. 20 MWe-VARIABLE LOAD SERVICE -
SUPPLEMENTARY STEAM GENERATION

Hours/Year )
500 | 1000 | 2000 | 4000 | 7500

Fuel at 6.00/!06 Btu x IO'6 0.49 ) 0.98 [ 1.96 | 3.93 | 7.37
Labor at $25/hr x 10-6 0.15{ 0.20{ 0.25 { 0.30 { 0,50
Maintenance 0.03} 0.05¢ 0.06 1| 0.07 | 0.07

Fixed Cost at 18% (5127/kW) | 0.45 | 0.45 ¢ 0.45 | 0.45 | 0.45

Total 1oz ] 1.e8) 2.71 | 475 | 8.39
COE, mils/kW-hr 112 84 67.7 | 59.3 | 55.91

Heat Rate = B200 Btu/kW-hr

TABLE 15. CAPITAL SAVINGS

® Basis

5 to 100 MWe Plants Each Derated 20%
e Options

A - Build 3 New 100 MWe Plant

B - Add Capacity With 5 to 20 MWe Supplementary
Steam Generator

e Comparison
A = At $755/kW Installed (No Escalation) = $75.5 x 10°
B = At $127/kW installed (Mo Escalation) = §12.7 x 10

le Options of Supplementary Steam Generation Provides
" Substantial Capital Savings of 60 to 70%

TABLE 16, OIL~COAL CONVERSION ECONOMICS

e Basis
e 160 MWe 0il-Fired Baseload Plant
e Derated to 140 MWe by Coal Conversion
® 20 MWe Added by RZID2 Supplementary Steam Generaion
@ Accounting (1-Year Basis) )

e 0il Cost at §3,00/106 Bty s42 x 10°

s Coal Cost at $1.60/108 Bey Sih x 108

e Savings/Year $28 x 106
® CL3st of HZ/OZ Instaltation $1.2 x IO: -
e Added Fuel Cast $8.5 x 10 $9.7 % 10
.

Net 1st Year Differential $18.3 x 106

ST
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the cost of cenversion and other factors have not been included. Figure 18
shows how the fuel cost differential increases over 4 years due to a fuel cost
escalation., Based on these estimates, it appears that the loss in fuel conver-
sion costs can be regained in a 2- to 3-year peried. Thereafter, most of the
differential can be considered as savings.

Encouraging conversion frem oil or gas to coal has an additional benefit in
that it assists in the national goal of reducing oil imports. A conservative
estimate of the amount of oil used by a 160 MWe plant is 2.5 x 10° bbl/vyr.

If 30% of the gas- or oil-fired plants converted to ceal from oil or gas an
equivalent net savings of 109 barrels of oil per vear could be realized.

These applications are simplistic, of course, but they do indicate sufficient

impact to justify further evalation of the supplementary steam generation sys-
tem for utility use.
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ERICSSON CYCLE

System Description and Technical Analysis

The ideal Ericsson cycle consists of twe isothermal processes, each of which is
followed by a constant-pressure process. By means of heat regeneration between
the two constant-pressure processes, the Ericsson cycle can be made to approach
the ideal Carnot cycle. 1In practice, however, the isothermal expansion process
can be approximated only with multiple reheats or reburns between expansions,
and the isothermal compression process can be approximated with multiple inter—
coolings between compressions or constant temperature condensing.

In the steam Ericsson cycle employing direct Hp/02 combustion, the multiple re-
heats can be readily accomplished by medans of staged combustors installed in the
crossover lines between appropriate turbine-stage groups, while the isothermal
compression process would be accomplished by the steam condensing at constant
temperature. Direct H2/02 injection into the crossover lines dispenses with the
lengthy and costly high=temperature piping leading to and from the reheaters as
required in a conventienal furnace, and alse minimizes the pressure drops across
thie reheaters. The reheat temperature leaving each combustor cam be controlled
by varying the amount of H2/07 injection either in stoichiometric or eff-stoi~
chiometric ratio. As will be shown later, the fcrmer methed of attemperation

is preferred due te its greater degree of heat recuperation.

Figure 19 shows the schematic diagram of a steam Eriessen cycle with four stoi=
chiometric H»/02 combustors, with 24,13 x 106 N/m2 (3500 psia) steam throttle
pressure and 811 K (1000 F) steam inlet and reheat temperatures. Figure

shows the corresponding T-S diagram. The pressure ratio across the first four
turbine~stage proups are proportioned to give approximately equal and reasonable
enthalpy drops across each stage group. The superheated exhaust steam from the
fourth turbine is then cooled to saturation by passing it through a surface-
type heat exchanger (recuperator) before it is further expanded down to the con-
densing pressure in the low-pressure turbine., The heat recuperation is neces-
sary in the steam Ericssom cycle to recover some of the exhaust heat for par-
tial feedwater heating as well as to lower the steam temperature entering the
low—pressure turbine for lower condenser loss. The pressure of the exhaust
steam at which heat recuperation is te be carried sut is determined by con-
sideration of the number of reheats, the steam density and pressure drop across
the recuperator, and the size and coest of the recuperator. Obviously, the lower
the recuperator exhaust steam pressure, the greater the number of reheats that
can he incorporated and the larger the recuperator size will have to be to
accommodate the larger steam volume to be handled at a lower exhaust pressure.
In this applicatiomn, an exhaust pressure of 20 psia seems to represent am opti-
mum tradecff between the number of reheats and the recuperator size.

In addition to the recuperator, conventional steam extraction feedwater heaters
are provided at appropriate extractien pressure levels. In the steam Ericsson
cycle, shown in Fig. 20, three feedwater heaters are provided with two extract-
ing steam from the low-pressure turbine and one from the exhaust of the No. 1
turbine. The approximate turbine efficiencies were derived from Ref., 2 for a
150 MW steam powerplant, The steam conditiens and assigned steam pressure drops
across the various components are indicated in Fig. 19, The mass and heat bal-
ances are based on .454 kg (1 pound) of feedwater entering the l-pound combustor.
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Table 17 lists the heat balance of the Ericsson cycle with 24.13 x 106 N/m2/811 K/
811 K/811 K/811 K (3500-psia/1000 F/1000 F/1000 F/1000 F) steam conditions. The
gross thermal efficiency is calculated as the total turbine output divided by the
high heating valve (HHV) of the H2 gas consumption at 292 K (77 F), while the net
thermal efficiency is based on the total turbine output minus the feedwater pump
power consumption. Although the net (eycle) thermal efficiency of 43.88% for the
Ericsson cycle with the given steam conditions appears no better than the net
thermal effic1ency (44 to 45%) of a conventional modern (single) reheat steam cycle
with 24.13 x 106 N/m?/811 K/811 K (3500-psia/1000 F/1000 F) steam conditions, it
must be pointed out that, in the case of the direct Hp/0, combustion steam Erics-
son cycle, the net cycle thermal efficiency is actually equal te the overall plant
cycle efficiency; whereas, in conventional steam plants, boiler and furnace losses
must be included to obtain the overall plant cycle efficiency. With H2-fueled
furnaces, these losses may amount to more than 17% of the H» HHV because of its
high unrecoverable latent heat loss (15.47% of HHV) to the stack. Hence, compara-
ble plant cycle efficlency for a conventional modern steam powerplant with a hydro-
gen gas-fueled furnace will be around 36.5 to 37.5%.

TABLE 17. MULTIPLE REHEAT, ERICSSON CYCLE*

HEAT INPUT (HHV) TO COMBUSTOR NO. 1 1121.486
NQ. 2 295.270
NO. 3 236.377
NO, & 221.535
1874.668
CONDENSER LOSS 1048.116
WATER THROWAWAY LOSS ' 4,038
FEEDWATER PUMP ENERGY 13,066
POWER OUTPUT X _ 835f580**
1887.734 1887.734
GROSS THERMAL EFFICIENCY = 44, 57%
NET THERMAL EFFICIENCY = 43 88%
J3500 pSI/IOOO F/1000 F/1000 F/1000 F
“Turbine No. 1 144,973
No. 2 162.525
No. 3 167.601
No. & 182.598
Low-Pressure Turb i___r_afe._ _ 177.88_3_ .
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Stoichiometric combustion of GH2 and GO9 is assumed in all combustors. Although
off-stoichiometric staged combustion is possible with excess fuel concentration
progressively reduced to zero at the last stage, it is not deemed to be as
efficient as the stoichiometric combustion cass. This can be explained by the
fact that the cycle performance improves with the increase of the ratie of the
diluent steam flow to the combustion steam flow since the water formed with
H2/09 combustien is discarded after the condenser and is not recirculated
through the feedwater (or feed steam) circuit. To realize the benefit of
exhaust steam recuperation and feedwater heating by steam extractions, a sub-
stantial portion of the available heating value of Hy is used to heat the
combustion water from the reference roor tempcrature to the turbine inlét steam
condition. With recirculated diluent water, however, the required heating
spans only from the recuperated feedwater (or steam) temperature toe the turbine
inlet condition, thus resulting in higher cycle efficiency with a higher ratio
of recirculated diluent water to combustion water flows, In staged combustion,
the required water dilutien is reduced by the off-stoichiometric combustion
and, therefore, it yields the lowest ratio of diluent water teo combustien water
flows, and gains the least benefit of recuperation. Unless some means is
devised te recuperate the GH2/G02 with the exhaust steam heat, this loss of
benefit is not recovered,

To determine the effect of turbine steam inlet (and reheat) temperature and inlet
pressure on the steam Ericsson cycle efficiency, a parametric analysis of the
Ericsson cycle was cavried out. The turbine inlet and reheat temperature wzs
varied from 811 X to ;"66 ¥ (1000 F to 2000 F) at twoe inlet pressure levels 24.13
x 10% and 6.89 x 106 N/m? (3500 and 1000 psia). For the 24.13 x 106 N/m? (3500-
psia) inlet pressure cases, the cycles were provided with five stages of expansion
turbines (including low-pressure and feur combustors fo¥ the 1000-psia préssure
cases, four stages of expansion and three combusteors were used, The recuperatoer
which is located between the lew-pressure turbine inlet and the last intermediate-
pressure turbine exhaust, serves te lower the low-pressure turbines inlet tempera-
ture and reduce the condenser loss by exchanging heat between the superheated ex-
haust steam and the feedwater. The reason for locating the recuperator upstream
of the low-pressure turbine is te provide a reasonable exhaust pressure so that
the steam volume flow and the size of the recuperator will not be excessive.

Figure 21 presents a plet of the Ericsson cycle efficiency versus steam inlet
temperature at the two pressure levels of 24,13 x 10% and 6.89 x 106 N/m2 (3500
psia), 1366 K (2000 F) inlet steam conditions, the gross cyele efficiency is
about 55.7%. The efficiency values at 6.89 x 108 N/m? (1060 psia) inlet pressure
are approxlmately 4.5 te 5.5 points lower than the corresponding values at 24.13

x 106 N/m? (3500-psia) inlet pressure, which indicates that there is little advan-
tage of utilizing Ericsson cycles for low steam inlet pressures,

As shown by the plot, the potential of the steam Ericsson cycle is achieving

high overall plant effieiency hinges mainly upon the development of high-
temperature steam turbines. On a far<term basis, it is conceivable that such

ORIGINAL PAGE 1o
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steam turbjnes with ceramic blades operating near 1366 K (2000 T) steam tempera-~
ture could be developed. Further discussion will be presented in the turbine
technology assessment section.

Figures 22 and 23 show the schematic and T-S diagrams of the 24.13 x 106 N/mz/
1366 ¥/1366 K/1366 K/1366 K (3500-psi/2000 F/2000 F/2000 F/2000 F) steam Ericsson.
Table 18 gives the heat balance of the cycle and a.net cycle efficiency of 55.2%,
which is believed to be higher than can be obtained with H2 fuel cells (Ref. 3).

TABLE 18. STEAM ERICSSON CYCLE* HEAT BALANCE
FOR STEAM CONDITIONS

HEAT INPUT (HHV) TO COMBUSTOGR NO. 1336.063

]
NO, 2 469.025
NO. 3 467,304
' NO, & 471.687
2744.080
CONDENSER LOSS 1224.917
WATER THROWAWAY 0SS ‘ 5.910
FEEDWATER PUMP ENERGY 14,000
PGHER OUTPUT ] 527‘253**
2758.080 2758.080
GROSS THERMAL EFFICIENCY = 55.66%
NET THERMAL EFFICIENCY = 55,15%
*3500 PS{1/2000 F/2000 F/2000 F/éooo F
**TURBINE NO. 1 306.126
NO. 2 320.320
NO. 3 328.113
NO. & 364,544
LOW-PRESSURE TURB!NE 208.150

sttem_Degign

The recuperator is one of the critical components that affect the performance.
and the cost of the Ericsson cycle conversion system. It also replaces func-
tionally some of the steam-extraction feedwater heaters. It is a surface-type
heat exchanger with relatively low-pressure steam on one side and high-pressure
water on the other. Since the heat transfer coefficient on the steam side is
much lower than tnat on the other side, it 1s desirable to utilize an extended-
surface heat exchanger such as a finned-tube (Fig. 24) or a plate-fin (Fig.25)
type of design from the standpoint of size and cost.
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Preliminary design analysis of the recuperator was carried out for a 100 MW
power output Ericsson cycle conversion system with five stages of turbines and
3500-psia and 1000 F steam conditions using the heat exclianger computer pro-
gram. Finned-tube and plate fin-type heat exchangers with cross-counterflow
arrangement were analyzed using both copper and steel (Table 19), The initial
computer run at rated conditions gave a heat exchanger frontal area of about
4.6 m2 (50 £t2)2,1x2.1m (7 x 7 feet) and a depth of 14 feet with steel fins.
With further cycle refinement to allow higher-temperature steam to the low-
pressure turbine, a size reduction can be obtained. The most likely recupera-
tor size for this application would be the4.6m2 (50 ft2) frontal area with a
3.3 n (10.8-feet) length using steel, Copper heat exchangers, although smaller
in size, are mot considered acceptable in utility systems.

The multiple reheat cycle (Ericsson cyele) direct combustion steam generators
and reheaters were sized for 100 MW total output. The No. 1 steam generator of
the Ericsson cycle utilizes direct combustion of H2 and 02 (assumed to be
ambient-temperature gases) to vaporize and superheat feedwater for the total
steam flow, Relative flowrates of the input fluids for the (3500 psia, 1000 F)
system are:

Feedwater 51.5kg/s

(113.6 1b/sec or 409,000 1b/hr)
Hydrogen 0.9 kg/s

(2.07 1lb/sec or 7450 1b/hr)
Oxygen 7.5 kg/s

(16.58 1b/sec or 59,700 1lb/hr)

Direct rocket engine practice for combustion gas velocities would result in a
combuster diameter of less than 15.2em (6 inches) for these flowrates. The re-—
sulting steam velocity would represent too much frictional flow pressure loss,
so the burner design diameter was somewhat arbitrarily increased to 25.4cm (10
inches) to reduce the velocity head of the flow steam to less than 5789 N/m2Z

(2 psi).

Under normal operation, the degree of superheat and the heat of the insulated
steam piping will ensure that ne liquid water will be present in the turbine
inlet flow. However, at off design operation, or during startup or shutdown
transients, some liquid may be delivered by the burner, making the inclusion

of a steam-liquid separation system a recommended part of the system., A centri~-
fugal cyclone-type assembly will probably be the best selectien for this appli-
cation, with a tangential entrance velocity of roughly30.5 m/s (100 ft/sec);
equivalent line ID =23.6em (9.3 inches). The resulting c¢yclone will be 0.9 to
1.2 m (3 to 4 feet) in diameter and 1.2 to 1.8 m (4 to 6 feet) high., The struc-
ture will be insulated intermally with a "thermal shield" of relatively light
gauge material to minimize thermal shock. Some pilet burner-type steam fleow is
recommended during idle mode operation te avoid thermal shock to system com~
ponents when the system is rapidly brought up to operating levels.

The steam reheaters for the 811 K (1000 F) reheat cyele were sized for a 100 MW

system. The primary sizing criterion feor these burmers is the steam velocity,
which results in an increasing burner diameter as the pressure is reduced in
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TABLE 19. DIMENSIONS OF ERICSSON CYCLE RECUPERATOR
. Heat Transfer, | . Dimensions
Water Steam ' | Steam-Side Heat ‘ . , '
Fin Temperature, | Temperature, Btu/fe2-hr-F | Transfer Area, AP, psi i frontal,| Length, [ Weight
Type Material F Water | Steam | frd. Water | Steam ft feet pounds
" -Plate Fin | Steel 486 248 258 49.4 47,977 2.99] 35.3 7.7 29,600
Copper © 486 249 232 L.y 42,988 1.83 34.7 6.8 13,825
Copper 485 250 | 333 63.3 31,538 5.19 22.1 7.8 10,143
Finned Steel 485 250 - 2521 51.7 -. 64,015 22 5.61 - 50 .1 26,862
Tube Copper 484 49 256 | 517 50,743 17 | %23 so |1z | 22,80 |
~ Copper 485 250 2515 | 42.0 55,740 19 | L7 70 8.8 | 25,054 |
Copper 484 247 2506 | 33.7 64,015 22 c.71} 100 7.0 28,774
| Finned Steel 474 268 2507 | 51.9 49,182 17 | w3 | s0 10.8 ! 20,638
Tube Copper 473 267 2501 | 51.9 39,033 13 | 3.28] so0 8.6 | 17,545
Copper 475 270 2502 42.2 42,624 4 1.3} 70 6.7 19,159
Copper L7h 268 12496 33.8 48,401 16 0.55) 100 . 5.3 - 21,756
Temperature = 218 F Steam Inlet Temperature - 696 F

NIOI4O0

nd ¥o0d J0
g1 #ovd TV

ALYIV

SL
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in the later stages. The burner diameter is not much larger than the ducting
required to extract and reinject the steam flow between the appropriate turbine
stages. The duct sizes in the selected 100 MW system progress vary from
toughly 27.9cm (11 inches) inside diameter at the first reheat point to about -
101 cm (40 inches) inside diameter at the final reheat stage (Table 20).

The physical layout of the direct combustion reheat burner resembles a gas tur-
bine combustor in many respects, since the requirements are very similar. Both
applications depend on a local, high-~temperature combustion zonme with dilutiomn
and mixing downstream to provide the desired uniform gas temperature delivered
to a turbine stage. In one case the working fluid is air, which also provides
the oxidizer for the coembustion process, and in the other case the working
fluid is steam, which is independent of the combustion reaction.

The steam reheater utilizes a central injector element where the Hp and O3 are
injected and combusted., This injector element is typically less than ene-
fourth of the duct diameter. The combustion process is carried out at stoichi-
ometric mixture with the high core temperature it provides. Steam is used as
a film coolant in the combustor section, being brought in axiaily along the
combustor walls by a series of slots and louvers. At the length where combus~-
tion is complete, the mixing section is initiated, with the steam being intro-
duced as radial jets to penetrate and mix with the hot combustion gases. The
basic concept and rough size of the last low-pressure combustor are shown in
Fig. 26. This concept is very similar to the combuster for the supplementary’
steam generation shown earlier. '

The Ralph M. Parsons Cv. was furnished with a description of the planned PCS
along with the data of Table 20 for the sizing of the steam generator and the
three steam reheaters. A 100 MW installation size was chosen for this evalua~
tion. Differential costs between a 100 MW Hp/07 advanced steam cycle installa-
tion and a 100 MW conventional coal-fired installation operating at12.41x100N/m
(1800 psi) were then established.

This portion of the study involved conceptual layouts of the 100 MW Ericsson
cyele installation (for aid in cost estimation). These conceptual layouts are
presented in Fig. 27 and 28, The layouts bring out the compact mature of a
H2/02 PCS as compared te a coal-fired installation, (whose boiler house alone
would be substantially larger than the whole Ericsson cycle plant, and which
would alsoc require large plet areas for coal and ash handling, coal storage,
and stack gas scrubbing).

Ericsson Cycle Economics

The cost of electricity (COE) for the Ericssom cycle was compared te a conven-—
tional ceal-fired plant, A 100 MWe plant was used in each case, as suggested
by contract, which results in a higher COE for each system. The comparative
relationships are valid however.

Capital cost calculations were made as shown in Table 21. A three reheat Erics-
son cycle (24.13 % 106 N/m2/811 K/811 K/811 K/811 K) (3500 psi/1000 F/1000 F/
1000 F/1000 F) and a reheat steam coal fluid system (12.41 x 106 N/m2/811 K/811 K)
(1800 psi/1000 F/1000 F) were evaluated. Capital costs include an S02 scrubber
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TABLE 20.

DESIGN CHARACTERISTICS

COMBUSTOR COMPONENTS FOR 100 MWe ADVANCED STEAM (ERICSSON CYCLE)

® Primary Combustor

Piameter: 7.0-inch 1D { 12- to 14-inch 0OD)
Length:
Hydrogen Flow:
Oxygen Flow:

e & & 9

Water Flow: 113.6 lb/sec

® Separator {Cyclone)
o Inlet: B x 4 inches
e Diameter: 30-inch ID { 4-foot OD)
o Height: U40-inches ( 6 feet overall)

'96 inches + 20-foot sleeve-lined mixing section
2.07 Tb/sec at 3900 psia (1.5-inch 1D line)
16.58 1b/sec at 3900 psia (-2.0-inch ID line)

02 Inlet Diameter

_ H2 Weight Flow
; 02 Weight Flow

1.0 inches 1D 2.0 inches D

1.5 inches 1D 3.0 inches 1D

0.55 ib/sec at 1100 psi 0.44 \b/sec at 300 psia

Reheaters No. 1 No. 2 No. 3
Pressure 950 psia 260 psia 75 psi
Inlet Diameter 10 inches LD 20 inches ID 37 inches |D
 Qutlet Diameter 11 inches D" 21 inches 1D 39 inches ID
Length 60 inches 72 inches 96 inches
" H2 Intet Diameter

3.0 inches ID
.0 inches 1D

| 4.37 1b/sec at 1100 psi

3.49 1b/sec at 300 psia

0.41 1b/sec at B8 psia
3.28 Ib/sec at B8 psia
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TABLE 21. 100 MWe ADVANCED STEAM CYCLE-ZRICSSON
DIFFERENTIAL CAPITAL COSTS VS CONVENTIONAL COAL

Ericsson
245,13 x 106 N/m2/8|| K/811 K/811 K/811 K
(3500 psi/1000 F/1000 F/1000 F/1000 F)
Differentia! Turbine Costs $12.8 x 106
Differential Piping, Controls, etc, $ 8.4 x 106
H, Combustors and Separator §$ 1.8 x 106
$23.0 x 166
$230/kW
Conventional Coal Fired Single Unit
12.41 x 106 N/m2/811K/811 K
(1800 psi/1000 F/i000 F)
Boiler Plant $335/kwW
§0, Scrubber $120/kw
$355/kW
Comparison
| Ericsson Conventional
"Boller" Plant $/kW-hr 100 ' 455
Balance of Plant, $/kW-hr 43p 300
530 755

for the coal-fired plant. For convenience in making the comparison of these two
systems, it was censidered that a portion of the existin~ coal plant would bé
usable for the Ericsson system, and this balance of plant cost could be used for
both systems. The differential cost of the Ericsson system comsists of the
combustors, separators, and differential piping estimated at approximately $100/
kW-hr. The differential turbine cost was estimated at approeximately-$130/kW-hr
and was added to the ceval halance of plant cest. The Eriesson cycle capital
cost of $530/kW-hr then consists of $100/kW-hr for the boiler {i.e., Hp/0p com-
bustors) and the $30G0/kW-hr coal balance of plant cost added to the differential
~ turbine costs of $130/kW~hr.
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Table 22 develops the COE based on the ground rules of Objectives and Criteria
section., This table compares baseload COE for various 52/02 and coal costs.
As is evident, the COE for the coal-fired plant is less in all cases than for
the Ericsseon system. The driving facter, of course, is the cost of fuel,

TABLE 22, COST OF ELECTRICITY - ERICSSON -~ 100 MWe
BASE LOADED-7500 HOURS/YEAR

Ericsson , Coal
Iinstalled Cost 72,000,000 ($530/kw) 103,000,000 {$755/kW)
(including interest and
escallation)
L-Year Period
Cycle Efficiency 42% 33%
Plant Work Force : 37 57
Fuel Cost, $/106 Btu L.50 6.00 7.50 .50 1.00 1.50
Yearly Fuel Cost, x 107°| 26.78 35.71 44.63 | 3.88  7.75 11.63
Fixed Cost at 18% x 10°° 12.95 ‘ 18.50
Labor at $25/hr 1.92 2.96
Maintenance x 10“6 0.64 : 1.90
Total, $ x 107° 42.29  51.22 60.14 | 27.24 31.11  3h.99
COE, mil/kW-hr 56.5 68.34 80.3 36.3 41.5 be.6

An estimate of the COE for several duty cycles was then made to examine the
potential of the Ericsson system for peaking or intermediate lead. The results
are shown in Table 23. Although the COE for the Ericsson cyecle is less than
fer coal up to about 2000 hr/yr use, this COE is considerably mere than for the
Supplementary Steam Generation Cycle.

Ecomomically, therefore, the Ericsson cycle is not competitive primarily because
of the high cost of fuel. The low capital cost of this sys:em coupled with the
high efficiencies attainable make this system more attractive for baseload
application if Ho/0p costs were available at about $3.50/10% Btu. Higher fuel
costs (more than $3.50/10% Btu) could still be competitive if higher (1366 K)
(2000 F) temperature turbines become available.

82



£8

TABLE 23. PARTIAL

LOAD SERVICE

Hours/Year _ 500 1000 2000 | 4000 7500
Fuel at 6.00/106 Btu, $x1076 2.38 5.75 " f 9.5 19.1 35.71
Labor $ x 107° 0.4 0.4 0.6 i 1.92
Ericsson Maintenance $ x 107 . 0.3 0.3 0.3 0. 0.64
Cycle Fixed § x 10°° ' 12.95 12.95 12.95 | 12.95 | 12.95
Total $ x 107° 16.03 | 18.h0 | 23.35 | 33.65 | 51.22
COE, mil/kW-hr 320 184 117 84.1 68.3
Fuel at 1.00 /106 Btu, $§ x 10_6 0.50 1.03 2.06 4,12 7.75
Labor § x 1078 0.7 0.8 1.2 2.0 2.96
Conventional | Maintenance $ x 10-6 - 0.7 0.8 1.0 1.3 1.90
| Coal Cyele . | rived ¢ x 107° - 18.5 18.5 18.5 18.5 18.5
Total § x 107° 20.4 21.1 22.8 25.9 31.4
COE, mit/kW-hr 408 21 14 64.8 41.5




HYDROGEN-FUELED GAS TURBINE

System Description and Technical Analysis

The use of Hz fuel for a gas turbine appears feasible and attractive from the
standpoint that Hy is a clean~burning fuel with a wide flammability range. The
effect of Hy versus other fuels on the gas turbine heat rate (at a given gas
inlet temperature) is small. The efficiency is slightly lower due to the high
moisture content in the flue gas, The characteristics of Hp-fueled gas turbines
sheould be similar te conventional gas-—fired gas turbines. PFigure 29 contaims
the four basic cycle arrangements examined. Other advanced systems are des—
eribed later. The efficiency for the four cycles based on the HHV of H2 (61,070
Btu/lb), as a function of compressor pressure ratio are shown in Fig. 30. The
turbine inlet temperature is set at 1366 K (2000 ¥), which is expected to be
attainable in the future with the ash-free Hy fuel.

As seen in Fig. 30, the recuperated cycles both optimize at the low pressure
ratios while the simple eycle optimizes at a higher pressure ratie. For the
simple cycle, a pressure ratio below the optimum results in high stack loss.

At high pressure ratio abeve the optimum, the additional compressor work is more
than the turbine can provide. The recuperative cycles optimize at lower pres—
sure ratios as a result of the unfavorable lower turbine exit temperature, which
corresponds teo the high expansion ratios, and the high air temperature due to
the high adiabatic cempression. The combined effects diminish the effectiveness
of the recuperator. Neverhteless, the efficiency for the recuperative cycle

at its optimum pressure ratio is 5 points higher than the simple cycle. With
staged compression and intercooling, which minimizes boeth the flue less and
compression loss, the optimum efficiency is more than 2 points higher than irhe
cycele with regeneration only. This arrangement is used in some recent closed-
cycle gas turbine designs in Eurcope. In this country, the regenerative cycle
has not been used except in very small scale, Major preblems have been mate-
rials and cost. The combined cycle is more accepted in the United States,

Tables 24 and 25 show the results of the amalysis performed on the Brayton
cycle with regeneration and with and without imtercooling.

A simple gas turbine with a 100 MWe output was amalyzed. The results are shown
in Table 26.

The high compressor pressure ratio and the turbine expansion ratio generally
degrade the performance. The component efficiencies are indicated in the table.
Figure 31 shows the effect of the component performance on the overall cycle
efficiency. The turbine inlet temperature is maintained at 1366 K (2000 F).

Figure 32 is a plot of the cycle efficiency versus the turbine inlet temperature
at the optimum pressure raties. It shows, in general, that higher temperatures
result in higher efficiency. ¥or each temperature level, the combined cycle
shows the highest efficiency. .
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TABLE 24. BRAYTON CYCLE WITH REGENERATION

e Compression Pressure Ratie = §

e Turbine Inlet Temperature = 1366 K (2000 F)
o Turbine Efficiency = 0.89

o Compression Efficiency = 0,87

® Regenerator Effectiveness = 0.85

9362 Btu/kW-hr
36.46%

e Heat Rate

e Efficiency
e Flowrate:

e Air: 1351 kg/s (2,787,300 I1b/hr)

o H. 1.93 kg/s (15,330 1b/hr)

TABLE 25. BRAYTON CYCLE WITH REGENERATION AND INTERCOOLING

Two-Stage Compression with Intercoeling

Compression Pressure Ratio = & (-Efficiency = 0.87)

Turbine Inlet Temperature = 1366 K(2000 F) (-Efficiency = 0.89)
e Heat Rate = 9070 Btu/kW-hr '

e Efficiency = 37.63%

Flowrate:

e Air: 277 kg/s (2,200,000 1b/hr)

° HZ: 1.87 kg/s (14,850 V1b/hr)

TABLE 26. SIMPLE BRAYTON CYCLE

22
1366 K (2000 F)

L

e Compression Pressure Ratio

I

® Turbipe Inlet Temperature

e Turbine Efficiency = 0,88

e Compressor Efficiency = 0.86
e Heat Rate = 11,542 Btu/kW-hr
e Efficiency = 29.57%

e Flowrate:
e Air: 370 kg/s (2,938,000 1b/hr)

. H2: 2.38 kg/s {18,900 1b/hr)
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Because of the high fuel costs, the low efficiency of the simple cycle proeduces
a COE comparable to the more effiecient combined cycle., The regenerated cycles
produce a high COE due to the regenerator costs, and the efficieéncy is also be-
low the combined system., Therefore, although the peaking capability of the
combined cycle is reduced, this system was selected for further evaluation be-
cause of its efficient fuel utilization and competitive COE.

The combined cycle has been more readily accepted by utilities; however, the
peaking capability is reduced because of the heatup time required of the steam
system, Frequently, the bottoming cycle serves as the prime cycle with an ex-
haust=fired boiler. Gas turbiné technology is improving and it is expected,
expecially with clean fuels, that they can be designed with the turbine inlet
temperature as high as 1589 K (2400 F). The cooling is accomplished by air bled
from the compressor and precooled. ' The high temperature enables the use of a
waste heat boiler. The overall result will be more efficient use of heat
generated,

The combined cycle analyzed assumes a straight condensing botteming steam cycle,
which is estimated to have a heat rate of 10,705 Btu/kW-hr. The rating of the
bettoming unit is approximately 30 te 50 MW. As the turbine exit temperature

is a function of both the expansion ratioc and the inlet temperature, the feed-
water flowrate is throttled6to provide a comstant initial steam condition at

755 K (900 F) and 5.86 x 10 N/m? (850 psig). The flue gas temperature is computed
to reflect a minimum of 272 K (30 F) pinch temperature between the hot gas and the
feedwater steam mixture (Fig. 33). The contribution from the bottoming cycle is
thus the emergy available times the heat rate. The results from this analysis

are summarized in Table 27. Tt should be noted that above a pressure ratio of

12 in Fig. 30, the turbine exit temperature is less than 283 K (50 F) above

the superheated steam temperature. A superheater under this cendition may be
difficult to design. DNote that high turbine temperatures are reguired to

achieve the high cycle efficiencies. Reducing the turbine inlet temperature to
the present state-of-the-art technology of 1200K (1700 F) reduces the efficiency
to about 36.8%. For the present, thel200K (1700 F) system is more realistice.

TABLE 27. COMBINED CYCLE

COMBINED CYCLE

Brayton Lycle Rankine Cycle
® Compression Pressure Ratioc = 12 ® Steam Pressure = §.86 x 108 N/mz (850 psig)
e Turbine Iniet Temperature = 1478 K (2200 F) e Steam Initial
¢ Turbine Exit Temperature = 829 K {1032 F) Temp‘erau';re = 755K (900 F}
¢ Network Outlet = 75 MW . i;:‘;ﬁr:’;;:e - Wb K (340 F)
e Compression Efficiency = 0,87 Network Output = 25 MW
e Turbine Efficiency = (.89 e Heat Rate = 10,705 Btu/kW-hr

e Overall Heat Rate = B522 Btu/kW-hr

e Efficiency = 40.00%
e Flowrate:

e Air 19} kg/s (1,519,140 1b/hr)

° H, 1.76 kg/s (13,954 1b/hr)

® H20 23.1kg/s (183,634 1b/hr)
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Advanced cycles were also investigated, including a pressurized "semi-closed

cycle'" with direct combustion heating of the working fluid (air). TIn this
cycle (Fig. 34), the primary mass flow through the cycle was N9 which resulted
from combustion of air and Hp, with subsequent condensing of the water from the
combustion products, Sufficient "makeup' air is compressed and added to the
cycle for stoichiometric combustion with the fuel. Some N2 is bled off from
the cycle to keep the nominal mass flowrate through the cycle constant.

A truly closed-cycle gas turbine, with direct combustion heating, can be accom-—
plished if both Oz and H2 are available as ecomomically viable reactants. In
this cycle, the combustion chamber is heated by the stoichiometric combustion
of Oy and Hp directly in the stream of nonreactive working fluid, Cooling of
the working Fluid prior to compression results in condensation of the water
produced by the combustien, returning only the working fluid to the cycle. Ex-
pensive noble gas working fluids may not be practicable because of eventual
contamination from impurities in the Q7 and the Hp. Typical operating condi-
tions for this type of cycle are shown in Fig. 35,

These cycles were judged to be too great a departure from current practice
without a significantly large improvement in thormal efficiency.

System Design

The combustor 'can' of an existing gas turbine assembly could be modified for
Hy fuel with relative ease. Virtually all of the design features of a liquid
fuel combustor would actually censtitute an overdesign when compared to the
requirements of GHy. A natural gas combustor configuration could be modified
by merely reorificing injection systems te account for the density differences
between the fuels. A H burner designed specifically for the purpose would
be significantly shorter than an equivalent design for liquid Fuel. The mix-
ing and dilution section of the burner would remain essentially the same, but
the actual combustion section length could easily be reduced to half.

An optimized H2 burner system could also be developed, with a more elaborate
development program, to expleit the characteristics of Hy for further emission
control imprevement, Unburned hydrecarbons and carbon monoxide emissions would
be essentially totally eliminated by just the fuel substitution., Some hydro-
carben content would probably be present im so called "dirty" Hy from coal coen-
version, but carbon compounds from these impurities would be expected to stay
at very low levels, :

Oxides of Ny would remain in evidence with Hj fuel, both from the combustion
temperature invelved and, to a lesser degree, from the impurities in coal-
derived Hy. However, the wide flammability limits of H2 would permit special
lean burning combustor configurations, which would limit the maximum tempera-
ture even within the local combustion zene in the burner. This configuration
could take the form of a premix section where the lean limit mixture is well
mixed prier to combusticon in a flame holder section where a well-mixed turbu-
lent £lame would be produced similar te the actionm of a bunsen or meeker
burner. The temperature in this flame front would still undoubtedly be greater
than allowable for turbine imlet, so a conventional dilutiom and mixing section
would be utilized upstream of the turbine nozzle inlet section.
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The excellent coocling capability of Hg lends itself to consideration for tur-
bine cocling methods that would maintain high thermal efficiency by regenera-
tion of the coolant flow, as well as permitting the improved cycle performance
with iccreased turbine inlet temperature. The regenerative concept would en-
compass a closed cooling path through tl:ie turbine blades and the turbine nozzle.
Each turbine blade would have a coolant path and a return path so that the
heated F3 would be recollected and ducted to the burner. The enthalpy of the
fnored ¥y would be returned to the cycle in the combustion chamber. A proto-
tvpt of guch o Hp-couled turbine stage has been demonstrated in a component
test rig @ the General Electric Company (Ref. 4 }. With this cooling arrange-
ment, turbigs inlet temperatures as high as 2478 K (4000 F) have been demon-
strated for durations of up to 1 hour.

High turbine inlet temperatures improve clycle efficiency, but increase the
problems of nitrogen oxides. Lean burning with premixed fuel and air would
probably reduce these emissions to an abseclute minimum. The other noxious
emissions normally asseclated with fossil fuel combustien will not be a problem;
carbon, hydrecarbon, and sulpher compounds should not be present in measurable
amounts tnless the Hp being used has a high level of these compounds as
impurities,

The overall cenclusion of this study indicates that H2 and Hz/Og combustion
provides high potential for application in several variations of the Brayton
cycle. Development risks arr. relatively low with a high probability of success.
The main requrement is for high-temperature turbines. Hydrogen is an excellent
fuel for numercus variations of the Brayton cyecle. Existing turbine systems
could be converted to Hy fuel with very little development effert, and few phy-
sical modifications, Advanced combustor design to exploit the charzcteristics
of H2 fuel could likewise be accomplished with relatively little development
effort, and could provide significant Improvement in emission contrel. Ad-
vanced cyeles with regeneration, or "bottoming" supplementary cyecles would also
benefit from the clean burning and low pollution characteristics eof Hy combus-
tion. Closed, and semiclosed cycles ean be devised te operate with direct com-
bustion heating, eliminating heat exchanger problems, because of the unique pro=
perties of Hy as a fuel.

Gas Turbine Economics

The economic assessment performed for the gas turbine was based on the ground
rules identified in the Objectives and Criteria section. The systam costs were
based on a 1200K (1700 F) tu-bine inlet temperature rather than for the higher-
temperature turbines, because this was judged te be midterm (i.e., to the year
2000) capability. Choosing the 1200K (1700 F) temperature has the effect of
reducing the heat rate and thus the effic1ency to 9280 Btu and 36.8%Z,
respectively.,

The capita: costs were determined as shown in Table 28. This cost was then
factored by 187 to determine the fixed costs per year. Fuel costs were deter-
mined using $4.50/106 Btu for hydregen alone. Labor and maintenance costs were
estimated depending on the amount of usage of the system. Table 29 summarizes
the costs and shows a COE for various hours/year usage. This COE is comparable
to the supplementary steam application through 3000 hr/yr (peaking and inter-
mediate) at which time COE is slightly less than supplementary steam. However,

GE 18
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TABLE 28, COMBINED CYCLE COST

Structure and Improvement 600,000
Mechanical
Gas Turbine (75 MW/1 Unit) 11,800,000

Steam Turbine

+Pump + Boiler (25 MW/! Unit) 3,280,000
+Deaerater + Condenser

Piping, Contrels and 2,600,000
Instrumentation
Station Electrical 950,000

$18,630,000
($186/kW)

TABLE 29. OIL FIRED COMBINED CYCLE GAS TURBINE

e 100 MWe
e H, Fuel at 34.50/106 Btu
e Capital Cost: $186/kW, installed {including interest)

e 1200K (1700 F) Turbine Inlet Temperature, 9280 Btu/kW-k~
heat rate (combined)

L _Hours/Year 500 | 1000 | 2000 | 4000 | 7500
Fuel at $4.50/10% Beu, $ x 1078 | 2.09 | 4.18 | 8.4 {167 | 31.3
Labor § x 1070 0.5 0.7 1.0 1.3 1.5
Maintenance $ x 10°° 0.3 0.5 0.8 | 1.2 1.5
Fixed Cost at 18%, $ x 100 3.3 3.3 .] 3.3 3.3 3.3
(S186/kwW; : 1

Total § x 107° 6.19 | 8.68 |13.5 |22.5 | 37.6
COE, Mil/kW-hr 124 | 86.8 {67.5 | 56.3 | 50.1

combined cycle gas turbine COE is greater than a ceal plant atter approximately
3000 hr/yr intermediate and baseload as shown in Fig. 36.

On the basis of COE alone, the combined cycle gas turbine cempetes freasonably
well with the supplementary steam generator through peaking applications, and
somewhat more faverably for short intermediate loads, and does not compete with
coal plants for long intermediate and baseload,

When one considers that the combined cycle loses its peaking capability because

the steam components require signficiant heatup time, the supplementary steam
generation appears mere attractive.
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PRESSURIZED WATER REACTOR - SUPERHEAT

System Description

A potential application of the H2/02 combustor .s the steam superheat and
reheating in the steam power conversion cycles of pressurized water-cooled
nuclear reasctors. This concept is similar te the supplementary steam generation
concept described in the Supplementary Steam Generaticn Section. The potential
penefit from the steam superheating and reheating includes the improved cycle
thermal efficiency caused by increased steam temperatures and the improved

steam turbine performance and less erosien wear of the turbine buckets due to
reduced moisture entrainment in the steam. A specific example of such an
application is the use of a steam superheater, fired by fossil fuel (oil), at
the Consolidated Edison Company's Indian Point pressurized-water—cooled reactor
(PWR) steam powerplant. The Indian Point Station (2% mw capacity) is one of

the earlier nuclear powerplants in commercial operation in this country (since
1962) and is the only plant that has employed a fossil-fuel-fired superheater.
The main reasons for its not being widely incorporated in later-—constructed
nuclear powerplants have been: low nuclear fuel cost {(until recently) to
justify the use of a separate fossil-fuel-fired superheater; and development of
special designed nuclear steam turbines te handle highly moisture-laden steam
and the higher primary coolant pressure te give higer steam pressuse and temper-
ature 6.89 x 106 N/m2/572 X as compared to 2.55 x 108 N/m?/505 K (1000 psi/570 F
as compared to 370 psi/450 B). In addition some operational and environmental
problems may occur with this concept, These problems are discussed in the Environ-
mental and Operational Constraints section.

There are about 130 light water nuclear steam powerplants (both BWR and PWR) in
commercial operation or under comstruction in this country. Reference presents

a list of these plants and their operating conditions and capacities. Most of
the later units have capacities from about 800 to 1300 mw and operate at a steam
pressure from about 6.20 x 106 to 7.24 x 106 N/m? (900 to 1050 psig) and at steam
temperatures from saturation temperature te about 283 K (50 F) superheat, vanging
from 544 to 572 K (520 to 570 F). 1Im boiling-water reactors (BWR), steam to

the turbine is generated directly in the primary cooling water circuit through
the reactor core. Because of the large quantity of primary water circulation

(15 te 20 times ‘e steam flow) required for safety reasons, the steam flashed
off is close to saturation. In pressurized-water reactors, the steam is produced
in an indirect steam generator with the primary recirculating water temperature
drop of about 286 to 289 K (55 to 60 F) and the steam temperature from satura-
tion to 283 K (50 F) superheat. Though a small amount of superheat has an in-
significant affect on the turbine performance, it is desirable frem the stand-
point of turbine control and partial load operatioens erder that the inlet steam
condition would not cross the saturation line. The primary water circuit pres-
sure in PWR ranges from 12.41 x 10® N/m? to 15.5 x 106 N/m2 (1800 to 2250 psig)
which is about twice as high as that in BWR.
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Technical Analysis

Indian Point PWR Station. The application of a fossil-fuel-fired (or oil-fired)
superheater in the Indian Point PWR power station was discussed in Ref. 5 agd 6.
The reactor operates in a pressurized water loop at a pressure of 10.3 x 10° N/m?
(1500 psia) and a total circulating flow of 8.1 m3/s (128,000 gpm) at 525 K

(486 F) dinlet and 543 K (518 F) exit remperature, Steam leaves the secondary
side of the vertical U-tube type steam boiler at a pressure of 2.90 x 106 N/m2
(420 psig), a temperature of 505 K (450 ¥), and at a flow rate of 277 kg/s (2.2

x 10% 1b/hr) and is superheated in a separately fired superheater to a steam
temperature of 81l K (1000 F). Figure 37 shows a schematic diagram of the

Indian Point PWR steam powerplant with the fossil-fuel-fired superheater and
economizer. The plant arrangement and the operating data were taken from the
Nucleonic's Reactor Field. A minor difference was noted later in the location

of the economizer from the arrangement of Ref. 5. Because the heat load in

the economizer was small, no attempt was made to revise the cycle analysis.

Table 30 gives the heat balance of the Indian Point Plant with the oil-fired
superheater. The computed thermal efficiencies are based on the sum total of

the heat input from the nuclear reactor and the HHV of the oil consumed in the
fired superheater with a furnace efficiency of 85%.

TABLE 30, HEAT BALANCE WITH FOSSIL-FUEL<FIRED SUPERHEATER

Heat {nput From Nuclear Reactor 1975.0914(10)6 Btu

Heat Input From Superheater 702.680(10)6 ] 0i1 HHV (nput (85%)

Heat Input From Economizer 0.99(10)6 = 827.847(10)6

Feedwater Pump Energy lnput 2.6-50{10)6

Condenser Loss 1729.9]8(10)6

Power Qutput* : 951.&86(10)6
2681.404 (10)° 2681.404(10)°

Combined (HHV) Gross Thermal Efficiency = 33.95%

Combined (HHV) Mzt Thermal Efficiency = 33.85%

#High=Pressure Turbine 308.396(10)2

Low-Pressure Turbine 643.090(10)

Figure 38 and Table 31 show the ¢ycle arrangement and heat balance of the Indian
Point Plant using Hv,/D2 direct combustion as a superheater. Comparison with

the results obtainea £0r 'the case of oil-fired superheater indicates an improve-
ment of about 1.3 points using the H, /0, direct superheater. This improvement
stems mainly from the fact that ther& i5 no furnace loss with the H2/02 direct
superheater as compared to 15% loss in the oil-fired superheater,
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Some of this gain is offset by the higher latent heat loss, which is inherent
to the H, fuel, and the less effective feedwater regeneration, because of mass
injectioft {combustion steam) at the combustor and mass rejection (throwaway
water) at the condenser outlet. It must be pointed out that the comparison
being made here is really between performances of the oil-fired superheater and
the H?/OD direct superheater. If the comparison were between the PWR steam
power cyCles with and without a superheater, a larger difference in efficient
cies would result. The most significant advantage of using the HZ/OZ direct
superheater lies, however, in the capital cost o the combustor, which is at
least. an order of magnitude lower than that of an oil-fired superheater.

TABLE 31. HEAT BALANCE WITH H2/02 DIRECT SUPERHEATER
INDIAN POINT PWR

Heat Input From Nuclear Reactor I976.106(10)6 Btu

Heat Input (HHV} to Superheater 904.52#(10)6

Feedwater Pump Energy |nput 2.6l8(10)6

tondenser lLoss {Includes Water Throwaway Loss) 1868.5147(|0)6

Power Output®* IOM.702(IO)6
2883.248(10)° 2883.249(10)®

. Combined (HHV) Gross Thermal Efficiency = 35.22%
Combined {HHV) Net Thermal Efficiency = 35.13%

*High-Pressure Turbine 326.961(]0)2

Low-Pressure Turbine 687.741(10)

David Besse Unit I PWR. The above case was analyzed with the assumption that
the turbine adiabatic efficiencies are the same with or without the steam
superheating. In practice, however, the turbine efficiency increases with
decrease in moisture entrainment in the steam, Hence, superheating and re-
heating in the light water reactoxr steam cyecles would improve not only the
cycle efficiency with higher steam temperatures but also the turbine efficien-~
cies because of lower moisture entrainment in the steam flow. Thus a more
detailed steam turbine cycle analysis was performed on a typical recently
.completed PWR plant employing the performance prediction procedure given in
Ref. 7, which takes into account all the factors affecting the turbine effi-
ciency. The selected plant, David Besse Unit I station of the Toledo Edisen
Company, has a net capacity of 925 MW operating with throttle steam conditions
of 6.10 x 106 N/m? (885 psia) and 583 F (590 F). Thé exhaust steam from the high-
pressure turbine passes through a moisture separator and an indirect reheater
and is heated in two stages by condensing the highpressure extraction steam and
the Eggottle steam before it enters the low=pressure turbines, as shown in

Fig. . ‘
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Figure 40 shows the corresponding H-S diagram. The low-pressure turbines are
provided with moisture separating shrouds and cavities, and, at various stages,-
the moisture is extracted,mixed with some bleed steam and drained into the feed-
water heaters. The zipzag lines in the H-S diagram indicate the changes in
steam conditions after moisture separation in low-pressure turbines. ® Table 32
gives the heat balance for the David Besse Unit I station.

TABLE 32. HEAT BALANCE FOR CONVENTIONAL POWERPLANT

Power Boiler 9.1345 x 107 Btu
Feedwater ®ump Heat Input L0492 x 10°
9

High-#ressure Turbine Output 1.0451 x H:)9 5
Low-Pressure Turbine Output 2.1653 x 10 g 3.2104 x 10
Feedwater Turbine Qutlet .04922 x lg
Condenser Loss 5.9250 x 0

Total 9.1837 x 109 9,1846 x 109
Total Turbine Gross Output 3.2103 x 10°
Total Turbine Electrical Output (925,226 kW)  3.1570 x 109 (98.34%)
Gross Plant Efficiency (Turbine Output) = 3.2103 x 10%/9.1333 x 107 = 35.152
Net Plant Efficiency (Electrical Output) = 3.1510 x 109/9.1333 x 109 = 34.56%

Figures 41 and 42 show the schematic and H~S diagsram of the David Besse Unit I
station equipped with an H /O direct superhe~.er and HZ/O direct veheater.

The reheat temperature, 643 K (700 F) in this case, was nof raised to the
maximum level in an attempt to utilize the same low-pressure turbines, Table 33
gives the heat balance of the plant with an H,/0, superheater and reheater. An
improvement of 4 points in efficiency is noted over that of the plant witheut the
H /0 superheater and reheater, The equivalent efficiency of an H,/O combustor
is 4? 127% as compared te 34,.56% for the PWR cycle only. As noted in %he sche-
matic diagrams a significant contribution to the gain is due to the increased
turbine efficiencies,

System Design

Having established the heat balance from the reactor and the steam addition,
the analysis was continued to establish an initial sizing for the superheater
installation and an evaluation of the eperation and the technolegy involved.
An operational question addressed was the operating O, /Hs mixture ratio in the
combustor. A nominal stoichiometric mixture ratio was“chosen but with a bias on
the H2 rich side similar to that of the supplementary steam gemeration.

The minimization of noncondensible gases in the steam produced by direct com-—
bustien of Hy and 02 is important, because these gases will wind up in the
extraction heater and the condenser, from which they will have to be removed to
maintain correct pressure balances and heat transfer effects. Table 33 presents
the quantity of noncoendensible gases produced via deviation of the mixture -
ratio from stoichiometry and/or the presence of contaminant gases in either the
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TABLE 33. HEAT BALANCE FOR POWER PLANT

Power Boiler

Ho/0, Superheater

Hp/02 Reheater

Feedwater Pump Heat |nput

High-Pressure Turbine Output
Low-Pressure Turbine Qutput
Feedwater Turbine Qutput
Condenser Loss

Condensate Dump

9.1345 x 109
3.6558 x 109
.5089 x 109
.0492 x 109

WITH H2/02 SUPERHEATER

5.206) x 109

1.9562 x 103
3.243% x 162
-057€ x 103

2,043 x 109
L0362 x 109

Total

® Total Turbine Gress Output
® Total Electrical Output (1,500,479 kW)

® Total Gross Plant Efficiency (Turbine Output)
e Total Net Plant Efficiency (Electrical Output)

13.3483 x 109

5.2061 x 109
5.1196 x 109

39.15%
38.50%

13.344% x 109

(98.34%)

Power Only

Hy/052 Combustur

Total

| Heat Input Contributed
{ Electrical Power Output Contributed

- Net Efficiency

9.1345 x 109

3.1570 x 109
34.56%

4.1647 x 109
1.9626 x 109
47.12%

13.2992 x 109
5.1196 x 109

38.50%




H? or 02. The presence of noncondensihle gases affects the overall system
performance, because these gases must be pumped from the condenser against the
differential pressure between the condeunser and the outside atmosphere. Addi-
tionally some of these gases, such as 02 and CO2, may result in corrosion
effects in the turbine and/or condenzar, while the presence of hydrogen may
present a safety hazard.

Analysis indicates that the stoichiometric ratio of 02 te Hy can probably be
maintained via flow proportioning (trimmed from hydrogen concentration) to a
deviation of approximately 1/2 of 1% from exact stoichiometry. Present thinking
is that it will be most satisfactory to provide a slight excess of H2 in the
combustion products to aveoid corrosion possibilities existing with free 02 in
the wet portions of th.. “urbine and in the condenser. There will be no explosion
hazard present so long as the H2 is mixed with the steam; moreover, in the
condenser the operating pressures will be so low that an explosion hazard with
infiltrating air mixing with the H2 will not exist. Once the neoncondensible
gases have been compressed from condenser operating pressure to atmospheric
pressure and the exhauster steam condenser, combustible mixtures of hydrogen

and air may exist and these will be vented under conditions guarding agalnst
accidental ignition,

The H2 and 0y flowrates (Table 34) calculated to supply 811 K (1000 F) steam

to the turbine are found to be well within the present state-of-art for hydrogen/
oxygen combustion. The design of a direct combustion superheater concept is the
same as that for the supplemental steam generation shown in Fig. 15 of the
Supplementary Steam Generation section . Dimensions for the PWR superheater

are shown in Table 34. The techmical challenge in this equipment will be to
achieve long life and high reliability while yet attaining uniform mixing of

the H2/02 combustion products with the steam that is to be superheated. A
design goal will be to achieve the mixing without having any of the material
operating at a temperature much above the design steam temperature and especially
without incurring rapid fluctuations in wetal temperatures that could lead to
fatigue. However, attaimment of these goals does appear to be feasible, and

the required investment in equipment directly associated with the combustor

would be expected to be quite modest,

A preliminary evaluation of the technology involved in the superheating of
steam via direct combustion of 07 and H2 resulted 1n the list of possible tech—

nical problems presented in Table 35,

Pressurized Water Reactor Econemics

The cost of electricity (COh) for the superheater addition to the pressurized
water reactor was based on baseload use. The turbines used in nuclear systems
without superheaters are wet turbines. Applications involving less than base-
load opzration will require two sets of turbogenerating equipment, one when the
superheater is operating and one when it is not. It was considered that this
added corniplexity for peaking operatien would mot be cost-effective. The non-
superheat turbine also should be available in the event of downtime of the
superheater, However, this contingency was not included in the COE of the PWR
superheater application.
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TABLE 34,

COMBUSTOR COMPONENT FOR SUPER HEAT ON TYPICAL
PRESSURIZED WATER REACTOR (6C0 MWe) -

DESIGN CHARACTERISTICS

Final Steam Temperature

1000 F

600 F 800 F -
Inlet Diamefef* 36 in. ID 36 in. 1D .36 in. 1D
Outiet Diameter® 38 in. ID Lo in. ID 42 in. ID
Length** 96 in. 96 in. 96 in.
Weight, Hydrogen 3.06 1b/sec 7.4 tb/sec 13.2 1b/sec at 1200 psia
24.48 1b/sec 59.2 1b/sec

Weight, Oxygen

105 Ib/sec at 1200 psia

NOTE:

inlet Steam Conditions 550 F - 1045 psia = 8.25 x 108 1b/hr
%Can Double Installation With 70% of These Diameters

*%Add 20 ft Mixing Length Down Stream (Min.)
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TABLE 35. POSSIBLE TECHNICAL PROBLEMS - 0,./1--12
£

SUPERHEAT FOR PWR STEAM

E VS

1. Nencondensible Gases in Heaters and Condensers.
Flame Retention, Flame Detection, Flame Safety.
Adds a Cause for Turbine Trips.

Mixing of Steam and Combustion Products, Avoidance of
Hot Spots, Coring, Metal Temperature Fluctuations.

5. Sophisticated, Reliable, Rapid Acting Control System
Will be Required.




The PWR superheater capital cost was estimated as shown in Table 36, Cost of -
various elements relating to the superheater were estimated and a¢ded to the
base load plant. As explained earlier in this document, nuclear plunts are
generally of large capacity. Therefore, a 1000-MWe plant was priced in which
600 MWe is produced by the nuclear reactor and 400 MWe by the superheater addi-
tion. The cost of the 600 MWe portion was determined by scaling down from a
known 1000 MWe nuclear plant using a scaling factor of approximately 0.75 to
compensate for the higher relative cost of smaller plants,

TABLE 36. SUPERHEATER ADDITION TO PWR CYCLE

® 600 MW Nucliear Capacity

e 1000 psia, Saturated Base Cost at
$500/kW = $300,000,000

® 400 MW Added Capacity Via Superheating

® Additions for Hp/0y Direct-Fired
Superheater at 1000 F

Superheaters gnd Controls 2,500,000

® Auxiliary Equipment 3,500,000
e Larger Turbine, Cond, etc 50,000,000
e Larger Electrical 30,000,000
® More Complex Startup 2,500,000
Total 88,500,000

® Cost of Added Capacity $221/kW

e Design and Construction Period,
9 Years

In performing these calculations, it can be seen from Table 37 that the in-
stalled cost of the combined system is less than for an all-nuclear system
(i.e., $777/kW vs $900/kW). However, when other factors such as fuel costs and
operating and maintenance cests are included, the COE for the combined system
is substantially higher than for the all-nuclear system. The primary driving
factor again is the cost of fuel.

It seems unlikely then that the addition of superheat to a nuclear system would
ever be competitive te an all-nuclear plant until fuel costs for the Hy system
can be reduced substantially to approximately $1,60/106 Btu. This is highly
unlikely. When the COE is added to the other complexities such as radioactive
water disposal (described in Environmental and Operational Censtraints section),
the addition of superheat te a PWR system by direct combustion of Hp and 09 does
not appear to be promising. ’
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TABLE 37, COST OF ELECTRICITY-PWR SUPERHEATER
(Basis — 1000 MW Capacity, 7500 hr/yy)

02/H2 Superheater All Nuclear
e Installed Cost x 1076 600 Kuclear 900
(Inciuding Interest and Escalation) 177  Superheater 0
777 Total 900
@ Cycle Efficiency, %
® Nuclear 34 34
e Hy/02 4y
@ Plant Work Force 132 120
e Fuel Cost, $/10% Bty Nuclear 0.25

hydrogen 6.00

e Yearly Fuel Cost x 1076

® Nuclear 1 19
& Hy 130 0
e Total 141 19
e Fixed Costs at 18%, x 1076 140 162
® Labor at 25 $/hr, x 1076 7 ' 6
e Maintenance, 2%, x 10-6 _gg; _30
e Total, x 1076 313 217
e COE Mil/kW=hr 41.7 30
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LIGHT WATER REACTORS - SUPERHFATER FOR BOILING
WATER REACTOR (BWR)

System Description

The concept of indirect superheater for boiling water reactors (BWR) was examined
for technical feasibility., This candidate PCS involves the indirect superheating
of the steam produced by boiling water reactors, either pressurized or boiling
water style. In this concept, Hp combustion would supply the input energy for
the superheater of the BWR system. This concept is, in effect, a variation on
the fossil-fired superheaters which have been utilized in conjunction with some
boiling water reactors,

As indicated earlier, the history of the nuclear generation industry indicates
that both PWR and BWR installations are economically competitive only in rela-
tively large sizes. Therefore, it was concluced that it would be reasonable to
base this evaluation of a separately fired H3/02 superheater on an installation
containing a nuclear reactor of approximately 3400 MW thermal output. Further,
it was decided to base the steam output conditions of the BWR reactor om the
industry's standard of approximately 6.89 x 106 w/m2 (1000 psig) steam pressure,

The technical feasibility studies conducted en the indirect-fired superheater
were limited to burning the Hpwith air rather than with either pure 07 or air
enriched with 03. Thus, .he present study was limited teo combustion at close
to atmospheric pressure, and utilizing air exclusively. It was then possible
to establish the baseline operating conditions for the BWR with an indirect
Hp-fired superheater,

Two concepts for the heat transfer train of the indirect superheater were
examined. The more conventional concept is shown in Fig.43 and its superheater
operating conditions are listed in the left-hand column of Table 38. In this
concept, the air heater and economizer are proportioned to provide a flue gas
temperature to the stack of K (300 F). This is consistent with the conditions
utilized in cenventional boiler practice, where condensation of moisture on the
heat exchanger surfaces is carefully avoided to minimize air heater and economi-
zer corrosien. The relatively low heat exchanger efficiency of 78.77% indicated
in column 1 of Table 38 is caused by the nonrecovery of the latent heat of the
large amount of water vaper in the gases going te the stack.

An alternative heat exchanger arrangement was examined in which the exhaust
gases would be cooled to ~ 335K (140 F) and appreximately one-half of the
moisture in the exhaust gases condensed. For this arrangement, the feedwater
flow leaving the condenser at 295to 305 K (72 to 100 F) is routed through an
economizer located in the flue gas stream between the air heater exit and the
stack. The operating conditions are shown in Fig. 44 and the efficiency calcu-
latiens in the right<hand column of Table38. While the thermal efficiency ef
this arrangement is ~107% higher than the previeus, this section of the ecenomi-
zer will be bathed in dilute nitric acid and would be expected to require
special corrosion-resistant materials, Considering the extra economizer expense,
and the cycle efficiency losses due to nonregenerative heating of the feedwater,
it appears unlikely that the overall ecenomic feasibility of the indirect Hp-
fired superheater for BWR stations would depend on which of these two schemes
is utilized; neither would it depend on oether relatively minor variations in

the equipment train provided.

113



Y1t

60,000 ib/hr H, [i]

NUCLEAR
STEAM
SUPPLY

* SYSTEM

2,100,000 lbfhr
AIR AT 365 F

130

1TvN0 900d 40

All

g1 @OVd TVNID

HIGH-PRESSURE
TURBINE
1,025 PSI
'(:: 1000 F
7.880,000 Ib/hr STEAM
1,075 PSI; 553 F —
CC:: 60 F DEAERATING
FEEDWATER
1,010,000 tb/hr ' HEATER
WATER473 F ‘
LOW-
2,420,000 Ib/hr
000 It PRESSURE
FLUE GAS; 300 F HEATERS
7,980,000 Ib/hr 6,370,000 Ib/hr
WATERA73F W 473 F .
C T _
HIGH-PRESSURE ggzgwmen
HEATERS
STACK

Figure 43.

CONDENSER

Simplified Flow Sheet - 1000 F Indirect Hz-Fired Superheater

LOW-PRESSURE
TWRBINE

CONDENSER
PUMP



LOW-PRESSURE
HIGH-PRESSURE TURBINE
TURBINE
f—2 e
NUCLEAR — ' N4
STEAM : N/
SUPPLY : ¥
SYSTEM C /
loam 473 F Y, “
/ \ 220 F
. S\

g1 wovd TYNEDIHO

21rIvod ¥00d 40

CI1

136 F 7
(_%_:) o ="

220 F

2,420,000 Ib/hr

: FLUE GAS;140 F
7,980,000 Ib/hr Eé :
WATER; 473 F

CONDENSER

HIGH-PRESSURE
HEATERS

STACK

Figure 44. Simplified Flow Sheet - Alternate With Condensing Economizer



TABLE 38. INDIRECT-FIRED SUPERHEATER EFFICIENCY DATA
) (1000 F final steam temperature)

300 F 140 F
Flue Gas Temperature to Stack (Fig. 1) - (Fig. 2)
Excess air to burners, % 5
Excess air at stack, % 15
/ Ajr to burners, pounds 36
Air at stack, pounds - 39.4
Flue gas at stack, pounds 40. 4
H,0 of combustion, pounds 8.94
H,0 in stack gas (by weight), % 22.1
"::-"bsfjggg of < Sensible heat to stack, Btu 2500 600
Latent heat to stack, Btu 9300 5150
Unburned combustible loss, Btu 0 0
Radiation loss (0.5%), Btu 305 305
Unaccounted for loss (1.5%), Btu 915 915
Total losses, Btu 13,020 7030
\ Total available, Btu 61,070 61,070 .
% of heat input recovered 78.7 88.5
% of heat input to superheater 68.6 68.6
% of heat input to economizer 10.1 19.9

The duty cycle for this equipment would be expected to be that associated with
baseloading, comsistent with the duty cycle of the necessarily large and expen-
sive nuclear power installatioen.

No severe envirommental operatienal censtraints on the utilization of the Hp-
air fer the indirect-fired superheater are foreseen. The combustion tempera-
ture of Hy and preheated air is suffieiently high that it may tend te produce

an unacceptably high level of NOyx in the exhaust gases unless adequate techniques
are employed in the combustion process te prevent this occurrence, However, it
is believed that an acceptably low level of NOy production can be attained by

the utilization of staged combustion of the Hp and air. While staged combustion
of hydregen fuels such as matural gas, o0il, and coal is presently not developed
to complete satisfaction, it is believed that the absence of ecarbon in the H2
fuel will make the goal ef acceptable NO, formation (without producing objection-
able soot and smoke) more readily attainable. The absence of carben will also
avoid the production of another contaminant: carbon monoxide. Table 39is an

116



assessment of the status of the technolegy of Hz/air in indirect~-fired super-
heaters, It is believed that there are no insuperable technical difficulties.
The problems will be those of scale, which is very large, and of reliability.

This system was not analyzed further, instead, the BWR system was evaluated

because it was determined to be the more efficient of the two systems and, also,
lower in cost.

TABLE 39. STATUS OF TECHNOLOGY

1. Combustion: readily developed
2. Separately Fired Superheater

Scale: very large

Technical difficulty: medest
3. Environmental

NOx readily controlled

No SOx or CO

Technical Anaglysis

Dresden 1 BWR Station. Dresden . Station of the Commonwealth Edison Company is
one of the earlier BWR steam powerplants; it has been in commercial operation
since 1960 with an initial net capacity of 210 MW. The steam cycle shown in

Fig., 41 consists of two loops: one flowing through the reacter core produces the
high-pressure steam of 6.83 x 100 N/mZ (990 psia) and 555 K (540 F) for the high-
pressure turbine inlet, and the other geoing through a secondary steam generator
produces steam at 3.28 x 106 N/m2 (476 psia), which is injected into the cor-
responding intermediate stage of the high-pressure turbine. Th purpose of this
secondary steam loep is for regulation of the nuclear core heat output at partial
leads by varying the temperature of the inlet water inte the core ot the amount
of secondary steam generated, In later-designed BWR steam cycles, the regula~
tion of the core heat output is accomplished by varying the quantity of recir-
culating water flow, ,

Figures 45 and 46 show the schematic diagrams of the Dresden 1 BWR steam cycle
without and with Hp/Op indirect superheater and reheater, respectively. The
reheater is incorporated downstream of the secendary steam generater to heat
the steam to 811 K (1000 F) entering the inteérmediate stage of the high-pressure
turbine. To minimize the latent heat loss ef the combustion steam, a pertion
of the feedwater is diverted from the feedwater pump discharge to the indirect
superheater and the indirect reheater where the water is evaporated by conden-
sing the combustion steam. Tables 40 and 41 give the heat balances of the two
cycles. An improvement of about 3 points in overall efficiency is obtained
when based on the sum total of the reactor heat input and the HHV of the H2

gas consumed (61,036 Btu/lb H2 or 6830 Btu/lb combustion steam at 770 F). The
equivalent efficiencies (42.90 and 42.85%) of the H2/02 combustor were obtained
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TABLE 44,

DRESDEN BWR HEAT BALANCE

Reactor Heat Input to Primary Feedwater

Reactor Heat Input to Secondary Feedwater

!|39.|k6(|056 Btu
918.630(10)®

Feed Pump Energy Input
Condenser Loss

Leakage Loss

Power output¥

33.38%
32.76%

Gross Thermal Efficiency

Net Thermal Efficiency

12.759(10)®

1369.988(10)®
13.830(10)6

686.960(10)°

2070.778 (10)°

20?0.535(10)6

*High~Pressure Turbine
Intermediate-Pressure Turbine
Low-Pressure Turbine

158.386(10)
329.64% (10}
138.933(10)

6
6
6

Power Qutput
Less Pump Power

686.960(10)
674.201(10)

6
6

TABLE 41.

DRESDEN BWR WITH INDIRECT H2/02 SUPERHEATER, REHEATER, AND

EVAPORATOR HEAT BALANCE

Reactor Heat Input to Primary Flow
Reactor Heat Input to Second Flow
Feedwater Pump Energy Input

Heat lInput of Combustion Steam (HHV
Condenser Loss

Leakage Loss

Throwaway Combustion Steam Loss

Power Output®

1139.146(10)® Btu
918.630(10)°
13.177(10)6

) 874.625(10)6

1858.468(10)°

13.830-(10)6

11.269(10)®

1062.188(10)6

-

2945.755(10
H2/02 Combustor

2945.578(10) ®
Reactor Only

Gross Turbine Efficiency = 36.22% 33.38% 42.09%
Net Turbine Efficiency = 35.77% 32.76% 42 .85%
*High-Pressure Turbine 278.952(10)6

Intermediate-Pressure Turbine 502.373(10)

Low-Pressure Turbine 280.863(10}6 Increase due to HZ/OZ»

Power Output
Less Pump

1062.188(10)° 2

1049.011 (i10)

375.228(10)
374.810(10)
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by taking the differences of power outputs and heat inputs for the two cases
with and without the Hy/0y superheater and reheater, as shown in Table 41,

"he advantages of the indirect superheater and reheater include the gain in
efficiency by the utilization of the waste latent heat of the combustion steam
for feedwater heating aund the isolation of the radiation-contaminated steam

loop which eliminates the contaminated water disposal. However, the requirement
of large amounts of heat transfer surface in indirect superheater and reheater
will greatly increase the capital cost of the superheater and the reheater.
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REPLACEMENT SYSTEM

System Description and Technical Analysis

A preliminary technical evaluation was also conducted on a concept invelving
the retrofit of existing steam powerplants with boilers that produce steam by
direct combustion of Hy/05. Such boilers would replace existing boilers that
are too old, or environmentally unacceptable, or are unable to be operated in
the rapidly responsive mode required in a peaking powerplant installation. The
Hy and 07 would be combusted at essentially stoichiometric conditioms, and a
water diluent would be utilized to lower the combustion temperature to within
the specification of the existing steam turbines. It is understooed that the
mission of the plant so retrofitted would be to operate for short periods in
the peaking power mode, i.e., for perhaps 4 to 6 hours a day, not necessarily
every day, and for a probable total of less than 1000 hours of operation per
year.

The technical requirements for the Hy/0p steam generator are dictated by the
design coenditions of pressure, temperature, and flowrate of the existing boiler
plant equipment, and also by the duty cycle required in a peaking installaticn.
It is anticipated that the steam flowrates may range up to 1 million pounds of
steam per hour at pressureup to 13.8 x 106 N/m2(200psig), steam temperatures upto
811 K (1000 ¥), and possibly with reheat up to 81L K (1000 F).

The designh requirements visualized for the retrofit Rankine steam bhoiler are
listed in Table 42. Of particular significance on this list is a requirement
for rapid startup and shutdown to provide economical peaking service. The
cycle diagram meeting the design requirements is presented in Fig. 47. The
proposed cycle meets the requirements by being capable of a "hot bank" in which
it is possible to maintain the direct-fired boiler and separater at an elevated
pressure so that the steam supplied to the high- and low-pressure turbines can
be matched relatively closely to the temperatures existing in the turbine at
the time lead buildup is required. Additionally, it is possible to provide
steam periodically te the high—- and low-pressure turbines at a temperature that
will maintain them in a hot conditien and thus wminimize the load buildup
interval,

The water separator is previded in the cycle for two reasons: it will permit
the generation of saturated steam of low quality during the standby period and
thus the maintenance of the hot bank, and it will provide a safety factor pre-
venting the admission of slugs of water into the high-pressure turbine in the
event that, despite all precautiens, the control system goes awry and low-
quality steam is produced during normal operations.

The reheater is not provided with a water separator because it is expected to
be fed only with steam from the high-pressure turbine and with GOy and GH;. 1In
assessing the practicality of the retrofit boiler for conventional Rankine

. steam plants, it must be recognized that the Hy and 07 burned in the reheater
will add to the weight of the steam flow leaving the reheater as compared to’
the practice that existed with a conventional boiler. However, it is estimated
that the added steam flow leaving the reheater will lie between 3 and 5% of the
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TABLE 42. DESIGN REQUIREMENTS FOR A DIRECT-FIRED H2/02 Beoiler

Dugx Cycle

Peaking Power Supply
<! hour from start to on-line
~4 to 6 hours running time/day
<1000 hours/year service

Steam Temperature Regulation

+ 5.6 K
(10 F)

Steam Pressure Regulation

+]

o8

Steam Qualit

<50 ppb of solids in steam

Pressure Safety

e Steam relief provisions per ASME Boiler Code plus HZ/OZ
expiosion prevention

ik,

Pressure Part Cesign

e Per ASME Boiler Code
e Cyclic temperature fluctuations avoided

Prgtgqtion Against Water Admission to Turbine

e Positive

Boiler and Reheater Implications

Light off under pressure

Throttle to about 5% Joad

Control H,/0, MR to *1%

Maintain & het, high-pressure standby

Light-gage Tiners for thermal fatigue protection
Fast-acting, super-reliable, control system

Full-flow demineralizer

tnertial water droplet separator

Start and shutoff sequences determined by turbine startup
capabilicies

L BN B BN BN BE BN BN N J
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steam flow entering the reheater, and that it will be possible to accommodate
this increased flow in the low-pressure turbine.

The cycle diagram shows a dotted circle around the high-pressure heaters and a
notation that these may be omitted to facilitate rapid pickup of electrical
load.

The exact efficiency of an existing turbine installation supplied with steam
from the Hy/02 direct combustion boiler, (and direct combustion reheater, if
used}, will depend upon the exact details of the existing turbine and heater
installation. As a rough approximation, the heat input by the Hp/0o system is
expected to be on the order of 93% of the heat input of the coal-fired system
it replaces. This is based on the heat for vaporization of the LH; and LO3 (if
used) being supplied frem waste heat and not charged to the cycle, and the Hy
and 07 being pumped as liquids.

The major components of the direct fired boiler-superheater-reheater replace-
ment are listed in Table 43. This table addresses only the combustion equip-
ment and does not cover the installations for storage of hydrogen and oxygen.

Noe environmental or operational constraints are visualized on the utilization
of Hp/09 for the direct-fired boiler and reheater.

Table 44 is an assessment of the status of the technology of H/0; for direct-—
fired boilers and reheater replacements for Rankine cycle equipment. It is.
believed that there are no impossible technical difficulties. The areas re-
quiring special attention are specified in Table 44,

This system was not analyzed further in favor of the evaluation of the supple-
mentary steam generation, which was considered to be the better of the two
applications.

gh
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TABLE 43. MAJOR COMPONENTS OF THE DIRECT-FIRED,H2/02
BOILER FOR RANKINE CYCLE RETROFIT

Boiler
® Igniters, flame safety system
® Burners, high and low capacity
e Combustion chamber, thermal shock liners
e Water injectors
® Water separator, dreplets and slugs

Start System

® Recirculating pump

® Heater, electric or steam

Vent System
® Pressure control during startup

® Safety relief

Control System

.H2 and 02.ratio control

Hy and 02 final trim, based on sampling
Steam pressure centrol

Steam temperature control

Start and shutdown transient control

Safety control (pressure, temperature, water carryover,
flameout)

Reheater
® Same as boiler except no water injection

Feedwater Treatment

® Full-flow dimineralizer, <50 ppb solids
Condenser

® Added noncondensible pump ar ejector
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TABLE 44, STATUS OF TECHNOLOGY OF THE DIRECT-FIRED,H2/02

BOILER FOR RANKINE CYCLE RETROFIT

H2/02 Combustion

Straightforward development for:

® Completeness
® Minimum of excess 02

e Deep throttling

Water Injection and Evaporation

Straightforward development for:

® Uniform mixing

® Evaporation of all drops

Water Droplet and Water Slug Separation

Straightforward development for:

e Performance to present boiler standards

® Ability to handle sudden slugs

Control Technology

Available

Water Treatment Technology

Availabie

Turbine and Condenser Corresion

Serious problem with Oz-rich steam

ORIGINAL PAGE IS
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ADVANCED STEAM CYCLES

With direct steam operation from combustion of Hy; and O3, the steam temperature
of 839 K (1050 F) imposed by the allowable boiler tube metal temperature is
eliminated, If a high-temperature steam turbine with operating temperatures
higher than the present limit could be developed, a substantial gain in thermal
efficiency could be achieved, Based on a midterm technology assessment, it is
believed that, with proper cooling of the turbine blades, nozzles, and casings,
maximum steam throttle temperature could conceivably be raised to 1089 K

(1500 F) from the present limit of 839 K (1050 F)}, With the development of
steam or gas turbines using ceramic blades, the temperature limit may be ex-
tended to beyond 1366 K (2000 F).

Two high-temperature steam turbine cycles with steam throttle temperature of
1366 K (2000 F) were studied in addition to the high-temperature, multiple
reheat, steam Ericsson cycles, which is discussed in a separate section. The
high-temperature steam Rankine cycle as shown in the schematic diagram of

Fig. 48 and T-5 diagram of Fig. 49 is essentially a special case of the steam
Ericssen cycle, with the number of reheats reduced teo one. The steam condi-
tions assumed for this case are 24.13 x 100 N/m2/1366 K/1366 K (3500 psi/2000
F/2000 F}, although the steam inlet pressure could be reduced to 6.89 x 106 N/m2
(1000 psia) or lower because of the smaller number of reheats. This can possibly
reduce the ceost of the high-temeprature steam turbines.

As in the case of the steam Ericsson cyecle, the high-temperature steam Rankine
eycle will require an indirect surface-type heat exchanger for heat recupera-
tion between the high-temperature, intermediate-pressure exhaust steam with the
feedwater, Because of the high steam temperatures, expansions through the tur-
bines will not carry the exhaust steam into the twe-phase dome unless indirect
recuperation is used between the exhaust steam and the feedwater. The pressure
of the exhaust steam through such a recuperator is also limited by the consid-
erations of the steam density and pressure drop across the recuperator. Loca-
tion of the recuperator at the intermediate-pressure turbine exhaust was
selected, The steam, after passing through the recuperator, is given addi-
tional expansion to condensing pressure through the low-pressure turbine where
further feedwater regeneration is provided by steam extractions from selected
low-pressure turbine stages, as in conventional steam power cycles,

Table 43 gives the heat balance of the high-temperature steam Rankine cycle.

The net cycle thermal efficiency is 50.8%; which is about 4.3 points lower than
that of the steam Ericsson cycle with correspending steam conditioms of '
24,13 x 100 N/m?/1366 K/1366 K/1366 K/1366 K (3500 psi/2000 F/2000 F/2000 F/2000
the difference ecan be attributed mainly te the difference ef two reheats.

Indirect heat recuperation with equal mass flows of superheated steam and feed-
water is not as efficient as that in a Braytem cycle employing perfect werking
gases such as helium or air. The real gas effect of widely varying heat capac-
ity in and near the two-phase dome region results in much lower recuperated
feedwater temperature than the exhaust steam temperature, and a substantial
entropy increase,.

128

F).



6¢CT

004 40
ﬂ? g SUDTHO

ov

lm
op &

3500 PSI
7184 F

88398 H
0.7538'POUND

0.93815 POUND
38500 PSH
2000 F
comMBusTOR | 2080.2H
NO. 1
GHy Goz
(S—
3800 PSI
77F

0.18434 POUND

15IN

. Hy, 085087 POUND

CONDENSER

0.75381 POUND

0.14333 POUND

LOW-PRESSURE
TURBINE

0.75381 POUND

1730.8 H

INTERMEDIATE-
PRESSURE
TURBINE

”

COMBUSTOR
NO, 2
1 POUND
230-PSi
1563.1 F
GHy GO, 18311 H
e e
200 PS|
77F
006185 POUND
200-PS|
00 F RECUPERATOR
13738 H
1 POUND
‘M—— M
AN~
3600 PSI
Taor
28733 H
3500 PSI
7164 F
893.98 H
o

Figure 48,

High-Temperature Steam Rankine Cycle

(-GH.‘?/'GO2 Steichiometric Combustion)




T, degress F

1 POUND
. « \f 200PH
30 F o v a
OW-PRESSURE, 3-STAGE FEEDWATER H .74 8
STEAM EXTRACTION N 3% n
0.14333 POUND ) LOW PRESSURE
; ) 15 IN. g sason| |
59.7 H 0.88877 POUND 1019.47 H
‘ 7.89% 1 !

0.24619 POUND

Figure 49. High-Temperature Steam Rankine Cycle With
Intermediate Pressure Recuperation and
Low-Pressure Steam Extractien for
Feedwater Entholpy

130



el WSO T R L SR T T e A B e AT R T

TABLE 45. HIGH-TEMPERATURE STEAM RANKINE CYCLE*

HEAT BALANCE
Heat input to Combustor No. | 1259.042  (HHV) } 1681.478
Heat Input to Combustor No. 2 422.436 (HHV)
Feedwater Pump Energy 10.553 .
Condenser Loss 823.631
Water Throwaway Loss 3.621
Power Output¥* 864.779
1691.031 1691.031
Gross Thermal Efficiency = 51.43%
Net Thermal Efficiency = §0,80%
£ N/m2/ K/ K
(3500 psi/2000 F/2000 F)
*%High-Pressure Turbine 277.130
Intermediate-Pressure Turbine 258.200
Low-Pressure Turbine 329,449
86h.779

To circumvent this adverse effect of indirect recuperation of superheated steam,
the concept of partial condensing and partial compression was incorporated in
the advanced high-temperature steam cycle, This cycle is essentially a hybrid
between the Rankine and the Brayton cycles in the sense that a compressor is
utilized Co raise the pressure of a portion of the exhaust steam from the re-
cuperator to increase the effectiveness of the temperature approach in the
recuperator and to minimize the entropy gain due to temperature degradation.
Figures 50 and 51 show the schematic and T-S diagrams of the cycle; the exhaust
steam leaving the recuperator is split into two streams. One stream goes to
the low-pressure turbine, is condensed in the condenser and the condensate
water is pumped through thé various feedwater heaters and the recuperator te
the combustor, as in the case of the high-temperature steam Rankine cycle. The
other stream, however, of near-saturated steam enters the compressor and is com-
pressed directly to the inlet (or throttle) steam pressure witheut the phase
change condensing. The recuperator, the ratio of flow split, and the compres--
sOoY capacity are designed se that the compressor outlet Steam condition would
correspond approximately te that of the other high-pressure rvecuperated stream.
Both streams then merge with approximately equal conditions at this point and
enter the combustor Ne. 1.

As evidenced in the high-temperature steam Rankine cycle in Fig. 48, a large
temperature degradation occurs across the recuperator between the exhaust steam
inlet and feedwater outlet, This is mainly due te the larger heat capacity of
the feedwater compared to that of the exhaust steam, which results in a large
temperature degradation and gain in entropy if Ehe recuperator has equal flows
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through both of its legs. 1In the partial-condensing cycle, however, only a
portion of the total flow goes through the feedwater leg of the recuperator,

and the total flow goes through the exhaust steam leg of the recuperator because
the other portion is compressed directly to the throttle imlet pressure, .Hence,
the feedwater outlet temperature from the recuperator is raised by virtue of

the unequal flows through the two legs of the recuperator, resulting in less
heat input required in the combustor and higher thermal efficiency. As shown
in the heat balance (Table 46) the net thermal efficiency of the partial-con-
densing cycle is 53.66%, which is 2,8 points higher than that of the high-
temperature steam Rankine cycle, but still lower than the Ericsson cycle.

While the partial-condensing steam Rankine-Brayton cycle gives substantial per-
formance improvement over the full-condensing, high-temperature steam Rankine
eycle, there is also the added complexity of a steam compressor, Furthermore,
the requirement of matching the compressor and the recuperator performances in
partial-condensing cycles does not provide operational flexiblity of the
system,

Neither of these cycles shows as much pcomise as the Ericsson cycle; therefore,
ne further evaluation of these cycles was made and the Ericsson cycle was
selected for continued assessment,

TABLE 46. PARTTIAL-CONDENSING, RANKINE-BRAYTON CYCLE#*
HEAT BALANCE WITH GH2/GO2 COMBUSTION

Heat Input (HHV) to Combustor No. ! 560.743

Heat Input (HHV) to Combuster No. 2 422.436

Feedwater Pump Energy Input 6.528

Condenser Loss 453.541

Water Throwaway Loss 2.116

Power Output#* 534.049
989.707 989.706

Gross Thermal Efficlency = 54,32%
Net Thermal Efficiency (Less FWP Power) = 5§3,66%

x  Nmd/ . K/ K
(3500 psi/2000 F/2000 F)

**High-Pressure Turbine 277.130
intermediate~Pressure Turbine 258,200
Ltow-Pressure Turbine 155.798
Caompressor 157.089
Power Output : 534,039 527.522 (Less Feedwater

Pump Power)

€31.128  691.126
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ENVIRONMENTAL AND OPERATIONAL CONSTRAINTS

All systems for the generation of central station power are required to accom-
modate a rather complex set of operatiomal and envirommental constraints. Some
of these constraints derive from the service being furnished, i.e., the produc-
tion of electric power for consumption by industry and the general public.

Such constraints are not legally defined but rather inherent im the service.
They are summarized in Table 47,

The operational constraints of Table 47 are concerned primarily with the capa-
bilities of the Hy PCS to meet the load demands imposed upon typical central
station power penerating equipment., The constraints arise from the nature of
the load which, in general, must be accepted by the power system, i.e,, accom-
modating the peaks and valleys., The capabilities listed are not necessarily ~
hard and fast requirements, and deviations may be traded off against other
desirable characteristics of a specific PCS., A peaking installation for in-
stance might be permitted a reduced load range in exchange for reduced capital
cost and/or particularly rapid startup and shutdown sequences.

A second set of constraints on design and operation are either legally defined
or requirements of insurance carriers, and relate to the physical safety of
both plant persemnel and the public in the immediate vicinity of the operating
machinery. Such constraints are typically contained in the ASME Boiler and
Pressure Vessel Code and in the loeal laws of the legal jurisdictions in which
the equipment is installed, i.e., states, countries, or cities. A brief summa-
tion of the legal safety requirement on powerplant egquipment is contained in
Table 48, It is recognized that this summation is by no means complete and
that the requirements may vary substantially with the locality of the plant.

The legal constraints of Table 48 are binding upon installations of H2 PCS's.
However, new Hp PCS's that do not meet the applicable codes and regulations as

' they presently exist may possibly be installed and operated under several mech-
anisms for change. TInitial installations may be permitted to operate as a
special case provided the regulatory govermment agency can be convinced that,
while the PCS does not meet the applicable codes, its safety is consistent with
coded requirements. Procedural mechanisms are provided to medify code require-
ments, and these may be pursued to extend the code to cover some Hy PCS condi-
tion that is not initially acceptable. It should be understoed, hewever, that
those Hy PCS systems concepts that are not acceptable under present codes are
exposed to some hazard that they will ultimately fail acceptance by that cede
and be nonusable,

A third set of constraints on design and operation which has become increasingly
important recently are the legal requirements eon the plant effluents, i.e., its
environmental or pollution constraints., A summary of these constraints as
presently applicable to fossil fuel-fired stations is presented in Table 49,

The nationally recognized svandards are those of Table 4%, and one may find
local variations in which much stricter requirements are eniecrced. It is to be
understood that the envirommental requirements imposed upon central station
power generation are still in a state of fluk, and it is pessible that addi-
tional requirements and/or a tightening of existing rules will occur. As some
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TABLE 47. TYPICAL DESIRABLE OPERATIONAL CONSTRAINTS

LOAD-FOLLOWINs CAPABILITY

e Normal - approximately 1%/min load change

Emerging trips - shed load in seconds
Minimum load - approximately 1/3 rated
Maximum load - approximately 113% rated

Hot bank - desirable

STARTUP AND SHUTDOWN

e Base loading - up to 24 hours

- seif-consistent, i.e., combustion
procedures compatible with
turbomachinery

e Peaking operation - rapid, 10 minutes or less is
desirable

AVAILABILITY FOR OPERATION

® Maximized - 90 to 95% desirable

TABLF 48. FREQUENT LEGAL CONSTRAINTS

SAFETY
& ASME Boiler and Pressure Vessel Codes

Section 1 - Boilers
Section 3 - Nuclear Power Plant Components
Section 8 - Pressure Vessels

e ANS! Power Piping Code, B31.2
e Natiomal Electrical Code
e Nuclear Regulatory Commission -~ Nuclear Safety

e O0OSHA Related - persohnel health and safety

ENVIRONMENTAL

e Environmental Protection Agency

e Water
e Air
& Solids

ZONING AND BUILDING CODES
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TABLE 49, TYPICAL ENVIRONMENTAL CONSTRAINTS,
COMBUSTION-RELATED EMISSIONS

Max imum
Emission Fuel (16/M Btu heat input)

sox Solid 1.2
Liquid 0.8

Gaseous 0.2

.NOx Sol id 0.7
Liquid 0.3

Gaseous 0.2

Particulates All Fuels 0.1

of the Hp PCS evaluated in Task 1 would be installed in nuclear stations, envi-
ronmental constraints upon such stations are also of interest and are complex
and strict.

The influence of the environmental and operational constraints upon the economic
viability of the Hp PCS candidates evaluated in Task 1 is presented for each
system 1n the material which feollows.

Two concepts were considered for the application of Hz PCS's to improve the
economic position ef nuclear generating stations, Direct combustion of H? and
02 in the steam line from the nuclear supply system to the turbine for the pur-
pose of superheating the steam was considered to be applicable to nuclear sta-
tiens using the pressurized water reactor system, Combustion of Hz with air in
an indirect-fired heat exchanger, il.e., one in which the heat resulting from
the combustion is transferred through metal walls to the steam, was considered
to be applicable to either pressurized water reactor systems or boiling water
reactor systems. The indirect H2-fired superheater avoids the production of
excess condensate through the H2/02 combustion.

The factors considered in evaluating the enviremmental constraints upon Hz PCS
applications to nuclear steam systems were: {l) noncondensible gas erntrainment,
(2) effects of Hp purity, (3) nitrogen oxide (NOx) emissions, and (4) possible
radioactive emissions., An evaluation of possible raticactive contamination of
the condensate indicated that, even with the separation noeminally achieved be-
tween the nuclear loop and the steam loop of the PWR system, the steam loop may
become radieactive. This may result either from direct contamination from

" leaks in the boiler or from contaminants in the nuclear steam supply system.
With the direct combustion concept, the steam formed from H»/07 combustion
mixes directly with the possibly radicactive nuclear steam supply system steam,
and both the gquantity and the dispesal of the combustion-produced condensate
must be considered. This problem can be reduced by use of a deaerating feed
water heater to remove gaseous impurities and by routing the excess condensate
through a demineralizer before discharge. This will require a larger demineral-~
izer to handle the greater flows, and larger-capacity holding tanks to contain
the excess condensate produced until the radicactive levels are down to an
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acceptable degree. It is expected that existing nuclear plant equipment is
adaptable to this purpose, but that larger-size equipment will be necessary.

The indirectly fired superheater concept does not encounter the problem of
producing excess condensate that may be radiocactive and which must be dispn:ncd.
Since minimal sulfer is expected to be present in the Hy supplied, there should
be no sulfer oxide emissions problem. The wide flammability limit of H2 would
be expected to permit control of nitrogen oxides formation to remain below

legal limits by allowing staging of the cembustion to provide low flame tempera-
tures, Additienal tools available for NOx control include flue gas recircula-
tion, premixing of air and H2 aid lean burning, and specific burmer designs.

The major problem with the apriicatien of H2 PCS's to nuclear systems via
superheating of the steam appears to lie in the operational constraints. Most
nuclear steam installations operate at about 6,89 x 106 N/m2 (1000 psiaj steam pres-
sure, and the economy of nuclear stations is such that large units, on the
order of 1000 MWe/unit are cypical. Substantial improvements in station heat
rate are possible by raising the steam temperature from the saturation or near-
saturation conditions typical of today's nuclear statiens to the 811 K (1000 F)
steam temperature typical of today's fossil-fueled steam stations, The opera-
tional problems arise in that such superheating vis H2 combustion is economi-
cally justifiable only for a peaking duty cycle. The cost of Hy (and of 0y if
utilized) relative to the costs of nuclear fuel are such that centinuous pro-
duction of power by the combustion of Hp canmnot be justified economically, even
if the incremental capital cost of the Ho-fueled capacity is very low. Thus,
an economically competitive combined nuclear/H2 PCS can be justified only for
peaking service from the Ho-fueled capacity. However, the realities of turbine
construction, steam piping engineering, and thermal strains make it impractical
to operate the combined nuclear/Hz PCS at high steam temperature during the
pealking periods and at saturation during the sustaining periods. Thus, this
operational constraint serves to make the combined nuclear/H; PCS econemically
unfeasible.

A series of H2 PCS concepts were evaluated which may be categorized as "advanced
steam' systems which rely on direct combustion of Hy and Oy to produce and/or to
superheat steam to a variety of pressures and temperatures to attain higher
thermodynamic efficiencies than are typical of today's fossil fuel-fired steam
stations. Such advanced steam systems are typified by the cycles discussed in
earlier sections of this report, i.e., the Ericsson steam cycle, the partial
condensing cycle. The environmental effects of suzh systems are expected to be
very modest and easily controlled to meet the legal comstraints. In the ideal
situation where pure Hyp and 07 are combusted at exactly the stoichiometric
ratio, the only product ig distilled water, which is environmentally completely
acceptable. Electrolytically produced Hp and Oy are very nearly the equivalent
of pure H2 and 0,, and their combustien products would be expected to be un-
objectionable. %hen the Hp is produced from various hydrocarbon feed stocks
(and one would expect the only practical feed stock for the H? PCS under con-
gideration to be ceal), one may expect a variety of impurities to he present in
the Hp. Table 50 lists some impurities and the range of quantities in which one
would expect them to be present. Oxypgen that is produced by cryogenic separa-—
tion from the air is also not entirely pure; argon and nitrogen may be found

"in quantities on the order of 0.5%. When this nonelectrolytic H2 and 0p is

combusted, the noncondensible gases produced will be pumped from the condenser
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TABLE 50. HYDROGEN FROM COAL GASIFICATION,
TYPICAL COMPOSITIONS - % BY VOLUME

Process .
Koppers/Totzik V-Gas
co 0.1 0.1
H, 93.1 94.3
CHy, 5.5 4.8
N2 and Argon 1.3 0.8

dind exhausted to atmosphere, As the quantity of sulfer present in the H2 and
05 is essentially zero, it is anticipated that there will be no Jdifficulty
with sulfer dioxide emissions. Any N2 content of the Hs and 0z, however, may
be partially converted to nitrogen oxides in the combustion process. It is
expected that NOy emissions can be céntrelled by either modifying the combus-
tion process to premix the H, and steam, and thus lower the flame temperature,
or by catalytically treating the gases as they are exhausted from the condenser.
Catalytic treatment is practical in this situation because the volume of gases
that will be exhausted from the condenser of z hydrogen combustien system is
much less than from a boiler. Additionally, the condenser exhaust gases will
be clean and low temperature, and net centain either sulfer or particulate
matter.

It is the operational constraints on the "advanced steam concepts which tend to
make them less attractive than some others for Hp PCS applications. These sys-
tems are capable of providing substantially improved overall thermodynamic effi-
ciencies as compared to existing fossil stations, The costs of Hp and 0; rela-
tive to altermative fuels, however, is so high that, not withstanding the im-
proved thermodynamic efficiency, a Hp PGS is economically competitive only in
peaking power application, i.e., these situations where its low capital cost
relative to competitive energy systems offsets the high fuel cost, Unfoertu-
nately, the high pressure and temperature of the advanced steam cycles makes

it impractical to utilize them in the peaking mode. They ceuld not be brought
on the line quickly, run for a relatively short peried of time, say 2 to 4
hours, then taken off the line. Technically, they would be mere suitable for
continuous operation.

A third class of Hy fuel PCS examined may be categorized as '"supplementary
steam", These systems may consist for instance of the replacement of an exist-
ing beiler which is no lenger operable by direct combustion of Hy and 0. Hy-
drogen and oxygen may be utilized to supplement the steam produced by an exist-+
ing boiler which has been derated for envirommental or fuel switching reasons.
Entirely new systems can be visualized in which additiomal capacity is provided
in the turbogenerator train and that capacity is supplied during peaking periocds
with directly generated steam from 02 and Ha. Environmental constraints en these
systems are similar in most respects to those discussed above for the advanced
steam systems. It is believed that environmental constraints would pose no
problems that could not be resolved. It 1s with respect to operational
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constraints that the supplementary steam system has advantages over the systems
previously discussed. The same economic constraints apply here as for the H,
PCS systems, i.e., only peaking power via the Hy PCS is economically viable.
However, peaking-type operation is more readily attainable with the supplemen-
tary system that it appears to be with either the nuclear or advanced steam
systems. Consider a strictly supplementary system in which steam is normally
supplied continuously by a fossil fuel-fired system, and extra steam and/or
extra reheating is provided by the H» PCS only during peaking hours. One can
visualize very rapld response to load in that the entire system operates at

all times with time-censtant temperatures throughout the system. The challenge
for the Hy PCS is to respond to peaking load demands by providing extra steam,
and extra energy te the reheater if one exists, without significant changes to
the temperatures throughout the system. Such Hp PCS's appear technically fea-
sible with respect to both environmental and operational constraints.

Another class of candidate H, PCS8's are the gas turbines and the various gas
turbine/Rankine cycle combindtions. These systems would typiecally burn Hp
with air, and their environmental problems would be expected to be similar in
many respects to those in existing gas turbines burning natural gas and air.
Such nmatural gas burning turbines are typically hard put to meet the more
stringent local requirements for NOy emissions., Water or steam injection into
the flame is frequently employed to raduce flame temperature and control those
emissions. Such injection of course is wasteful of energy. The very wide
flammability limits of Hp with air are expected to make it possible to control
NOy formatien by premixing and lean burnming ef the Hy and air mixture, thus
contrelling the flame temperature and avoeiding NOyx formation. As a backup,
water and/or steam injection could be used similarly to present gas turbine
practice with natural gas. The low sulfur centunt of the Hy supplies antici-
pated would be expected to avoid excessive SOy discharge. Smoke production
would be entirely absent as significant carboen products are not present. Noise
and heat conditions would be similar to those in existing gas turbine installa-
tions. With respect to operational constraints, it is anticipated that a Hp
gas turbine fuel will permit operating practices not attainable with present-
day distillate oil or natural gas. Hydrogen is such an excellent coolant that
it may well be applied td blade cooling, thus permitting higher operating tem-
peratures. The wide range of flammabilities and the low heat radiation from a
Hy flame, compared to flames of carbonaceous fuels, should simplify burner can
configurations and perhaps further permit the utilization of higher flame tem-—
peratures with censequent higher thermodynamic efficiencies.
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TECHNOLOGY ASSESSMENT

In conventional steam powerplants, the main censtraint to higher steam throttle
temperatures than the present limit of 839 K (1050 F} is the steam superheater
tube metal temperature, With the Hy/0p direct steam generator, the combustor
wall cooling can be effectively provided by injection of either the diluent
water (as used in the evaporator and superheater) or the low-temperature steam
(as used in the reheater). In these cases, the temperature constraint then
falls on the steam turbine.

Although a few experimental steam turbines have operated at 922 K (1200 F)
steam temperatures, no attempt has been made to opetrate the commercial steam
turbines beyond the present temperature limit of 839 K (1050 F). This is in
sharp contrast to the high-temperature capability of the commercial gas turbines.
Stationdary gas turbine power units presently are being ocperated at arocund 1089 K
(1500 F) turbine inlet temperature, while the commercial turbojets are being run
at around 1255 K (1800 F), turbine inlet temperature. Operating temperatures as
high as 1422 K (2100 F) have been reported in some advanced jet engine gas tur-
bines. While there is no fundamental reason why a steam turbine cannot have the
high=~temperature capability of the gas turbine, there are technological and
economic justifications that have deterred its advancement beyond its present
temperature limits. These deterrents are discussed in the following paragraphs:

1. High Steam Pressure - Steam turbines generally are operated at much higher
inlet pressures of >16.5 x 106 N/m2 (32400 psia} and pressure ratios of
about 3000 than are gas turbines (<1.7 x 100 N/m2 or <250 psia) and pres-
sure ratio <15. Hence, there are more stages required in a steam
turbine (30 to 40 stages) than are required in a gas turbine (3 to 5
stages).

2, Size and Cost ~ Because of the large number of stages and thicker cas-
ings required as well as the large size and capacities of steam tur-
bines (>200 MW compared to 75 MW maximum gas turbine capacity), the
cost becomes a main factor of consideration., Therefore, low-cost
materials of censtructien {(alloy steels) invariably are used in steam
turbines as contrast to superalloys (such as IN-706, M-21, MAR-M-240,
246 Cast) commonly used im gas turbines. Alloys steels (such/as 0,37
€/1.25 Cr/ 1.50 Mo/0.30 V steel forings for rotors, 0.06 C/11.5 Cr/
0.40 Mo/0,5 Ni het-relled stainless steel for buckets and 0.08 C/16.00
Cr/1300 Ni/ 2.00 Me/0.8 Cb austenitic cast steel for casings used in
steam turbines) have only about onetenth the cost of the superalloys.

3. Cooling - All high-temperature gas turbines require a substantial
amount of bleed~off from the compressor for cooling the buckets, the
rotor, and the casing. This bleed-off loss is the main reason for the
relatively lower efficiency of high-temperature gas turbine compared
to steam turbines. Because of the large number of stages, and large
surface area subject to intense convective heating by the high-
temperature and high-pressure steam, cooling in steam turbines would
significantly degrade the turbine efficiency.
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4, Thermal Expansion - Longitudinal thermal expansion is more critical in
steam turbines because of the larger number of stages and longer rotor
when operating at higher temperatures.

5. Thermal Distortiom in Governing Stage and Nozzle Block - Multiple ad-
mission governing stages are invariably used in steam turbines to
maintain high partial load efficiencies. Thermal distortion due to

1 uneven temperature distribution has been a factor limiting the steam
temperature and startup time.

On a near-term basis, it appears that the economic and technological justifica-
tions mentioned previocusly will prevail, and it is expected that the current
steam turbine practice will continue at least until 1980. However, projected
future energy shortage and . high cost will undoubtedly exert a pronounced impact
on the need for high-efficiency and high-temperature steam turbines (or even
alkaline metal Rankine ¢yele turbines)., On a midterm basis; it is envisioned
that the cooling techniques will be developed for high-temperature steam turbines.
The amount of cooling required would be minimum if steam temperatures ne higher
than 1033 K (1400 F) and superalloys were used. The steam temperature is ex-
pected to be raised to 1366 K (2000 F) after the year 2000. It is projected that
high~temperature materials including ceramics will be developed and can be
suitably used in steam turbines with minimum cooling. Table 51 shows the general
turbine technology growth guidelines for steam and gas turbines.

TABLE 51. TURBINE TECHNOLOGY GROWTH GUIDELINES

Now to 1980 | 1980-2000 ~ After 2000
Steam Turbines 24,1 x |o6 N/mz 24,1 x 106 N/m2
. : ia)x 3500 psia)*
24,1 x 106 N/m2 (3500 psia)| (3500 psia) (35
839 K {1050 F) 1033 K (1400 F) 1366 K (2000 F)
Alloys Steels, Reheats, Superalloys, Multiple | Superalloys, Blade and
and Steam Extractions Reheats, and Alloy Casing Cooling, Multiple
for Feedwater Heating Steel Recuperator Reheats, and Superalloy
: Recuperator
Gas Turbines : .
as Turbines 6 2
s o 2.1 x 10% w/m? 2.1 x 10° N/m

1.7 x 107 N/m~ (250 psia) (300 psia) (300 psia)

1255 K (1800 F) 1644 K (2500 F) 1922 K (3000 F)
Superalloys, Blade and Superalloys, Blade and | Ceramic Blades, Blade and
Casing Cooling, Alloy | Casing Ceoling, Casing Cooling, Reheating
Steel Recuperater: Reheating, and Com- | and Compressor Intercooling,

pressor Intercooling, | Superalloy Recuperator
Supera!loy Recuperator

Llsted max i mum temperatures are for reheat steam. 'Highrpressure throttled
steam at fower temperatures.
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DEVELOPMENT PLAN
PROGRAM APPROACH

The full-scale supplementary steam generation combustor system will be developed
in stages to allow the most time to develop the more difficult components and
still maintain a short and low-cost schedule to plant proof-of-concept testing.
Figure 52 provides an estimate of the scheduling required to complete the pro-
gram outlined., A stilll shorter schedule can be realized if the proof-of-concept
combustor design is started during combuster system development test effort.
Compression of this type can result in pilot plant proof-ef-concept testing in
the third year of the program. Hewever, this results in higher costs early in
the program although the overall program cost should not be affected.

Initial development effort will concentrate on the combustor, ignition, and
cooling systems. During this time, the contrel system will be designed so that
development of the complete combustor system can begin at an early time. The
schedule for proof-of-concept combustor design is delayed until after combustor
system development testing is complete. This was done as a conservative plan-
ning approach. It 1is possible to beglin this design effort earlier at little or
no risk and thus arrive earier at proof-of-concept testing. By advancing, this
design effort, the proof-of-concept plant testing can begin as early as the
third year of the program.

COMBUSTOR DEVELOPMENT

The first phase of this program will be to develop the combustor, ignition. and
cooling systems. This will be followed by performance tests. The purpose of
this effort is te obtain the design informatieon needed for the combuster sys-
tem. Small~-scale compenent tests will be conducted to evaluate various design
concepts.

Initial burner and ignition testing will be accomplished in a water-cooled,
facility-type combustor prier to operation with steam flow. Ignition testing
will be an important part of the initial development testing, since an external
combustion-wave ignition system is te be used., Significant variation in opera-
ting procedures, sequencing, and even hardware configuration will be evaluated
during the ignition test series, These tests will be conducted with the burner
injector mounted in a water-cooled combustion chamber. Burner operation and
performance alse will be evaluated in this same hardware without steam flow.

Performance as a steam reheater or superheater will be evaluated after the basic
burner characteristiecs have been evaluated. The burner assembly will be mounted
in a burmer-mixer assembly in a throughflow duct section. A source of super-
heated steam will be provided, flowing through this duct and surreunding the
burner assembly. The ignition characteristics of the burner submerged in this
steam flow will be evaluated. This testing probably can be accemplished with
lower—than—~scale steam flowrate, and still simulate the steam conditicons in the
burner area under beth ignition and steady-state eperation,
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SYSTEM DEVELOPMENT

Based on the results of the combustor component testing, a complete combustor
system, including all the necessary controls, will be designed and tested.

Operation as a supplementary steam generator can be simulated with upstream

and downstream water spray in addition to the throughflow of steam, Downstream
gas properties will be monitored to determine the quantities of gaseous reac-
tants remaining in the stream. This will permit the determination of any
hazard of buildup of combustable mixture in the steam flow. Some gaseous pro-
ducts can be handled in the supplementary steam ejectors frequently used on
steam condensers to remeve noncondensibles.

Operation of this hardware will require a facility with full-seale capability,
In addition to reactant (Hz and 0p) flowrates, the full-scale operation
requires a large steam flowrate. A hyperfleow type of steam generatoer is one
approach to this testing with minimum facility requirements. This approach
would limit test durations, and would produce steam with a high propertion of
noncondensibles,

The system hardware will be provided with extensive disassembly and instrumen-
tation previsions in keeping with the developmental mature of the proposed
testing. Initial burner and ignition evaluation will be conducted in a water-
cooled combustion chamber similar to the earlier component testing. This will
permit the evaluation of the basic burner characteristics without the expense
of steam generation.

Ignition and burner operatien will also be evaluated with the steam flow te
reselve any quenching or blowout problems that might be encountered. Also, the
ability te throttle the burner rate will be experimentally determined. An up-
stream spray de-superheater will be utilized to demonstrate operation with up-
stream "'cold" mass addition.

The combustor system will be tested throughout the range of operation expected
from a powerplant. This will be done to determine system performance and to
verify proper operation of the contrel system. Some testing will be done be-~
yond the expected plant range to assess operating limits and as a means of
identifying potential problems early,

PROOF~QF~CONCEPT TESTING

The proof=of-concept effort will start with the identification of a suitable
existing power plant for instaliation of a pilot plant supplemental steam
generation system, A study will be conducted to evaluate the potential of such
an installation and te determine the operating conditiens and size of apparatus
required. The basic installation will be designed and the equipment optimized
for the specific application.

With this background design complete, the supplementary steam generation com—
bustor is designed for eventual installation in the pilet plant. The equip-
ment will be checked out in the same facility setup as the full-scale develop-
ment combustor. Ignition characteristics, performance, and operational pro-
cedures will be evaluated in the Rocketdyne Test Facility.
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This checkout will be followed by installation at the selected plant test site,
and building the supplementary steam equipment and associated support equipment
into the existing steam powerplant. Initial checkout testing will be accom-
plished to leak test and otherwise prove the integrity of the installation,

The initial checkout will be followed by a test period with steam flow from
the existing boiler system for additional verification of the integrity of
the installation,

First hot-firing tests will be conducted under engiaeering supervision for per-
formance evaluation and development of operating procedures. The normal power-
plant staff will be familiarized with the operation of the supplementary steam
equipment during this period of engineering test, so that the system could bhe
turned over to the regular operating personnel at the end of the engineering
test operation period.
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