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Abstract,

The effects of MID generator length, level of
oxygen enrichment, and oxygen produckion power on
the performance of MiD/steam powdr plants ranging
from 200 to 1000 MW 1n electrical output are inw
vestigated, The plants considered use oxygen en-
riched conbustion air preheated to 11007 F,  Both
plants in which the Mib generator is cooled with
low temperature and pressure boiler fecdwater and
plants in which the genprator 15 cooled with high
tomperature ang pressure boiler foedwater are con-
sideved, It is shown that fo plants using low
temperature boiler fecdwalter Pnr generator cooling
the maximum thevmodynaimic efficiency is obtained
with shorter generators and a ‘ower level of oxy-
gen onrichment compared Lo plants using high teme
perature boiler feedwater for generator cooling,
It is also shown that the generator length at
which the maxiipum plant efficiency occurs in=
creases with power plant size for plants with a
generator cooled by low temperatyre feedwater,
Also shown 15 the relationship of the magnet
stored cnergy requirement to the generator length
and the power plant performance.  Possible
cost/performance tradeoffs between magnet cost and
plant perfurimance are indicated.

Intraduction

Recent cost/perfurinance studies such as the
"Parametric Study of Poteptial Lavly Commercial
MAD Power Mlants™ (PSPEC)L=3 have helped Lo
identify plant configurations using oxygen en=
riched afr preheated to an intermediate tompera-
ture as most attractive for an early commercial
MitD/steam plant,  Such a plant ot o size of about
1000 Mie 1s being considered in more detail fn the
"Conceptual Design Studg of Early Commercial Mid
Power Plant” (CSPECY. %D In a provious
paper, b the effect of qonerator length on the
perfoviance, optimum level of oxygen enrichment,
and maghet stored energy vequivement of a 1000 Mie
plant with 11007 F preheat was considered,  Calw
culations were made for generator lengths of 10,
15, 20, and 25 meters, 1L was found that the
optimm enrichment lovel was about 3% volume per-
cent oxygen at all these generator lengths.  The
power plant efficiency increased with generator
length as did the magoet stored energy required.
However, it was shown that using a shorter length
generator to limit magnet costs imposed only a
modest penalty on the plant performance.

In the present study the methods of this
previous paper are used to investigate power
plants with power outputs of 200 to 1000 Myo. In
addition, one other important effect is investi=
gated, The type of construction contomplated for
the MID generators which would bo used. in early
comnercial plants Mmits the maximum temperature
of the water usgdqho cool the gengrator te about
2507 to 3007 F,4v¢  If the generator heat loss
is rocovored by cooling the generator with boiler
foedwater from the steam bottoming cyele, this
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temperature limitation requires displacing low
pressure regenerative feedwator heaters which
could obherwise be used.  This means that the
gfficiency of the bottoming steam cycle is adw
versely affected, the more so the greater tho gen=
erator heat Yoss. Using such low temperature gen
erator cooling significantly modifies the results
given in the previous paper where a constont
bottoming cycle efficiency was assumed. The re-
sults given there apply to the case when the MiD
generator is cooled with botler feedwater at a
tewperature higher than the Lomperature of the
feedwater leaving the final regenerative feedwater
heater,  Such high temperature generator coaling
is also consfderad in this paper over the range of
plant stzes so that comparison between the two
cooling methods can be made,

Analysis Mothod

The power plant performance and design paran-
oters used in this study are listed in Table 1.
The combustor operating conditions, namely the
heat loss of & percent of the coal higher heating
value (HliV) and the 80 pereent elag rejection,
werg assumed to be the sawme for all the plant
sizes considered. The seed material wag a wmixturs
of potassium carbonate and potassium sulfate in a
proportion sufficient to meet NSPS cmission stans
dards? and in amount sufficiont Lo give the
specified coal Lo potassium weight ratio, For the
Montana Rosebud coal, the NSPS requires that S0y
emissions be raduced by 70 pescent over the un-
controlled emission level,

The MHD generator performance was calculated
by methods described in previous papers.t,8,9
Th generator performance calculations wera per-
formed with a quasi=one-dimensional flow model,
This model consisty of an inviseid ceniral core
flow with daveloping boundary layers along the
walls, The generators are Faraday loaded and are
lofted to operate at an approximately constant
Mach number.  The electrode voltage drops are
assumed to he a quadratic function of the boundary
layer displacoment thickness. Thae values of the
constant coefficients wore selecked to give an
axtal voltage drop distribution similar to ch?t
usod i the Avco PSPEC reference plant no, 3,

The generator operating conditions were
chosen by a procedure which ensures that the gan-
erator will produce the maxiumum power consistent
with a specified set of internal generator con-
straints and consistont with maximizing the per-
formance of the power plant as a whole, This
procedure, which is briefly described below, was
carried out for each combination of gpenerator
length, oxygen earichinent level and power plant
size considered i this study. For cach sach come
bination and for cach pressure in a range of inlet
stagnation pressures, the minimum value of the
Joad parameter {KMiyn) was adjusted until the
desirved generator length and exit pressure were
obtained, For eagh inlet pressure, the resulting



generator design operates at the specified Mach
number and at two of soveral specified lmiting
values of genorator parameters at overy axial
iacation. The two Timiting values are selected
frum among KMiN  and those listed in Table [X
50 that the loca) power density 18 a maximgm,

The qonerator {nlet stagnation pressure for
pach combination of qonerator length, oxygen ohe
richment leve)l and plant size under covsideration
was thon chosen so that the power plant thermos
dynamic efficiency is maximized, The power plant
thermodynamic ef ficiengy 1s defined as the gross
AC power output of the power plant divided by the
higher heating valup of the coal input to the
plant, @ It may be writlon as

up = %‘F iluﬂ(l - ns) = Po * nS(pf: * PS ® pL)J

whore

P 18 the power tn the fuel input to the plant
based on its higher heating value;

Py is nlPfM = Pgt  the net power of Lhe

MHD topping cyele For specified mass
flows of ceal, seed, and oxidizery
n is the MID generator DU outputs

ni {5 the efficioncy of the pC-AC fnverter;

Pe is the power required to drive the cyele
COMprosser;

r is the sum of stack losses and other losses

ang also includes the power vequired for
coal drying;

Py 15 the power 10 the seed associated with
convort {ng 1t From Xp0iy to KaS0as

Py 15 the power used Lo drive the air separae
tion plant comprpssors; and

ng is an effective efficiency of the combings

tion of the steam turbine-generator cycle
and the steam turbine-compressor cycles
afven liy

Pg * Pt Py
W -
Talng +Poing + Pl

where

NGyngs are, vespeckively, the efficiencies of

i the steam turbinesgenerator cycle amnd
of Lhe steam turbine cygles that
drive the MiD compressor and the air
separation plant compressor,

Ps is tho net steam turbingsgencrator elecs
trical output.

The desired power plant gross AU electrieal output
Pro=ngPy* Py

is obtained by adjusting the mass flow rate
through the MiD generator,

If the effective bottom cyele efficiency,
ng, 18 constant, then for & given level of oxy-
gen emtichmont and a given MHD genorator mass flow
rate the above expression shows that the thermos
dynamic efficiency 15 a maximum if the net MuD
pover, Py, is a maximum, Several previous stud=
fes have used this eriterion to determine the
operatfng pressure for given generator
Tengths. 0y In the prosent study ng varies
with the generator heat 1oss in the cases in which
the generator is cooled with low tewperature

[

boiler feedwater, For this reason the plant
thormodynanic effigfency 18 calculated for the
ontire range of inlet prossures rather than for
only the prossure splected by the maximum Py

The desired operating pressure is then the pres-
sure corresponding Lo the maximum eff ieiency,
However, since large variations in ng  are pri=
marily a result of changes in genevator length and
oxygen enrychmont lovel, tho maximum Py proces
dure sE11) gives very good results for the optimom
pressure for a fixed generator Jength and oxygen
enrichment level,

The bottoming cycle performance was ealcus
lated using a steam cycle computer code,lV At
cach plant size, except for the feedwater heater
arrangoment, the basic ¢vele configuration and
method of integration with the topping gycle was
kept fixed as the goenerator length and level of
oxynen eneichment were changed,  Minimum Lemperas
ture ditferences wore maintained between the gas
and steam sides in all cases, A Tixed MiD generas-
tor cooling water outlet temperature was mains
tained for the low Lemperature feedwater cooled
cases,  The fecdwater heater train upstream of the
generator cooling was varied to meet this condi-
tion as the generator heat loss changed, Efther
the number ot feedwater heaters in Lhis portion of
the tratn or their operating comditions were vars
jed as megessavy,  For the bottoming cycles cona
stdered e this study, the number of feedwater
heaters preceeding the generator cooling can vary
boetween none and two, At each plant size the cals
culated botleming cycle performance is thon 3
function of the heat added Lo the bottoming cycle,
the MHD gonerator heat loss, the work vequired by
the cycie and air separation plant (ASU) compres=
sors, the gas side mass flow rate, and the coal
mass flow rate, OF these factors, the MiD genera-
tor hoat lass has by tar the largest influence on
the hottoming cycle efficiency, Figure 1 ilus~
trates the variation in bottoming cycle efficiency
for the 500 My plant as o function of the MiD genw
erator heat loss when the remaining factors dis-
cussed abuve are held fixed,

The bottoming eycle confiquration for the
200 MW plant 14 based on that developed for the
MHD Engineering Test Fagi]ity (ETIF) by Gilbert
Assoctates, Inc. (GAL), 11 This is an
1800 psigZ10007 FAI000T F cycle with a 2 in liga
condenser pressure,  The turbine which dirives the
compressors 18 driven with reheat steam, For the
purpases of this study the cycle and ASU compres-
sors are assumed Lo be dredven by a single tur-
hine, The feedwater treain ingludes from three to
five feedwater heaters, the generator cooling, and
two economizers, The MiD generator cooling water
outlot temperature is held at the 280° F limit
used by GAL.  The cycle has been adjusted for a
stack temperature of 280 F,

The bottoming cycles for the K00 MW and
1000 MW plants are based on the Aveo CSFEC bottom-
tng eyele, This is a 2400 pstg/1006" F71000° F
cycle with a condenser prossure of 2 in Hga, The
eycle compressor and the ASU compressor are driven
by a single turbine fed by main throttie steam.
The feedwater train includes from six to eight
foedwater heaters, Lhe generator cooling, and two
peonomizers, The MID gonerater cooling water out-
let tomperature is held at the 260° F Vimit used
by Avco.




Results

In Flg, 2 are piots of the power plant
thermodynamic efficiency versus nxygen enrichment
level for each of the three power plant sizes cons
sidered, Each plot gives results for generator
lengths of 10, 15, aond 20 meters and for MHD gen-
erator cooling with low temperature boiler feedw
water and with high temperature boiler feedwater,
The plots are for an oxygen productivi power re-
quirement of 200 kW-hr/ton of equivalent pure oxy-
gen, The 200 MW plant resulbs are for a Mach hume
bar of 0.9, which at this plant size gives elight=
1y better performance than the Mach number of (.8
used for the other sizes, The results show that
for high temperature gencrator coo!inq the plant
performance increases with generator length for
all the plant sizes considered. The optimum level
of oxygen enrichment 15 about 35 volume percent
oxygen in all cases, This is in agreement with
previous results,b.9 although there are some
differences in the assumed generator and plant
operating conditions and constraints among the
present and previous studies,

The results for generators cooled with Tow
temperature boiler foedwater are significantly
different. In this case smaller plant sizes favor
prograssively shorter genprators, The maximum
plant efficiency occurs at a lower level of oxygen
enrichment, at about 31 or 32 volume percent oxy-
gen.  These effects are the result of the genera-
tor heat loss increasing in relation to the power
generated as the mass flow through the geaerator
{s decreased, the generator length increased, or
the level of oxygen encichment increased, The
first of these factors accounts for the ingreasing
separation of the cvrves for the two different
generator cooling methods as the plant size de~
creases, It also accounts, together with the sec-
ond factor, for the dominance of the shorter gen-
erators at the smaller plant sizes. The third
factor results in the peak efficiency for the low
temperature cooling method occurring at a Jower
level of enrighment,

The next figure, Fig, 3, plots the magnetic
energy stored in the MHD generator volume versus
the plant thermodynamic efficiency at optimum en-
richment for various generator lengths and oxygen
production power requirements for each of the
three plant sizes, Only the low temperature gen-
erator cooling cases are shown, The 200 kW-hr/ton
points correspond to data included in the previous
figure, namely the maximum thermodynamic of fi-
ciency as a Tunckion of generator length, The
figure shows that from a performance point of view
the optimum genérator length ingreases with in
creasing plant size at a given Jevel of oxygen
production power. {The figure of 47 kW-hr/ton
corresponds to the thermodynamic minimum air sepa-
ration work), This figure indicates possible
tradeoffs between the generator length as it
affects magnet cost and as it affects plant per-
formance. It is elear that from this standpoint
there 1s no incentive for going to gemerators
longer than 10 meters for a 200 MW power plant, at
Teast for the generator and plant operating condi-
tions and constraints assumed jn this study. At
the larger plant sizes it is clear that in many
cases the plant efficiency at the optimum genera-
tor length is not significantly greater than at
sharter lengths.  In these cases it §s likely that
the efficiency gain possible with a Jonger genera-
tor is not worth the increased magnet cost result-

ing from a significantly greater stored energy
requirement.,

Figure 3 alep shows the penalty imposed on
the plant efff{ciency by the power required to pro-
duce the oxygen. Many curreat afr separation
plants require about 300 kW-hr/ton of equivalent
pure oxygen, Air separation plants with a power
requirenent. approacning 200 kW-hr/ton are in
operation {n Europe,i2” This power requirement
may be taken as representing afr separation plants
that could be available for an early commercial
MiD/steam plant, The figure also shows that con-
siderable gains an plant performance are possible
if the ASU power requirement can be lowered below
200 kW~hre/ ton,

Figura 4 shows the maximum plant thermo-
dynamic efficiency {the efficiency at optimum en-
richment) as a function of net plant power output
for the conditions considered in this study,
Curves are shown for both the Jow temperature and
high temperature feedwater cooled generator cases
for different generator Jengths, The plant pers
formance is ¢learly less sensftive to generator
length for the low temperature fecdwater cooling
cases,  The small change in performance with
changes in generator length again indicates the
inpartance of choosing the “correct" generator
length to aveid a higher than necessary magnet
capital cost,

Conclusions

The vresults of this study have shown that the
MiD generator length and level of oxygen enrich
ment which give the maximum plant efficiency de~
pend strongly on how the M0 generator is conled.
If the generator is cooled with high temperature
boiler feedwater, the plant thermodynamic effi-
ciency fncreases with generator length over the 10
to 20 meter length range considered, If the gen-
erator {s cooled with low temperature boiler feed-
water, the plant thermodynamic efficiency reaches
a maximum value at some generator length within
approximately this range., The optimum generator
length increases with plant size, The level of
oxygen gnrichment at which the maximum plant effi~-
ciency vecurs does not depend strongly on plant
size, but is 3 to 4 volume percent of oxygen lower
for the cases in which the MiD generator is cooled
with low temperature boiler feedwater.

The results alse show the relationship bew
tween the requived magnet stored energy, the gen-
erator length, and the power requived to produce
oxygen. The cost of the magnet depends strongly
on its stored energy. The results show that in
many cases consideration can be given to reducing
the MHD generator length to less than its optimum
with only a small penalty in plant efficiency but
with a potentially large reduction 1n magnet capi-
tal cost. The results also show that the plant
efficiency depends strongly on the power required
to produce oxygen and that there is a strong in-
centive to lower this reguirement as much as
possible.
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TABLE 1, = MAJOK CYCLE PARAMETERS

Coal type o « v v v s v s s s v+ » Montana Rosebud
Moisture content of coal delivered

to combustor, percent « v o v . s v 4 v 2 2 0 s B

Oxidizer prebeat temperature, F o o v v o o o 1100

Combustor pressure, atm . , . Selected to maximize

plant efficigncy

Combustor axidizer=fugl ratio

relative to stoichiometric , v 4 5 » v » o 090
combustor slag rejection, pereent o v v 4 5 .+ 80
GEROrator LYPe o v o 6 v s v s 0 oa v os s Faraday
Potassiumecoal mass ratio v . o v v o 0 » o 00859
Muf generator inlet Mach number , . . 0.9 (200 Mye

0,8 (500, 1000 Me

Dt fuser pressure recovaery o 4 o o 0.4 (200 MWe
coefticiont 0.6 (500, 1000 MWe)
Diffuser exit pressure, atm o o o v v v v v o o 1.0
Mil generator length, meters , . . . o 10, 15, 20

Cycle compressor polytropic efficiency . . « 090
Sulrur pemoval by seed, percent . o v o « 2 0 o 7
Final oxidizer~-fuel ratio relative

to stoichiometric . v 5 o 4 v 0 ¢ v v v oo 1,08
Stack temperature, F oy v v v v b v 0 a0 s o 250
Steam=turbine cycle , . . . Dependent on feedwater

efticiency, percent heater arrangement
Afr separation plant com-

pressor power requirenent,

Kk=hr/ton of equivalent

pure oxygen added , . . . 300, 250, 200, 150, 47
Pressure drop from comprossor

exit to combustor exit, percent

of comprossor exit pressure « o v o v o 4 4 o+ 003

TABLE I1, - GENERATOR CONSTRAINTS

Maxfmum axial electrie field, kVm . . .
Maxtmum Lransverse electrie field, kVim .,
Maximum transverse current density, Afcm?
Maximum Hall parameter « + v v 4 4 v v s
Maxfimum magnetic field, T

> s e e e
e e«

[T S N I




NET BOTTOMING CYCLE EFFICIENCY, percent
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o

0 2 4 6 8 10 12
MHD GENERATOR HEAT LOSS/ BOTT?M!NG CYCLE HEAT ADDITION,
percen

Figure 1, - Bottoming steam cycle efficiency as a function of the
percentage of bottoming cycle heat addition contributed by MHD
generator heat loss, MHD generator cooling water outlet tem~
perature fixed at 2600 F, Total heat addition s 906 MW, com-
pressor work Is 102 MW, Approximate power plant output for
these conditions is 500 MWe,
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Figure 2, = Power plant thermodynamic efficiency as a function of
oxygen enrichment for different MHD generator lengths. Solid
lines are for an MHD generator cooled with low temperature
boiler feedwater; dashed lines, high temperature boiler feedwater,
Oxyagen production power Is 200 KW-hr/ton of equivalent pure
oxygen,
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(b} 500 MWe power plant.

Figure 2 - Continued,

PLANT THERMODYNAMIC
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(c} 1000 MWe power plant,
Figure 2 - Concluded,
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