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SUMMARY

The liquid-metal MHD systems study emphasis is placed on a
direct coal fired design using a bubbly two-component flow of sodium and
argon in the MHD generator and a2 Rankine steam bottoming plant. Two
basic cycles are studied, corresponding to argon temperatures of 922 and
1089°K (1200 and 1500°F) at the duct inlet. Corresponding to these basic
cycles, a total of nine plant designs were sized and costed. The basic
systems compresses a two-component bubbly flow of sodium and argon at
8.27 #Pa (1200 psi) that expands to about 2,76 MPa (400 psi) in the duct
system. The liquid metal and gas are then separated. The argom gives up
heat to superheat, reheat and generate steam, and teo preheat the combus-
tion air. It is thep compressed and passed through the fired heatex
where its temperature is again increased to 1089°K (1500°F). Lithium-

helium is assumed in one plant design.

The MHD duct system that was desipgned consisted of multiple
ducts arranged in clusters and separated by irom magnet pole pleces. The
ducts each with an output of about 100 MW were in parallel to the flow
but were connected in series electrically to provide a higher MHD voltage,
Monetheless the inversion equipment costs 20% of the total plant cost due
to the high currents involved at low-MHD output voltages.

In analyzing the overall systems, the factors that were found
to affect most directly the cycle efficiency of this plant are the effi-
ciency of the MHD channel, compressor and pumps, and the pressure losses
associated with the large liquid-metal flows. These are areas of great
uﬁcertainty, egspecially in the large component sizes required for commer-
cial operation. The costs determined for both the fired and coupling heat
exchanger components were large, comprising nearly 35Z of the total capi-

tal investment. Due to the large mass of liquid mztal circulated, over

vii




63,090 &/s (106 gpm) at the 5.51 MPa (BOO psi) pressure head, the liquid-~

metal pump costs and technology are critical system parameters.,

With an assumed MHD channel efficiency of 80%, a pump effici-
ency of 90% and a 45% efficlent steam-bottoming plant, the efficiency of
the 1089°K (1500°F) combined liquid-metal steam cycle was 43%. The com-
plexity and high cost of this plant (§1,165/kW) result in a cost of elec-
triecity of greater than 12.5 mills/MT (45 mills/kWh), ILower plant costs

can be achieved with lower peak cycle temperatures but overall the energy
efficiency is penalized,

With these relatively high plant costs and with the low poten-
tial for improving cycle efficiencies over conventlonal plants, commer-

cial development of this plant would not appear warranted.
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11. LIQUID-METAL MAGNETOHYDRODYWAMIC SYSTEMS

11.1 State of the Art

The liquid-metal magnetohydrodynamic (LM-MHD)} power conversion
cycle is a developing technology where progress to date has been-in the
basic theoretical studies of the thermodynamic cycle (s) and small-scale
experimental test programs (References 11.1 through 11.4). Probable
levels of performance, component technology, and plant costs, however,

have not been established for commercial~size systems.

The basic liquid-metal MHD cycle operates by accelerating the
liquid through the magnetic field with a gas and, in some inéﬁancés,
maintaining desired velocity by leaving the gas in the liquid for
further expansion in the MHD duct and nozzle. Four of the options that

exist for embodying this cycle in concept are

Nozzle fluid acceleration and gas separation (separator type)

Injector-condenser (two-phase condensing type)

e & @

Bubbly flow {Brayton—-type-cycle)
e Slug flow (same principle as bubbly flow).

Present technology and experience have indicated that the two-
component, bubbly-flow, Brayton-type cycle (using an inert gas as the
drawing fluid and a liquid metal as the prime conversion or electrodynamic
fluid) offers the simplest and closest available techmology. On this
basis, the Brayton cycle was selected for the systems evaluated in this

study.

This cycle has been under development in several countries, for
several years, but particularly at Argonne Natiomal Laboratory, where it
was funded primarily by the Office of Naval Research and the National

Secience Foundation.
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The factors that would appear to limit the thermodynamic
potential of this cycle are the limits dimposed by practical design
and safetf considerations on liquid-metal and structural temperatures
and pressure, and uncertainties associated with the efficiencies of

the components.

Operating a liquid-metal system above the atmospheric boiling
conditions would impose design safety considerations that lead to
significantly increased costs and risk. For sodium and lithium systems
a maximum temperature of about 1088°K (1500°F) represents an upper limit
that would appear practical. Materials and component design technology
to this temperature level are not developed for liquid metals, but the
significant advancements being made in the breeder reactor programs should

provi&e a well-founded technology springbeoard.

The necessity for minimizing liquid-metal vapor carry-over in
the gas in the lowsr temperature portions of the cycle and the relatively
high flow void fractions needed within the working f£luild to achieve
maximum MHD duct efficiencies require high duct inlet pressures, 5.516 to
8.274 MPa (800 to 1200 psi). Such system pressure levels can restrict
large~scale designs. This consideration, along with certain low voltage
limitations that ﬁrise with this particular MHD coaversion process, lead
to small size, multiple ducts that are operated hydraulically in parallel
but are connected electrically in series. This arrangement, however,
magnifies the electrical end and friction flow losses for the duct and
related components. These practical design considerations suggést that
a gingle, liquid-metal MHD duct be limited to about 100 MWe or less.
Large plant sizes (600 to 3000 MWe) would utilize modular duct comstructior.
For such cases the major cost benefit from large-scale plants would be

in the economics of the larger heat exchange equipment.

With the emphasis on direct coal-fired systems, the combined
LH-MHD steam bhinary power plant would appear to offer tne maximum potential
for performance. Within the temperature limits cited above, and based

on current steam plant technology, the thermodynamic efficiency of this
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combined cycle would range around 457. Current or very near term emission
control technology should be adequate to minimize the envirommental
impact of this power plant.

The factors that affect the cycle efficiency of this plant
most directly are MHD duct efficiency, compressor and pump efficiencies,
and the pressure losses associated with the large liquid-metal flows.
These are areas of great uncertainty, especially in the large compoment
slzes required for commercial operation, and are subject to varied expert
opinions. The principal system technology and comporent designs, therefore,
have been reviewed with repard to the current state of the art which is
briefly summarized im Table 1l.1. HNone of the key system components
reviewed were found to be sufficieatly developed in the required
commercial sizes for LM-MHD systems. The results of this study, then,
are compared on a relative basis. Specific conclusions on performance
and cost are made but should be ceonsidered preliminary in that with
inecreased understanding of large-scale LM-MHD component design perfor-

mance, the various cost tradeoffs would change.

11.2 Deseription of Parametric Points .o Be Investigated

11.2.1 Selection of Parametric Study Points

Table 11.2 summarizes the EM-MHD cases studied and the major
variable(s) that characterize each of the cases. Commqn assumptions con-
cerning each case are alsoc listed. Eighteen cases are showﬁ, including
the base case (Point 16). Thermodynamic state point data and plant effi-
ciencies have been developed for each of these cases. In concurrence
with NASA-Lewis technical direction,* however, only ten of. these cases
have been completely costed. The costed cases are indicated by an aste-
risk. The noncosted caseés represent direct variations of the base case
that result in decreased system performance and only a nominal change in
the major factors that affect costs. The ten costed cases reflect varia-
tion of the parameters that were found to impact most directly on plant

performance and cost., These variables include:

% Letter from W. J. Brown (NASA-Lewis) dated April 22, 1975.
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Table 1l.l Summary

of Status of Liquid-Metal, MHD Key Component Development

Component Summary cf Development Status and Experiénée
MHD-Duct s Intensive theoretical studies in p-ngress _
# Most experience with two-component-homogeneous floir
® BSmall-scale tests show duct efficiencies to 50%;
Trends in data and theory suggest hlgher efficienczes
are -obtainable
® Major duct losses are-slip and electrical end losses
e Materials compatability at 922°% (1200°F) appeatrs
near term, constant temperature operation favorable
Mixer o MNo design basis available for high void fractions
required
Nozzle a. Test conducted on small nozzles with two-phase flow
show efficiencies to 85% _ o
a Data on material erosion problem at high temperature
required
# Application of jet pump at high voids needs to be
demonstrated
Separator ¢ Several design conceots under evaluation :
s Separator efficiency to 99%, higher recovery may
require staged separators
@ Energy efficiency to 90%
& Materials and desipgn untested in commercial~scale
systems
biffusers # Single-phase flow diffusers design technolopy established
o Achievable efficiency to 85 to 907
Liquid-Metal o Sodium pump technology available at low heads, low flow
Pumps @ Pump costs high; development of direct sodium seals
required
& Technology extension to 922°K (1200°K) deemed feasible
for near term development
Liquid-¥etal © Adequate technology base available
Purification ® May require larger-scaled system to be economical
Heat Exchange ¢ Materials technology to 1088°K (1500°F) needs to be
Equipment developed for utility applications
® Design basis for clean gas systems available
L

Flue gas/liquid-metal materials compatability require
more cost-effective design and technology base

114
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Table 11.2 - Summary of Parametric Point Data for IH-MHD Scudy

LM=MHD

Ha/A-1200°F,1200 psi

¥HD Conversion = ft

Duct = 0.75 Pump = 0.85

Compressor Efficiency=0.85

Hagnetic Fld. = 0.55T
Industion

Bottom Plant

Steam ~ 3500 psi
1000°F/1000°F
Wet Cooling
Tower

Caze No.
16*% Bage case
(Fig. 11.1)
1000 MWe base
load
30 yr life
1. 600 Mile
2. 3000 MWe
3. 1000 MHe
4.% 1000 MWe(Fig. 11.5)
5.* il
6.% "
7‘ L1
B.* W (Pig. 11.4)
9.* n
10. "
11.% w
12.% "
13,.% " (Fig. 11,6}
14.% "
15. "
16. Base case
17, *
18.% "

Same as bage case

n
Atm fluidized bed
MHD open cycle

Pres, fluidized bed (100 atm)

Same &s base case

See above

1t

Atm fluidized hed

Aspumptions - Common to all Points

Liquid wetal aerosol carry-over < 0.1% in gas

Purity level - 2 ppm Oz and 0.2 ppn Hy
Gas to liquid-metal reheat in combustor heat exchanger, but no direect IM heating In combust:nr

Liquidemetal system technology commensurate with liquid-metal fast breeder reactor

Same as base case

Lifite, 1500°F, 1200 psi
Na/a, 1200°P, 440 psi

Ha/fA, 1500°F, 1200 psi
High~comp. efficiencies
Low-camp. efficiencies

Liquid metal
electromagnetic pump

Liquid metal
jet nozzle pump

Wa/4, 1500°F, 1200 psi

Nafh, 1500°F, 1200 psi
High-component. ‘eff.

Same og case 14

See above
Hulristaged ducts
Same asz base casge

MHD output veltage > 500 vde for converters to obtain 99X conversion effielency
System design and componant performance with exception of MHD loop will conform to existing central
power statlon practices end all safety requirements

Saute as base caage

"
"

Ho steam plant
Same as base casme

Ho bott:cm'pié:it*
Once-through eooling
'Same ag base cCage

Same as base case

but higher cycle eff .

See above
"

:Same ‘as base case




MHD duct effilciency

MHD compressor and pump efficiency
MHD duct inlet temperature

MHD working fluids

Steam bottoming plant efficiency

Power plant cycle configuration

11.2.2 Discussion of Study Parameters

MHD duct performance at the flow rates and compomnent sizes
considered for the commercial plants in thig study are without direct
experimental support and, therefore, require substantial extrapolation.
Because of this uncertainty, a range of values (from 70 to 85%) of duct
efficiency were assigned for study. The lower numbers (70 to 75%) are
values that would appear cbtainmable in large systems, based on current
theory and trends in existing data (References 11.4 through 11.6).

As with any thermodynamic cycle, compressor and pump efficiencies
are important performance parameters. Large, highly efficlent compressors
are state of the art in conventicnal gas turbine cycles. With the LM-MHD
system, however, the effect of liquid-metal carry-over (in the form of an
gerosol or oxide) on compressor performance has not been quantified. For
these reasons, values of compressor efficiency of 85% and 87.5% are used
in the study. Values for the liquid-metal pump efficiency were taken from
80 to 90%. Breeder reactor sodium pump studies indicate efficiencies of

around 85% (Reference 11.7). These are single-stage, low-head designs.

The duct inlet temperature and MHD working fluids affect the
performance of the cycle in the usual straightforward manner. The impact
of these parameters on casts are gignificant because of component material
requirements. Two temperature levels were chosen, 922°K (1200°F) and
1088°K (1500°F). The 922°K (1200°F) is considered as near term technology,
but the 1088°K (1500°F) would require a longer range development program.
Liquid sodium and argon gas were selected as the working fluids for the
base case and all paraﬁatric points except for ome study case. (For this
case, lithium/helium were used). Argon, although requiring significantly

larger flow rates, was chosen in consideration of the more limited helium
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resource and economics of recovery. Ligquid sodiuwm was chosen because

of the wider experience and technology base now existing.
*

11.2.3 Description of LM-MHD/Steam Binary Cycle Configuration

The direct coal-fired combined LM-MHD/steam binary power plant
was emphasized in the study. Figure 11,1 shows the schematic dlagram of

this power plant which represents the base case study point.

The major items of the MHD locop are the mixer, the MHD channel
{including superconducting magnet), the nozzle-separator, and the liquid-
metal primary pumps. The other major loop components include the argon
compressor{s) and the interfacing heat exchangers. Wot inecluded in the
schematic but included as major cost items are the power conversion
equipment (imverters, transformers, asnd cirvecuit breakers} and the liquid-

metal auxiliary systems (such as purification, emergency dump, and storage).

The Brayton~type MHD cycle operates by mixing the inert gas and
ligquid metal at high pressures to form a bubbly, homogeneous flow. The
initial void fraction of this mixture is approximately 65%4. The mixture
is then introduced into the MHD channel, where the gas is allowed to ex-
pand through the channel carrying the liquid metal along. The inter-
action of the flowing liquid metal with the applied magneti_ field
produces the desired electric field, In the channel the gas phase is
expanded to a degree sufficient to produce a two-phase mixture of 857

void.

At the exit of the channel the two components are silightly
accelerated, then separated (by momentum differences). Both cdmponents
then progress separately through the system and are later remixed back
at the inlet of the MHD chanmel.

Prior to being remixed, the liquid metal is pumped back to
its MHD inlet head comdition, 8.274 MPa (1200 psi). Three methods of
liquid-metal pumping were considered in the study:

¢ Conventional, staged, centrifugal mechanical pumps
@ Electromagnetic pumps

® Two-phase nozzle and diffuser,
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The high-temperature argon gas, after leaving the separator,
gives its heat to a conventional 24.131 Mpa/811°K/811°K (3500 psi/L000°F/
1000°F) steam turbine plant. The gas is then cooled further, compressed,
and returned to the heat source (in this case, a conventional, atmos-

pheric cyclone combustor).

For the low-temperature base case [922°K (1200°F) sodium], the
steam plant bottoming the MHD cycle not only makes use of the sensible
heat of the argon but also receives heat directly from the combustion
system. Although this arrangement leads to'a more complex thermodynamic
cycle, it was found to yield the best plant performance for this low-
temperature case. The steam finish superheating [700 to 811°K (800 to
1000°F)] and all the reheating is dome directly in the fired part of the
system. Approximately 35% of the total steam plant heat load comes direct-
ly from the fired system. The steam plant design ugses no extracted
steam for feed heating but uses argon feedwater heaters instead. This
gives a lower steam plant cycle performance, but overall plant performance
is higher because of the heat rejection requirements on the LM-MHD cycle

side that would occur with extractive feedwater heating.

Figure 11.2 shows the respective heating and cooling curves for
the two working fluids (argon and water) at the interface(s) between the
two cycles—in other words, at the steam generator and cyclone furnace.
The argon cooling curve has been approximated by the straight line (i.e.,
constant specific heat) from 910 to 339°K (1178 to 150°F) corresponding
to a 16.7°K (30°F) steam plant condenser approach at 11.852 kPa
(3.5 in Hg) abs.

As geen from the figure, however, this 16.7°K (30°F) temperature
difference does not represent the limiting pinch-point consideration. The
actual pinch point occurs farther along the cooling curve. Because of the
approximate nature of both the argon-cooling curve and the water-heating
curve [this curve will depend somewhat on pressure drop - 0.6894 MPa
(100 psi) assumed herein] no attempt has been made to design to a given

pinch-point ; instead, end conditions were chosen that would be nominally
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acceptable and representative of a reasonable design approach.

For this base case design, single-stage compression preceeded
by an argon precooler was found to give the best system performance. The
argon precooler serves as the combustion air preheater. Thus, there is
no argon heat that is directly rejected to a water heat sink. Most of the
argon precooler heat is returned back to the MHD system. The only portion
of the heat that is lost is through the combystor stack losses, the
specific quantity being dependent on the boiler efficlency of the

combustor.

The compressor iniet temperature is determined by the air to argon
mass ratio and the design effectiveness of tue precooler. ~he air to argon
mass ratio is determined by interfacing conditions ot the embustor-primary
heat exchanger. These conditioms are the desired duct inlce temperature,
the approach temperature difference between the argon and flue gas in the
primary heat exchanger and the combustion characteristics of the coal.

The stack gas temperature will depend primarily on the exit temperature
of the flue gas from the priinary heat exchanger and the effectiveness of

the air economizer.

If there were no direct firing of the steam plant in this base
case, the terminal argon temperature would be 450°K (350°F). Various
bottom cycle arrangements using this terminal temperature were investi-
gated to determine if higher (than the base case configuration) plant
efficiencies could be achieved. BResults showed that the heat rejection

and a compressor work requirement precluded any efficiency gain.

Figure 11.3 is the schematic diagram for the LM-MHD/steam binary
plant for the 1089°K (1500°F) sodium case, and for lithium/helium study
point. Because of the higher temperatures, supplementary firing of the
steam plant directly from the combuster could be avoided. The terminal
argon temperature at the exit of the steam/argon heat exchanger (steam
generator) is 380°K (225°F), which leads to a 350°K (170°F) compressor
inlet temperature at the preccoler exit. The basic elements and compo-
nents of this cycle are otherwise similar to the low-temperature base

case,
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Two of the cases gtudied in this program were all MHD-type
plants. Point 4 uses an open—cycle MHD plant to top the LM-MHD.
Figure 11.4 shows a schematic diagram of this all-MHD binary plant.
In theory, this combination could lead to relatively high plant
efficiencies since, with this combination, the temperature at which
energy conversion is occurring has been exterled for both the topping

and bottoming cycle.

Point 13 is an all LM-MHD plant. Figure 11.5 shows the
schematic with this study point; once-through cooling was employed. The
componente in this plant are essentially those previously identified in
the MHD loop of the base case. The major advantage of this all-MHD
plant would be its mechanical simplicity. Note in this case that the
total flow rate is substantially larger than in the other plant configura-
tions (all are plants based on 1000 MWe net).

In subgequent sections of this report further analysis is
made of these power cycles, which includes the determination of plant

efficiency and costs.

11.3 Approach
11.3.1 Assumptions

The LM-MHD study presented in this section was begun with the pre-~
smmption of stipulated near state-of-the-art component performance and
conversion efficiency (Reference 11,7). MHD duct conversion efficiency
and key flow parameters were fixed at estimated attainable, near-optimum
values. The study efﬁort was, therefore, originally conceived to place
major emphasis on the overall power plant system optimization and perfor-

mance and cost assessments,

Early in this study, however, the need was established not only

to develop some key component concepts for a full-scale system, but also
to establish performance estimates in more detall in the MHD loop before

any overall system evaluation could be undertaken. The study of inter-

action of slip ratio, end losses, voltage, aspect ratio, mixer, nozzle
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and separator, and diffuser designs had to be undertaken before the cycle
performance of a commercial-size application could be calculated. Estab-
lished design technology and performance,and economic data were not available
for these areas. The resulting study was, therefore, based upon signifi-
cant extrapolation of data for LM-MHD loop components, with resulting

uncertaintiés and reduced ability to optimize a system realistiecally.

Discussion of more detailed application of the inert gas,
liquid-metal, bubbly flow system and present technology as applied to
this study is found in the study results in Appendix A 11.1. Calcula-
tional méthods, flow models, and property data are considered sufficiently
developed for argon and sodium to permit the first task of this study.
Subsequent sections and appendices (as identified in the text below).

deal with other aspects of the design and evaluation of the system.

11.3.2 Methodolopy
The methodology used in evaluating the study points in LM-MHD

were as follows:

e Evaluate thermodynamic cycle for base case configuration
e Evaluate thermodynamic cycle for the parametric cases
¢ Conduct preliminary design and costing of major components
for the base case study point
® Develop cost data information (capital and installation)
based on matefial, temperatures, and operating conditions,
for each major component‘ '
e Size and cost the major system components for each parametric
point based on algorithms developed from the base case de .7 s
e Factor into the analysis steam plant cost data where applicable
s Determine overall plant costs and performance for the required

study points.

The evaluation of the LM-MHD thermodynamic cycle was done with
the aid of a computer program. The purpose of the program was to identify

the major system components in terms of the relevant thermodynamic and
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flow parameters. A description and listing of the program is given in

Apperdix A 11.2., The major features of the program include

e Incorporation of current analytical model(s) used for describing
duct performance

s Cycle configuration flexibility to allow for system optimizatiom,
including various options for methods of heat rejection

© Appropriate iterative calculation procedures for interfacing
with the bottoming plant to attain desired overall power output.

Included in Appendix A 11.2 is a sample computer output listing

(base case computation) showing the calculated parameters.

Because LM-MHD is not a developed technology, the sizing and
costing of the major cycle compoments had to be based on preliminary or
conceptual designs. The approach taken was first to develop reasonable
design concepts and sufficiently detailed designs for the components that
comprise the base case to permit assessment, and then extrapolate these
designe to the variations on the base case. This required rather genera-

lized sfzing and costing algorithms for each wajor component.

For instance, the configuration and arrangement of the large-
scaled MHD ducts substantially affected the cost not only of the ducts
and magnet systems, but of piping and pumping requirements. The initial
design efforts performed in the conduct of this study contract ha-re re-
sulted in developing somewhat innovative design concepts that ultinately
led to reduced componenrt sizes, piping, and costs. The designs and design
basis used for evaluating the base case, Point 16, are summarized in
Section 11.5 as is the sizing and costing algorithm used for the MHD duct
and assembly and for ﬁhe major heat transfer equipment. Included are
descriptioneg of the MHD duct assembly that include the mizer, nozzle, and
separator; the MHD duct and magnet arrangement; and the preliminary
plant layout that identifies the relative arrangement of the major compo-
nent. The cost basis for determining installation of major components
and the materials costing data that were used to establish the capital

cost are, also included. Material selection for the various cases was
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based on the recommendations made in Subsection 3.8. The basis for sizing
and costing the superconducting magnet system is given ip Appendix A 11.3.
The power conditioning équipmenf déscription and costs are given in
Appendix A 11.4. A description of the required liquid-metal systems and
subsystems are given in Appendix A 11.5. Included in this appendix is

the basis for determinipng the appropriate sizing and cost algorithms for:

e Liguid-metal mechanical pump{s)
¢ EM pump (one design only)
e Liguid-metal purification sybsystem

¢ Liquid~metal inventory and emergency dump,

A summary of the design specifications for the steam generator
and primary heat exchanger are given in Appendix A 11.6. (The theoretical
basis for the Hesigns is given in Appendix A 9.3).

The factors comsidered in indirect power plant costs and the
subsequent basis for calculating the total plant capitulization and cost

of electricity are described in Section 2.

11.4 Resuiiz of the Parametric Study

11.4.1 Summary Tables

The schematic diagram previously shown in Figure 11.1 depicts
the base case and several low-temperature cases as identified in the
title of the figures. The schematic diagrams shown in Figures 11.3
through 11.5 correspond to the cycle configurations for the remaining
points. Tables 11.3 and 11.4 summarize the wmajor parameter data,
including flows, pressures, temperatures, and efficiencies for all the

parametric cases.

The two tables, one corresponding to the required costed points
and the second summarizing the noncosted parametric points, have been
arranged to show the major variables associated with the topping cycle
configuration; major variables associated with the steam bottoming cycle;
and the parameters associated with the primary heat source (combustor).

The combined-cycle thermodynamic efficlency, power plant efficiency, and
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TABLE 1L 4 =LIQUID METAL MHD PARAMETRIC DATA-NON COSTED

Parametric Point
Power Qutput, MWe
__Fuel - Bituminous (1)

=Flui I
Conversion Process Parameters
Gas Flow Rate, 1/ s
Liquid Metal Flow Rate, 1b/'s

Mass Ratio
Liquid Metal/ Gas
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Cycle Net Power_MWe 208 | 149 [509 | 101 [ 3.4 [—142 [188.6 4053 ]
| __MHD CycleEfficiency | [0.0295 [ 0.0310] 0,006 [0.03" [ nA _ 10 002 [0, 118
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| Condenser Press,, inhHgabs 1 35 : 3.5 |35_ | 35 | 3.5 %5 4,45 135
| Heatto Steam Plant, MWt | 937 | 4685 | 1558 | 1626 | 931,6 [ 1875 | 1784 | 1484 |
| Direct Heat From Combustor, MWt 506 | 2532 8719 | 503511014 | 0 0
| Net Power, Mie 155 | 776 | 262 | 229 | 162 | 211 | 98 | 0
| ConversionCycleft,  10.3% 1039 [ n3% 10396 039!03%: 045 |0.407 |
|_Combustor
| Pressure, Atm _ 1 1 1 110 1 1 T
_Mggj%ng o 3 37 1 337 | 37 [z0 [ 337 | 337 | 337 [ 320
L Fuel Rate, tons/ hr — & SE——
: ———Jom [om Tose 0.88 108 Tow 08 |
namic Eff, , % (D 408 | 408 1408 | 39.8 [402 | 357 |48.9 | 3.0
Power Plant Fif_, % 354 [ 354 [354 1 3561320 1439 1304 |

Notes:

(@ Where Applicable - @ Regenerator
Use Base Delivered Fuel Cost Total, 3-Ducts
Per Stage -3 MHD Stages (6) Steam Plant Power Used for Compressor Drives

ORIGINAL PAGE I3
OF POOR QUALITY]
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overall efficiency for each case is also shown.

A breakdown of plant costs Into total capital and electrieal
costs (fuel costs, capiltal, and operating and maintenance) is given for

' the costed cases (Table 11.3).

11.4.2 Description of Parametric Points

The first celumn in Table 11.3 corresponds to the base case
Point 16. This point represents a technology that was taken to be
relatively near term. The MHD cycle is operated at 922°K (1200°F) and
8.27 MPa (1200 psi). The schematic of the cycle was previcusly shown
in Figure 11.1. The power plant bottoming this MHD cycle is a 24,132 MPa/
B11°F/B11°F (3500 psi/1000°F/1000°F) steam turbine plant. This plant,
with no extraction feedwater heaters, has a thermodynamic cycle efficiency
of about 39.5%.

The power plant efficiency for the combined cycle is about 36Z.
The cost of electricity for this binary power plant is estimated at
10.91 mills/MT (39.3 mills/kWh).

The relatively low plant performance for the base case
{Point 16) results from selecting relatively modest component efficiencies,
assuming a MHD duct efficiency of 757 and assuming 922°K {1200°F) sodium
temperature as the near term development capabilities. In thls low-
temperature case, an austenitic stainless steel was used as the major

material for component construction.

Points 9 and 11 show that the base case plant performance in-
creases and plant costs decrease when the efficiencies of the major loop
components {compressor and pump) and duct efficiency are increased (see
Table 11.3 for specific values). Point 1l uses an EM pump as prime mover
for the liquid metal. Point 8 shows that raising duct inlet temperatures
to 1088°K (1500°F) increases plant costs significantly. Point 14 shows the
combined effect of bnth-higher component and duct efficiencies, as well
as a higher (than base case) duct inlet temperature. This plant design
showed the highest energy efficiency of the costed study cases.
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Point 12 was a plant design based on replacing the large liquid-
metal pumps and drives with a two-phase nozzle diffuser pump. A power
plant efficiency increase is obtained in this study case because, like any
Brayton cycle, there is a net back work obtained by allowing the gas to
work at the higher temperatures (i.e., pump the liquid metal) and by per-
forming work on the gas (i.e., compressing) at the lower cycle temperature.
The analysis of this parametric point was made by assuming a two-phase
nozzle efficiency of 90% and a corresponding liquid diffuser efficlemcy of
95%. The combined component isentropiec efficiéncy was then taken to be
8674.

Point 6 uses lithium/helium as the MHD working fluids. The
relatively high cost of this plant is the result of constructing many of

the loop components from a refractory metal.

Points 4 and 13 represent plant configurations that do not in-
clude a steam power plant. Point 4 is a bipary plant using an open-cvcle
MHD power plant to top 2 liquid-metal MHD plant (see Figure 11.4}. The
efficiency of this combined cycle was about 31%. This low performance is
the result of the relatively poor performance of the liguid-metal MHD
bottom plant. Tmproved performance would be obtained by taking a higher
temperature liquid-metal MHD bottom plant and better optimizing the inter-
facing between the two cycles. Study of this combined all-MHD plant com-

figuration, however, was limited to only one case.

Point 13 is an all LM-MHD power plant. The system shows only
marginal plant performance and relatively high plant costs. The high
plant costs are due to both the larger duct size and flow requirements
and the higher power conversion costs. This result is not unexpected,
since the net power output of this system is small compared to the total

output of the MHD generator, and parasitic losses have not been reduced.

11.4.3 Analysis of L¥-MHD/Steam Binary Plant Performance

Figure 11.6 summarizes the results of the LM-MHD steam binary
power plant cases and shows the potential for the system. The figure

shows the combined effects of temperature and duct efficlency on power
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plant performance. The numbers in the figure correspond to the para-
metric points listed in Table 11.3. The solid line shown at the bottom
represents plant performance over the range of temperatures indicated.
This line shows the system potential based on relatively modest assump-

tions concerning MHD component efficiencies and a duct efficiency, My
of 75Z.

The dashed line shows the potential performance of the combined
cycles, assuming the more optimistic ILM-MHD component efficiencies. A
major effect here is the assumption of an MHD duct efficiency of 80Z.

Point 15 is a noncosted study point where credit is taken for
increasing the steam bottoming plant thermodynamic efficiency to 457,
Power plant efficilency of this case is 43%, which repiesenta the highest
obtained in the study. The plant costs for this case are expected to
correspond approximately to those of Point 14, or about 12.5 mills/MJ
(45 mills/kWh).

11.5 Capital and Installation Costs of Plant Components

11.5.1 Cost Methodology

Nine power plants were evaluated in the LM-MHD study for
estimated component capital and installation costs, indirect costs, and
balance-of-plant costs. The general approach taken in the evaluation of
the indirect and balanced plant cost is discussed in Section 2. The
following paragraphs treat the capital and installation costs of the

major equipment.

Most of the major components associated with the LM-MHD cycle
are not state-of-the~art designa. Preliminary designs of such equipment,
therefore, had to be develgped before reliable cost estimates could be
made, The general méthodology that was used to generate the component

cost data was as follows:

e Conceptual design of the major equipment assemblies. This
involved establishing the MHD duct and magnet arrangement,

determining the number of flow loops, identifying the assembly
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interfaces, and specifying the requirements for system (or
component) redundancy

s Specifications of the design requirements for each major
component, such as operating temperature, pressure, f£low,
stress level, etc.

e Preliminary design of components to meet base case operating
requirements

8 Derivation of size, welght, and cost algorithms for each
major component

e Development of cost data information (capital and installa-
tion) based on material selection, temperatures, and

required operating conditions.

A summary is given in Table 11.5 of the algorithms that were
derived to determine size, weight,and cost of each major component. The
nomenclature used in Table 11.5 is defined in Table li.ﬁ. Additional
supportive Information omn these relationships are given in the appropriate
appendizes. A brief summary of the design and costing basis used for

sizing and costing these components is given belaw.

11.5.2 MHD Duct and Magnet Costs

The MHD duct and magnet components constitute one major assembly
requiring design effort to assure realism in both the struetural integrity
and the cost of the system. The basic assumptions from which the design

evolved were:

e Conformity to limitation imposed by current theory on the
electrodynamics of the duct

e TUse of current liquid-metal technology, where applicable

¢ Minimization of magnet and duet structure costs

o Maximization of operating 1ife and serviceability.

These considerations ultimately led to the toroidal duct assembly arrange-

ment shovm in Figure 11.7. The ducts are oriented vertically and are
grouped (three or more) in & cireular configuration and interconnected
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A
AC
AS
8
C
Cr
d
4
dO

F
f
L
2

Dwy. 1676884
Table 1L 6— Definition of Symbols
= Surface area, ﬂz
= Cross-sectional flow area, #2
= Heat transfer surface area, it
= Maghet
= Cost Coefficient, $ /b or ¢ /ft, §/tube
= Totit} capital equipment costs, $
= Diameter of heat exchangs vessel, ft
= Inside tube diameter, in
= Outside tube diameter, in
= Liguid metal flow, #3/s
= Required liquid metal flow rate, gpm
= Length of component, ft
= Average width or unsupported dimension, ft

Lt = Totai tubing length, f#t

m

= Mass flow rate, Ih/s

MTD = Mean temperature difference, °F

N
n

Ny

= Number of ducts
= Numbar of assemblies or units
= Number af heatexchanger units

Ny = Number of tubes

0 v e
am T

© N oE o

1
2
d
g
i

= Required liguid mefal purity, ppm, or tube pitch
= Average pressure, psi

= Joial eat load, Btu/hr

= Design stress, psi

= Fluid velecity, i/ s

= Weight, b

= Density of Material or Fiuld, ib/ft3

= Angle

Subscripis

Varying width plates m - Mela!or mixer

Constant width plates n - Nozzle

Duct o - Out

Gas p - Pipe

In s - Separaior
Lm - Liquid metat
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\ Iron Pole

Diffuser

558591 “6mg

Fig. 11.7=LM-MHD .duct assembly schematic
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with iron pole pieces. Figure 11.8 shows further detail of the design of
the ducts, as well as the design and positioning of the magnet with respect
to the ducts. The superconducting magnet and dewar sets are fixed to the
duct walls adjacent to the irom pole pieces. Thus, the iron pole pieces
shape the magnetic field to conform te the geometry. This configuration
easily meets the requirements for field uniformity and reduces stray field
effects. Further detail concerning design and specification of the magnet
and field requirements and the magnet and dewar designs are given in
Appendix A 11.3.

The costs of the magnet system were broken into ecost of the
superconductor including dewar and refrigerators and cost of the iron pole
pieces. Conductor costs (a low field, Nb-Ti composition) were taken as $110/kg
($50/1b). The cost of the iron pnle pieces was based on the total weight
of irom used in the design. Iron costs were taken as $1.58/kg ($0.72/1b)
installed, (Reference 11.8). The algorithm expressing these costs was
developed in terms of the MHD duct design parameters. The formulas are

given in Table 11.35.

The actual MHD duct portion of the assembly was costed on the
basis of the design that was previously shown in Figure 11.8. Designs and
costs for the mixer, mozzle, separator-diffuser, and liquid-metal retura-
leg piping were based on the ribbed structual configuration used for the
duct design. The major items considered in the costing of the MHD duct were
the materials used for structural pressure housing, duct insulatioﬁ, the
electrodes,and current leads. The costing of the other comporents (mixer,

nozzle, etc.) were based on pressure housing materials.

The basic design used for the structural housing for all
pressurized components was a reinforced (ribbed) plate comstruction. This
allowed for minimum weight designs. The design basis for the pressurized
components is given in Appendix A 11.7. The costing Pf structural members
was based on total material weights and type. The generalized form of the
equations used to calculate component weights is given in Table 11.5. The
specific cost factors and the criteria used for applying these costs is
given in Table 11.7.
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Magnet Crossover
Winding (Typ. ) —~_
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Outer Dewar
Wall Support®

Superconducting X
Magnet & Coolant (He)

Inner Dewar
Wall Support®
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(Nz- Cooled)®

— MHD-Duct Wall Water
Coolant Pipes (Typ. )

Duct Wall Thermal
Insulation

MHD-Duct Sidewall
" Support Structure {Typ.)
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R g

Iron Pole —/ —/ .
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/
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11.8—Conceptual design for high pressure LM-MHD duct
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Table 11.7 <~ Summary of Material Cost for Liquid.Metal MHD Components

Component Material Total Cost $/1b{1) Use Criteria
1., MHD duct 316 SS (2) 8.25 All cases
2, MHD duct Mg Brick(B) 0.60 All cases
** dnstallations
3. Mixer 316 58 11.25 Na/A — only temp. < 1200°F
Haynes 25(4) 15.00 Na/a - only temp. > 1200°F
Nb-1zx (5) 43,80 Li/He case
4, Nozzle 316 8S - 8.25 Na/A - temp. £ 1200°F
Haynes 25 12.00 Na/A -~ temp. > 1200°F
Nb-17x 43,90 Li/He case
5. Separator/ 316 SS 14,25 Na/A - temp. < 1200°F
diffuser Haynes 25 18,00 NafA -~ temp. > 1200°F
Nb-17r 43.90 Li/He case
6. Liquid metal(®) 316 85 8.40 Na/A - temp. £ 1200°F
piping and Haynes 25 22.40 Na/A - temp. > 1200°F
fittings Nb-1Zr 123,00 Li/He case

(1) Includes material costs, fabrication and overhead as base, direct costs (no escalation or contingency)

(2) Material cost estimate — United States Steel - private communication, fabrication cost
estimate — Ionlec's Corp. - private communication; overhead taken as 50% of material amd
fabrication costs

(3) Cost estimate obtained from Harbison/Walker Refractories Co. - private communication
(4) Haynes Metal Alloy Data Sheets, #25, Union Carbide, Stellite Division.

(5) GEAP-14018 - UC-77, "VTHR for Process Heat," General Electric, September 1974.

(6) Costs based on CRBRP large seamless stainless steel plipe costs. Includes fittings, heat

tracing, standard insulation, fabrication and erection. Piping cost for Haynes &Wb -1Zr
obtained by direct ratio of material costs



The MHD duct insulation costs were based on the quantity of
magnesium oxide brick required to line the two duct walls. The current
leads from the duct were copper bus bars sized to handle approximately
3.7 ¥A of generator total current. The cost basis for these léads was
fla: copper bar at $2.44/kg ($1.107/1b). The total cost (including
installation) of the electrode system was estimated for an MHD generator
producing 1750 MWe (total) at $4 million., For the parametric case in
which the duct power d:ffered appreciably from this design, electrode

cost wag scaled liuearly with power output.

11.5.3 Ligquid-Metal Pumps and Subsystem Costs

A second major set of components that required design swphasis
were the liquid-metal pump and associated ligquid-metal subsystems, which
inciude the purification system and inventory and emergency dump capacities.
For these systems, available liquid-metal fast breeder reactor technology

was utilized to develop sizing and cost information.

The liquid-metal purification system was designed with current
cold trap (oxide control) techmology as developed by Mine Safety Appliance
(MSA). The basic criterion for designing and sizing the system (see
Appendix A 11.5) is the assumed cover gas leak rate. The value chosen for
this parameter in this study was commemsurate with current liquid-metal fast
breeder reactor design. The algorithm developed for costing the system was
based on cost estimates (made by MSA) for two different sized currently

available systens.

The liquid-metal storage and emergency dump systems were sized
to meet inventory requirements. The costing of the system (as given by
the equaéion in the Table 11.5) was again based on current breeder reactor
design egtimatzs. The costing includes piping, tank, heat tracing, and

valves.

11.5.4 Heat Transfer Equipment Costs

The major heat transfer equipment for which design and costing
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tied to be established were:

o Primary heat exchanger (includes a coal combustor and the
radiant and convective heat exchanger).

¢ Steam generator

s Compressor intercooler (if used) and

o The gas to air preheaters and recuperators.

In general, to obtain an economic and optimum heat exchanger
design, a trade-off must be made between tube size, pressure loss, and
heat transfer coefficients. This usually involves lengthy computer
solutjons., The design approach used herein, however, was to make some
simplifying assumptions based on engineering experience that would avoid
the iterative solution. These assumptions were to consider only counter-
flow shell and tube designs, treat only the controlling-side heat transfer
coefficients (i.e., neglecting water side where applicable) and, based on
well-established experience, a priori select both a tube geometry {(diameter
and pitch) and pressure drop. Imn all cases, this approach led to a reason-
able design but one that may not be the most economical, comsidering the

total systen,

A preliminary design was prepared for both the steam generator
and primary heat exchangers for thn base case conditions. These designs
are summarized in Appendix A 11.5. The theoretical basis for the heat
exchanger designe is the same as is given in Appendix A 9.3 of the open-
cycle MHD study. For the remaining parametric cases, the heat exchange
equipment was modeled from these designs. In all cases, established
correlations and equations were employed to calculate heat transfer co-
efficients, mean temperature differemces, and pressure drops. With the
air-to-gas (or gas-to-gas) type exchangers, the designs were based on heat
exchanger effectiveness, a concept widely applied in heat exchanger design.
Once surface area requirements were determined, geometry factors (tube
diameter, pitck, etc.) were employed to calculate flow area requirements

and, ultimately, overall physical size.

The overall cost of the heat exchange equipment was determined

from both tube and shell costs. The shell costs were based on material
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Table 11.8 Surmmary of Cost of Heat Exchanger Component Materials L

Heat Exchanger Component Material(s) Costs, §/1b Use Criteria
1. Primary heat exchanger Haynes 188- 14.00% Flue gas temp. < 3000°F,
radiation tubes - 2 i3 id Clad 2 in 1i.d. Ha/A _
2, Radiation/Convection tubes- Cb-12r 50.2b 1.i/Be case
2 in id Haynes 188 14.00 Flue gas temp.< 1800°F, Na/A
3. Convection tubes - fimned -~ . 316 S§ 5.83 Flue gas tewp.< 1200°F, Ha/A o
1.8 in id
4, Steam generator/precooler 316 sS 5.48° Argon temp. < 1200°F
pes conyection tubes - Haynes 188 12.1 Argon temp. < 1500°F _
0 1.0 in od Nb-1Zx 50.2 Li/He case
k<
5, Shell Carbon steel, 0.67 All cases
lined

8Cost data obtained from Reference 11.1 adjusted to 1974 dollars and coxrected
for cladding.

bGEAPﬁlﬁolB—uc—77 "YTHR for Process Heat."

c .
Tube material cost estimate’obtained from Westinghouse, Tampa Nuclear Steam
Generator Division, private communication,




type, inmsulation, and weight. Tube costs were broken into material and
fabrication. The fabrication costs were based on the number of tube end
welds required, taken at $10 nper weld. This factor is approximately
correct for 2.54 em (1 in) diameter tubes. Table 11.8 summarizes the

material and fabrication cost factors used for the different heat ex~

changer types.

11.5.5 Costs of Gas Compressors and Motor Drives

Guidelines for costing the large gas compressor were obtained
from the Westinghouse Gas Turbine Division. From this information an
algorithm was developed that relates costs to the required compressor
flow rates and pressure ratios.

The motor drives used for the pump and/or compressor were
costed at $36 per kW (ipstalled), consistent with 1974-75 market prices

(Westinghouse Large Motor Division).

11.5.6 Steam Turbine/Generator Costs

Costs for the steam plant electric generators and turbine drives
(for those LM-MHD cases that used a bottoming plant) were obtained from
the Westinghouse Steam Turbine Division. The costs were derived from
the heat load and plant configuration that was determined to be best suited
for the LM-MHD binary plant. The major steam plant costs, for the base case

study point and each parametric point that involved a steam plant, were:
a Turbine/generators sets - $22.25/kW
o Turbine drives -~ $§13.14/%H.

Since this plant did not incorporate extractive feedwater heating,
there were no feedwater heaters involved. The boller feed pump and

auxiliary steam equipment costs were included in the balance of plant costs

(see Section 2.0).

11.5.7 Sizing and Cost Alzorithm Computer Frogram

To help facilitate the LM~MHD system analysis, the above described

sizing, weight, and cost algorithms for each major component were programmed.
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This program treduced calculation time and, in addition, permitted rvalua-
tion of the sensitivity of several independent design parameters in terms
of their impact on cost. This has allowed flexibility in establishing
final physical configurations that are consistent with the imposed design

restrictions, as well as permitting physical sizes that conform te acceptable
commercizl design practice. The computer program also provided a permanent
record of the data in convenient table form. Samples of such printout

sheets that summarize the results of the sizing, weight, and cost calcula-
tions for the base case and for Points 14 and 8 are shown in Tables 11.9,
11.10, and 11.11, respectively.

11.5.8 Component Installation Costs

The installation costs for the major equipment were determined
on the basis of the complexity ‘of the particular piece of equipment and
its capital costs. The general guidelines used are given in Table 11,12
{recommendations made by architect engineer Chas. T. Main, Inc.).
Figure 11.9 shows the artist's conceptual plant arrangement prepared from
plan and elevation drawings of the plant design. The plan and elevation
drawings were used to estimate piping, installation, and balance of plant
requirements. As Figure 11.9 illustrates, most of the plant systems have J
been enclosed in the protective building because of the high current re- i
quirements betweenr the MHD duct and inverters. Figure 11,10 is the site
layout prepared for the LM-MHAD/steam power plﬁnt base case.

11.5.9 Summary of Compomnent Costs for LM-MHD Study Cases

In the LM-MHD ten power plants were costed todetermine component
capital and installation indirect, and balance of plant costs,
The detailed accounts listing, cost of electricity summary, and input-
output sheets for the base case (Point 16) and for Points 8 and 14 are
given as Tables 11.13 through 11.21, respectively. A relative breakdown
of the major LM-MHD component cost items for the base case is algo showmn
graphically in Figure 11.11. The costs are shown as a percentage of the ;
total. & review of this figure shows that the actual MHD duct assembly

and magnet costs are small compared to those of other system components. !
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LM-MHD Components

Cost Basis, Z of
capital cost

10

20

40

Criteria

Simple component in-
stallation on founda-
tions

Electrical equipment
and sophistiecated
support components

Fielda essembly
and erection

11-40

L B BN N |

Summary of Basis for Estimating Installation Cost of Major

LM-MHD Components

LM pump

1LY inventory

LM emergency dump
Compressors
Motors

Turbines

LM auxiliary systems
Superconducting magnet
LM purification
Inverters

Transformers

Circuit breakers
Current conductors

MHD duct and component
assembly

Support structure

LM piping

Gas piping

Steam generators
Primary heat exchanger
Air preheaters & gas
recuperators
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Fig. 11. 10—Plant island arrangement (LM-MHD Base Case, Point 16)
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The costs associated with the liquid-metal subsystems such as the purifi-
cation, emergency dump, and storage are also small compared to those of
other systems. The major cost items are the power conditioning, heat

transfer equipment, and the liquid~metal primary pumps and drives.

A large fraction of the liquid-metal pump costs are in the
so—called free surface seal design that requires high-pressure tankage
and cross-over piping. Developing sodium pumps with direct sodium seals
would eliminate the need for this tankage and piping and thus reduce

pump costs.

The need for a liquid-metal mechanical pump as a prime mover
could be eliminated if a high~performance two-phase nozzle diffuser could
be demonstrated. The two-phase nozzle diffuser would be required to
operate for long periods efficiently at relatively high gas void fractions
and large flows but could be constructed at a fraction of the mechaniecal

pump costs.

Both the direct sodium seal mechanical pump and the two-phase
nozzle diffuser would require significant engineering development and, there-

rore, are not considered as near term.

High power conversion costs are incurred becéuse of the large
low-voltege MHD gross power that must be generated in order to produce
significant net power. All the low-voltage power must be treated by the
power conversion equipment. With the homogenous flow, two-component
IM-MHD system,reduced power conversion costs could be realized through more
cost-effective power conversion equipment and if highly efficient MHD ducts
were to be developed. The application of ac-MHD generators was beyond the

scope of this work.

The high heat transfer equipment costs arise from the large
surface area needed to transfer heat in gas-to-gas type exchangers,
particularly the primary heat exchanger. This problem was further com-
pounded because of the large flows needed in the MHD cycle and because
argon gas is not a particularly effective heat transfer medium. Thus, a

trade-off must be made between the thermodynamics of the cycle and heat
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transfer characteristics of the MHD working flulds, Development of
improved high-temperazture metals technology should also lead to re-

duced heat exchanger costs.

11.6 Analysis of Overall Cost of Electricity

11.6.1 Cost Accounts

Included in the costing of each parametric point were some 21
accounts plus summations and additions leading to the cost of electricity
for various capacity factors, fixed charges, labor rates, interest during
construction, escalation rate, and fuel costs. A breakdown of these
accounts was provided as computer printout for each case. Tables 11,13,
11.16, and 11.19 show these printouts for the base case (Point 16),
Points 8 and 14, respectively. Summary sheets for all costed points are
shown in Tables 11.22, 11.23, and 11.24. The LM-MHD natural resource
requirements for each costed study point are given in Table 11.25. These
resource tables give a quantitative breakdown of the water and land usage
and ultimate fuel requirements. The major enviropmental intrusioms are
associated with the coal ash handling and disposal and with the stack-
gas desulfurization,as itemized in Accounts 20 and 21 of Tables 11.13,
11.16, and 11.19. Cleanup of these power plants is not expected to
present formidable problems or costs that exceed current coal-fired steam
plant techrnology.

11.6.2 Comparison of the Cost of Electricity for LHM-MHD Steam
Binary Power Plant

The cost of electricity for each costed parsmetric point are
given in Table 11.22. A bar chart comparison is shown in Figure 11.12
of these costs for five representative binary plant study cases. Capital,
fuel, operating and maintemance, and total costs are shown. For the
cases shown, the costs vary from a low of about 9,44 mills/MI (34 mills/kWh)
to slightly over 12.78 mills/MY (46 mills/kWh). The higher cost cases
correspond to the 1088°K (1500°F) duct inlet temperature. The lowest cost
was Point 12, a parametric variation of the base case that utilized the

two-phase nozzle diffuser as the prime mover for the liquid metal. The
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operating and maintenance c¢osts are relatively small for all cases, compared
to either the capital equipment costs or fuel costs., The fuel costs range
from abeut 1/4 to 1/3 of the capital costs. For the comparisons shown, fuel

costs were taken at $0.805/GJ ($O.85/lO6 Btu).

The effect of the fuel costs on the total costs of electricity is
shovn in Figure 11.13 for the five plants. A comparison of these fuel
cost curves indicates a difference in the slope of the cost line for
various parametric cases. This difference in the slopes is due to differences
in power plant efficiemcy. The higher the power plant efficiency, the less

dependent is the cost of electricity on fuel cost.

The effect‘of power plant efficiency on relative fuel costs is
shown in Figure 11,14. 1In this figure the fuel costs relative to the base
case are plotted with respect to power plant efficiency for the six LM~MHD
steam binarv plants, Each of these vower plants represents a different
aspect of LM-MHD technology that requires development. Developments in
duct and component efficiencies as well as higher duct inlet temperatures are
indicated, and both effects are seen to act to reduce fuel costs. The
combined effect of the most optimistic component performance with the high
duct inlet temperature would be ahout a 14% redvction in the base case fuel
costs, i.e., from 2.39 to 2.87 mills/MJ (8.6l to 7.46 mills/kWh).

Fuel conservation is an important consideration in today's
economy, but fuel costs are only one aspect that must be considered. The
total cost of electricity is still the deciding critericn. As such, a
comparison of total costs of electricity for the various LM-MHD power plants
as a function of power plant efficiency is shown in Figure 11.13. The
numbers in the circles in the figure correspond to the respective parametric
points. Also indicated beside the points are the technology achievements
assumed in developing each of the study points. Thus, in assessing this
figure, it can be seen, for example, that increasing the duct inlet temperature
over the base case (Point 16 compared to Point 8) results in increased
plant efficlency but at significantly increased plant costs. ©Some of this

cost increase is recoverable if higher duct efficiencies are assumed (i.e.,
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in going from Point 8 to Point 1l4). In a similar manner, 1f we
assume only improved duct and component efficiency over the base case (no
increase in temperature) the results are increased plant efficiencies and
decreased costs. The most predominant effect here is to replace the
costly liquid-metal mechanical pumps with a highly efficient two-phase

nozzle diffuser.

The dotted lines in the figure show how the trends in this
analysis might be extrapolated to account for the combined effects of both
higher compoment and duct efficiencies and the utilization of a liquid-
metal two-phase nozzle diffuser. These combined effects are shown for
both the low and high duct inlet temperatures. Comparing these two cases
then, would suggest that the high-temperature duct does not lead to the
most cost effective power plant. The cost and performance for the high-
temperature duct with combined improvements are 10.0 mills/MJ (36 mills/kih}
at about 42%,respectively. The low-temperature case is 8,61 mills/MJ (31
mills/kWh) at 39%. A typical value for current steam power plants is shown

for comparison.

The major concliusion that could be inferred from this figure is
that any near term LM-MHD developm2ut effort might best be spent improving
and demonstrating the duct and component efficiencles for the low-temperature
application. Development of a highly efficient, two-phase nozzle diffuser

would impact significantly on the economic viability of the plant.

It should be noted that the comparison made in Figure 11.15
is based on a fuel cost of §0.B05/G3 ($0.85/106 Btu). Should significantly
higher fuel cosi. be incurred, the difference between the costs of the
low- and high-temperature case diminishes. For example, at the upper range
of coal costs considered in this study [52.37/GJ ($2.50/106 Btu)], the cost
of electricity for the two cases would become comparable, but the high-tempera-
ture case wuuid hold an efficiency advantage. Care must be exercised.
therefore, in evaluating plant costs when both temperature-dependent material

costs as well as fuel costs are involved,

11.6.3 All MHD Power Plants

Two parametric cases were studied that represent all MHD power

plants. Point 4 involved an cpen-cycle MHD topping the LM-MHD,  The

11-73




-~

=
=

Cycle Efficiency, %

8

{.\r n 1

Ciarve 680350-A

\e —_
5068 Cﬂm%’ -
/
/
7~ a0
AN 80% Duct
U~ 75% Duct
5\@“\ -

| | | |
800 1000 1200 1400 1600 1800
Peak Temperature, “r

Fig. 11 t6~—Efficiency overview LM-MHD system

11-74




©

cost of electricitywas sbout 15.28 mills/MJI (55 mills/kWh), with the
major cost factor again being the capital equipment associated with the
LM-MHD system.

The second all-MHD plant, Point 13, was an all LM-MHD
system producing 1005 MWe net but requiring over 3800 MWe gross. The power
costs associated with converting 3800 MWe from dc to ac and the high
system flow rates resulted in prohibitive power generation costs. The

cost of electricity was mearly 22,2 mills/MJ (80 milis/kWh),

11.7 Conciusions and Recommendations

Results of the study show that of the near term cases studied
[near term being dictated by the lower temperature sodium technology -
922°K (1200°F)], none would appear to offer attractive plant performance.
The potential of the direct coal-fired TM-MHD steam binary system exists
with the further development of liquid-metal component technology and
demonstration of high MHD duct efficiencies. Higher duct inlet temperatures,
1088°K (1500°F) lead to higher plant efficiency but not necessarily to
lower electrical costs., At L088°K (1500°F), power plaunt efficiencies of
about 437 are attailnable contingent on achieving MHD generator efficiencies
of 80% and assuming marginal Improvements in steam plant technology..
Further studies are recommended to define and evaluate the duct variables

and trade-coff that lead to high duct efficilencies.

An overview of the potential performance of the LM-MHD bipary
systems 1s depicted in Figure 11.16. The operating regime of the LM-MHD
system is compared to conventicnal steam plants and the ideal Carmot cycle
as a function of peak conversion temperature. The purpose of the LM-MHD
topping cycle is to extend the operating temperature range and efficiency
of the power plant in a manner predicted by the ideal Carmot cycle. Real
effects, however, can limit the attalmnment of this increased efficiemcy.
As noted, no penalty on plant performance appears to 2xist for the LM-{HD
bimary plant with an 80% MHD duct efficiency. At 75% duct efficiency,

however, arn approximate 373°K (671°F) temperature penalty is incurred

11-75



©

in order to obtain increased system performance over the conventional
steam plant. In other words, a 978°K (1300°F) LM-MHD system appears

te be the threshold for improved plant performance for this case.

Since the conventional steam plant operation is currently
in the range of 811°K (1000°F), the conclusion inferred from Figure
11.16 is that there is a potemntial gain in plant performance by going to
a LM-MHD steam binary system with peak temperatures above 922°K (1200°F)
if the LM-MHD system components can be made to meet the assumed perfor-
mance levels. The major cost factors that limit the economic potential
of the LM-MHD/steam binary plant are the large costs for power comversion,
heat transfer equipment, and liquid-metal pumping. The lowest range of
electrical costs determined for the cases studied was about 9.44 mills/MJ
(34 mills/kWh), which could be reduced to about 8.33 mills/MJ (30 mills/kWh)
with improvements in LM-MHD components. In all cases studied, however,
the costing was largely uncertain, since experience in design and fabrica-

tion of LM-MHD components is not available.

It is expected that through innovative design and with the
demonstration of improved high-temperature metals technology, heat transfer
equipment costs could be reduced, Reduced power conversion costs are
associated with still higher duct efficiencies. Development of a high
performance direct ac generator (i.e., slug-flow type) would eliminate
the need for much of the expensive inverter equipment. The demonstration
of a large-scale, high-performance, two-phase flow nozzle diffuser would
both reduce costs and improve cycle performance. A cost advantapge is
achieved in both the liquid-metal pump hardware and in the power conversion

equipment. b

The results of this study are believed to be adequate for the
needed system agsessments on a relative basis, but specific conclusions
on performance and cost should be revised with increased understanding of
large~scale LM-MHD compoment design, performance, and costs. Because of
the complexity in interfacing LM~MHD cycles with Rankine-type cycles,
further studies are required to optimize plant performance with respect

to various cost factors. Of particular importance are the trade-offs
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between the MHD duct operating temperatures with respect to material cost

considerations and fuel cost.

The studies made on the two all-MHD systems must be considered
preliminary and were not adequate to determine the potential for this
power plant. Both plants showed low efficiency and high cust, 1n part
due teo the modest assumptions made with respect to the LM-MHD component and
duct efficiencles. These studies, however, should provide a guide for
identifying major cost considerations and determining cycle configurations

that could lead to improved plant performance.

It is recommended that no full-scale commercial plant design
study of the LM-MHD system be undertaken in Task IT of the ECAS program.
Other advanced conversion systems under study in Task I would appear to
offer the potential for higher performance and lower costs with less un-
certainty associated with the results. Efforts on LM-MHD should, however,
be encouraged in order to develop sufficient data to predict reliably
full-scale MHD generator efficiencies as well as associated component

performance.
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Appendix A 11.1

LIQUID-METAL MHD TWO-PHASE FLOW AND PRESSURE LOSS CONSIDERATIONS

The two-phase flow components of the LM-MHD Systew are the

mixer, the MHD duct, the nozzle, and the separator.
8 11,1.1 Mixer

The mixer provides a homogeneous (bubbly} fl.w into the MHD
duct. Within the mixer, the two fluids {argon and sodium) are brought
together and mixed to form the desived flow. The problems assoclated
with the mixer are the evaluation of the pressure loss incurved and the
design of a system for minimum pressure loss. Although a significant
technology base exists for fluid mixer designs, the two-phase (gas-liquid
metal) systems of the component size required for this study makes it
a development item. Indeed, the need for homogeneous (bubbly) flow with

low pressure loss has led to the need for a preliminary conceptual design.

Preliminary analysis shows that, based on the desired MHD duct
inlet flow woid fraction (65%), the two-phase flow would naturally tend
toward a dispersed-type flow pattern (liquid droplets entrained in the
gas). This observation is based on established correlations for adiabatic,
horizontal, two-phase, two-component flow for alr-water systems. Thus,
initiating and maintaining a bubbly flow will be difficuit. Factors
to be considered in establishing bubbly flow include the mechanism of
bubble generation, bubble size, and bubble influence on the dynamics of

the mixture.

The usual method for introducing a gas into a liquid medium is
through an orifice or porous plate. Depending on the gas velocity, the
gas can be introduced as discrete bubbles that are formed at the orifice
and subsequently hreak off or as a gas jet which eventually breaks into

individual bubbles., When discrete bubbles are' formed at the .rifice,
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the equilibrium bubble size (break—off size) is determined by balancing

buoyance, surface tension, inertia, and viscous forces,

The pressure drop across an orifice where bubbles are being

formed is given approximately by

where R is the bubble radius at bresk-off and o is the surface temsiomn.
For sodium/argon, where ¢ & 0.191 N/m (0.0131 1b/ft), the following table

is constructed.

Table & 11.1.1

Bubble Radius ve. Orifice Pressure Drop

Bubble Radius, in Ap psi
0.0001 22 Range for
0.001 9.9 porous plates
0.01 0.22
0.10 0.022

Range for

0.25 0.0087 orifices
0.50 0.0044

Assuming that bubble size is on the same orde~ of magnitude as the orifice
radius, the above table indicates the range of pressure drops that could be
expected under ideal conditions where dynamic and interference effects

are neglected.

The criteria of a jet issuing from an orifice (as onposed to
discrete bubble formation) are given by the dimensional Equation A 11.1.1
(Reference 11.9).
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v o
B8

(B3 alpe - pg)]

g
75 = 1.25 | m] (A 11.1.1)

where Vg is the gas jet velocity, Pe and g, are the liquid and gaseous
component densities, R0 is the orifice diameter, and g is the gravitational

constant, or, for the sodium-argon system, for example,

-2
0.317 V 50.035 x 10
8 R
o
Where Ro is in £t and Vg is in ft/s.
Assuming Vg = 100 ft/s,
0.325 v » 20208
g+ R

R, > 0.0077 in

Thus, for am orifice radius of G.195 mm (D0.0077 in) or larger the argon
gas will enter as # jet stream; below this orxifice, discrete bubbles
will form.

The pressure loss in the mixer can be determined from a momen-
tum balance acress the system. The gas-side pressure requirement is
obtained by considering the details of the method of injection. 1If the
bubbles are injected so that discrete bubbles fexm at the wall of the

mixer, the gas-side pressure drop is given as

where Rb is the radius of the orifice. Pressure losses for various

orifice sizes are given in Table A 11.1,1. If, om the other hand, the
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design 1s such that the gas enter the liquid as a jet stream {subsequently
breaking into bubbles), the pressure loss is given by the usual orifice

equation:

2 2
1 p Vv p Vv
(p -P )_-_-._._.E_.g._.i.K._.E__g_,_ (A 11.1.2)
g mix 2 &, 2 g,

For worst case conditions, K can be taken as l. Taking Vg at 30,48 m/s

{100 f£t/s), the pressure loss across the orifice is 40.06 kPa

(5.81 psi) (4p/p = 0.0048). The preferred method of mixing the gas and
liquid would be by formation of a gas jet styeam that sufficiently penetrates
the liquid stream. With the cases where discrete bubbles form at the wall,
there would be a high likelihood of bubbles agglomerating within the
liquid-wall boundary layer which could lead to an undesirable slug flow

development.
The design of the mixer can be based on two cases:

® Accelerating the liquid metal prior to its entry into the
mixer to the required duct velocity and desipgning the mixer

to maintain a2 constant mixture velocity

o Designing the mixer for constant area so that the gas-liquid
mixture is accelerated to the desired duct velocity at the exit
of the mixer.

An advantage may exist with the first approach, since this
degign may emhance the stability of the bubbly flow. Fipure A 11.1.1
shows a conceptual desipgn of ope-mixer system where gas is injected
into the liquid through air-foil shaped plates. This design leads to
low frietion losses in the mixer (approximately 2 psil assumes an effecrive
% of 20), and, accordingly, this {riction loss was neglected compared to the

losses associated with other major components.
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A 11,1.2 MHD Duct

Two-phase, two-component 1M-MHD generators have been tested
at low temperatures in small-scale models by several groups using NaK
and nitrogen. Duct efficiencies of about 50% have been reported
(Refereneces 11.1, 11,2, and 11.3) with recent developments in identifying
and controlling boundary layer, shunt losses, and end-loss attenuation
two-phase theory and experimental data have been brought inte closer
agreement. When applied to large-scale systems, these models predict

MHD duct conversion efficiencies of around 75%.

Additional experiments in the USSR and West Germany
{References 11.10 and 11.11) have shown good performance without
degradation at higher temperature [~ 800°K (980°F)]. The principal
performance parameters appear to indicate as good or better performance
on large-scale systems and would lead one to propose maximizing duct
size and plant power levels., These performance parameters do not, however,
reflect the real-life limitations imposed by structural and physical
gystem requirements. These include structural designs capable of operation
at temperatureand high pressures [10.13 MPa (100 atm)] and the transmission
by conductors of large amperage currents at low voltages from the ducts
to inverter systems, Such limitations as these result in size and

arrangewent constraints on the MHD ducts.

The nature of the two-phase flow within the MHD duct has been
described as churn turbulent-bubble flow. Because of the complex nature
of this flow, in part due to the uncertain effects of the interaction
between slip and electrodynamic forces, an analysis of this flow field
cannot be made ia closed form. Empirical expressicas have been developed,
however, that attempt to account for the major flow phenomena. As
indicated above, collaboration of these models on small systems have been
successful to the extent that experimentazl MHD duct performances can
be predicted over limited operation conditions. The stability of the
bubble regime within the MHD duct in a large system remains uncertain.

The electrodynamic force retarding the motion of the liquid, coupled
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with a gas transpiration (gas injection to circimvent electrical shunting)
along the duct walls may act to retard formation of the stable, dispersed
annular flow regime. Details of the calculational model used to predict

MHD duct performance in this studyare described in detail in Appendix & 11-2.

A 11,1,3 Nozzle

After passing through the MHD duct, the f£lows are separated
into two fluld streams (sodium/argon), and the ligquid pumped back to the
in.et pressure conditions. The technical complexity and practicability
r. these requirements are severe. The large volume of liquid metal
that must be pumped [63.09 m3/s (106 gpm)] far exceed current
stater of the art in liquid-metal pump sizes. Projected mechanical
punp sizes for commerical fast-breeder reactor plants are on the order
of 3.785 m3/s (60,000 gpm).

An alternative to using a liquid-metal mechanical pump would
be to impart sufficient dynamic head to the flowing liquid metal (from
the gases) through the two-phase nozzle that is connected to the exit of
the MHD duct. The objective then would be to recover this dynamic
heat (after the two fluids are separated) in a liquid diffuser. The
hydrodynamics of such an approach are complex. The reguirements on
the acceleration of the liquid phase by the gas in the nozzle section
would be highly dependent on rlow regime. The flow tends toward annular
or dispersed annular regime. Inr annular flow, the liquid metal flows
along the containing walls, and viscous effects and phase slip would
geverely limitliquid flow veleocity. With dispersed flow, the liquid
exists as droplets entrained in the gas phase. Although the phases
are close coupled so that the required dynamic head could be imparted
in the nozzle, the losses that would be incurred in separating the phases
would be greatly increased. The problem is further complicated, since
the required velocities in the nozzle are such that sonic flow conditions
in the two-phase system could result. The required liquid velocity
corresponding to an 8.274 MPa (1200 psi) dynamic head is 143.2 m/s
(470 ft/s). Sonic flow conditions correspond to about 152 mfs (500 £t/s).
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The affect on the flaw of achieving sonic and near sonic flow conditions
is to increase system pressure losses, increase erosion of materials
(becsuse of high velocity), and enhance structural problems resulting

from vibrziions and "water hammer" effects.

A second alternative to conventional liquid-metal pumps is an
electromagnetic (M) pump. The concept would employ a returm duct
within the same magnetic field developed for the MHD duct. The
power required to drive the EM pump could be shunted from one or mere
of the adjacent MHﬁ power ducts. The practicability of building such
a pump and its resulting performance are uncertain. State of the art on
such systems is for comparatively small scale, 0.00012 to 0.315 m3/s
(2 to 5,000 épm). Developmental costs for large EM pump systems,
however, would not be expected to be as exhorbitant as the LM pumps,
since the required magnet and ducting are scalable, A preliminary
design and cost of one 15.77 m3/s (250,000 gpm) EM pump is described
in Appenéix A 1il.5.

4 11.1.4 Separator

The gas/liquid separator system must effectively separate
the two fluids with minimum pressure loss. Should the separation be
ineffective, carry-over of liquid metal with the gas will oceur. This
may be in the form of an oxidized aerosol that could carry for some
distance in the piping system. Such asresols may present problems
with rotary seals and blade erosion in the gas compressor system.
Experimental data on small-scale impingement-type, liquid metsl-gas

separator systems indicate 95 to 99% effectiveness.

Large pressure losses in the separator degrade system perfor-
mance. This is particularly true where high vealocity heads are
imparted to the liguirt metal by the gas and subsequently recovered in
a 11quid—me;a1 diffuser, Again, with small-scale systems, 10%

pressure losses are common.
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The plate-separator system considered here is to impart sufficient
momentum to the liquid metal so that it will not follow the gas through
the turning angle or bend. The liquid impinges om the plate surface
and forms a fully liquid system entering the diffuser siots. Plate
angle and flow surface length are design parameters, as are also slot
sizes for eatry to the diffuser section. Figure A 11.1.2 shows a
conceptual design of a gas-liquid metal separator and diffuser that
utilizes the above described method.

Flow regime (bubble, annular, or dispersed) will greatly affect
the effectiveness of this separation method. Other separation schemes
include decelerating the flow to allow gravity separation or direct
impingement of the liquid-metal droplets in a radial-type turbine.

The major disadvantage with these systems is that the dynamic pressure

head will be lost and erosion could be severe.

A 11.1.5 Evaluation for System Pressure Losses

Because of the sensitivity of Brayton~type cycles to pressure
losses on cycle performance, care was taken to assure a fair (and
probably optimistic) evaluation of this factor. To evaluate these
losses, simplifying assumptions were made (namely, one-dimensional
homogeneous flow)because of the complexity of treating two-phase
flows and the uncertainty about which two-phase region would actually
be enpcountered. In some cases—for example, the MHD duct—{friction
losses were neglected. Most of the system losses were imcurred in the
heat exchanger components {(single—phase flow}. With these components
pressure losses were generally assumed (based on experience), and heat

exchanger designs were developed that would satisfy the constraints.

Table A 11.1.2 summarizes the basis for evaluation and pressure

loss values that were used in evaluating the LM-MHD cycle,
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Two Component Sodium-Argon Flow @570 ft/s

| Liquid @
22 ftfs

5% Effici_ent Diffuser

Gas @ 100 ft/s

L Film Removal

Separator/Diffuser Concept { Side Removed)

Fig. A 11.1.2-Conceptual design of nozzle
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Table A 11,1.2

~ Summary of the IM-MHD Compuneﬁt'?féssure Losses

Pressure Loss as

Fraction of Duct| -

Component Basis for Evaluation Lbss, psi Iﬁlet'Préssure
Mixer ; e ey U T '
Gag Orifice pressurs loss =~ - 5.5 0.0046
Mixture Homogenous 2@ flow “&.5 0.0075
fidiction loss
MHD Duct TFriction losses -
neglected '
Nozzle -~ Mixture 95% efficiency 19.4 0.016
Separator : -
Gas & Diffuser Friction loss 7 6 0.005
Liquid Loss of the velocity 13 0.012
: compenent corres— ‘ :
ponding to
deflection angle
Steam Generator Designed 20 0.017
Primary Heat Exchanger B
Gas Single~phase friction . 50 - 0.042
: loss
Liquid Single-phase friction. B5 0.054
loss '
Récupexators[- : 2% oftcﬂmponént iniefA 0.02

' Intercoqlers;endf_w::a,

Mr Preheaters

-, pressure .

.'”As‘reéﬁirédv
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Appendiz A 11.2

DESCRIPTION OF THE LM MH? DUCT AND CYCLE COMPUTER MODEL

A computer program was written for rapid evaluation of Li-HD

_cycles. This report describes the basic assumptions ané analytical

methods incorporated.

In the cycle discussed here a gaseous phase is dispersed in a
iiquid metal at high pressure and temperature. This mixture expands
through an ¥HD duct in which the liquid metal provides the electrical

'¢ohduction path. The two components are separated downstream of the

ddﬁt; and the reject heat is removed from the gas stream. The two.
phases are separately pumped back to duct inlet pressure and heat
added to one or both streams prior to remixing. ‘

A 11.2.]1 dontinuity Relations

Three different measures of gas fraction in the mixture are
used which we define as follows:

£
i

fraction of total mass flow rate as gas

L
1

% fraction of total mass flow rate as liquid

=
i

fraction of total volume flow as gas

8

¢£ = fraction of total volume flow as liquid

Bg = fraction of cross-sectional area occupied by gas
BRI= fraciion of cross—sectinnal.oqcupied by

liquid,
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In addition, we let

U = géé . velocity

= 0
I3

liquid velocity

<
It

gas specific volume

liquid specific volume.

Continuity demands the fuliqwing identities:

b
w = E.._.E..d]_. ' (A 11.2.1)
il P 3 '
LA
wv

8 U o
b (A 11.2.3)
#
E'g = -;:-;—'g—a— (A 11.2.4)
Ug UE;

A11.2.2 Thermodynamic Relations

The ideal adiabatic expansion (or _compression) of a g4s and
1iquid mixture in thermal equ:.librium obeys the same’ ‘laws as does a pu‘re
gas phase, with slight: mod:n.ficat:.un. Assuming, in adgi:,ti_.qg_,__ that the. -

1391
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gas is a perfect gas, and that the liquid has congtant properties and
negligible vapor pressure, then the following relations hold:

Pvg = RT (A 11.2.5)
wgPdVg + wgcvng + Wgcng-= 0 (& 11.2.8)
C =¢ +R- (A 11.2.7)

PE . V8

If we define

Gvgwg + ng + CQWh

¥ = (4 11.2.8)

Gvgwg + ngg

as the ratio of weighted mean sPecific heats of the mixture, then the
integral expression becomes:

y-1

E?.= f& Y (4 11.2.9)
R R

v [pz\.ul

'GE%=’ 5= ¥ (A 11.2.10)
gl | 1}

These expressions must be modified to accoudf for enf:'r'opy

changes that will oceur in a real situation. Thus, as in gas turbine

'précl:ice, we may define isentropic or polytropic expénsion efficiencies

such that:
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4 ' s By 1:21
- = : T 1.2.11
; T, - T, Tlni;.l 15, l (41 . }
AR S -
1 .
(v-13n_"
1 PZ s e
Tl - TZ = Tl i~ -,r:,-I J (A 11.2.12)

The small stage efficiency in the MHD duct, however, will
normally vary sigrificaently during the expansion. This fact requires a
numerical integration of the differential form of the above equations.
This may take the form:

(v-1)
at = —_;—'32% dz, (A 11.2.13)
F .
@ = § gt OT, ox (A 11.2.14)
p
@ = T v, (A 11.2.15)
¥ =D, g

B

depending on whether one wished to integrate between pressure, temperature,

" or specific volume (void fraction) limits.

A 11,2.3 Efficiency Estimates

The performance of the LM-MHD two-component, two-phase “r-:.ycle,
as with any Brayton-like cycle is acutely sensitive to irreversibilities
in the individual components. The expansion efficiency is of particular N
concern. The following sections are thought to include the most signifi—
cant expansion losses. '
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A 11.2.3.1 Drag losmes Due to Slip between the Liquid
and Gas

The 1i§uid'and gas are equally subject to forces arising
from a pressure gradient in the direction of flow. These forces
are countered in the liquid metal by body forces of electromagnetic
origin impiicit in the'coﬁversion to electrical energy. Since the
pressure forees on the gas are resisted only by drag between the liquid
and gas, it necessarily follows that the gas veloeity will be greater
than the liquid veloeity and that pressure and kinetic energy will be
degraded back into thermal energy by effects of drag forces and
relative velocity. '

The momentum equations for the pas and liquid components are

4ap S a . 2, . . '
-E'i'ng“'d—x.(pgug Y=10 (A 1152..16)-
~Loup 5 -0, Zyio, 7 @inzan
dx R L8 ? e

where Dg and Dz are resnectively the drag in units of force pexr unit .
volume in gas and liquid, all quantities taken as positive 4n the
direction of Flow. :

Notez

e e baas
g T DL 8. o an2am
For brevity let
R = B = o L 11.2.19
Roog el (a1L2.a9)
g =& ( - 2_) S 4 11220)
L ax Pt : o se sl
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Then

3
D =5+ R _ (A 11.2.21)

.= TR (4 11.2.22)

The mechanical energy converted to eleetrical (other losses omitted) per

unit volume of mixture per wunit time is
g, = - £,U, (1-8) ) . (A 11.2.23)
.Thié .mechanical energy reconverted to _thérmal ,ig.:_ .
R Gy waam
'I’he efficiency reduction facter for slip is .i.:heﬁ". )

g N -f U (1

B --F:c-i-ea, -fU(l B) DB (II ~Ug') : A AT

U [R(l-B)-!'RB +

g <1-—a)+Rs +§§T

X (1‘,- B) *(L-8 ) Ly S(R Byt R, 7‘; C (A11.206)




where

w
]
b

It is noted that quantities é, B, and d?/dx dominate this
expression, In order to evalugte Ng the slip ratio, 8, must be
determined, depending in turm on the relationship between drag force
and relative velocity. Arponne National Laboratory personnel have
suggested the formula

2 3 ’
Dy = =Cp Py, (Ug -U)" Q- Bg) (A 11,2.28)

 based on experimental data by Zuber et al. (References 11,12 and 11.13).

1t ds now assumed that for a Faraday generator, the magnetic
flux, the duct width normal to the magnetic field, and the liquid
velocity will be held constant, as far as is possible. This will tend

to'hpld a uniform, open—circuit voltage.

From Eqﬁation A.11.2.16

. dp du
_dae P 2 _ 3_42 g _ B _
TE TGP Wt T (LB O ey T 7 O
2pS-g-§-+c P. (3_1)2 (1 -8 )3+5233+_1.._d_1_’.=0

L (A 11,2,29)
v An examination of the mumerical values of the terms of this
_equation show that tha drag force and pressure gradient terms are highly
. dominating. This justifies omltting ‘the term 1nvolv1ng the gradient
'“T:in slip and calculating slip, on a quasi steady-state basis, from the

=.-1g¢§;,g:adients in pressure and demsity.
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This slip value may be substituted into Equation A 11.2.26
§{ to estimate the slip contribution to local duct efficiency losses. A4s

I applied here

consistent with axially vniform liquid velocity.

A 11.2.3.2 Ohmic Losses from Honuniform Induced EMF and
Fluid Shear Lasses

These losses are closely related, and it does not seem
possible in the general case to decouple the two contributors except

for end losses.

In ordinary pipe flow the total pressure gradient along the
length of the pipe acts primarily to overcome fluid shear stresses. In
an MHD generator it is intended that the pressure gradient react
primarily against electromagnetic body forces, thereby resulting in
useful energy conversion, with fluid shear stresses kept reasonably
small, It is, thus, not expected that the velocity distribution in am
MHD duct will closely resemble that usually encountered in pipe flow.
Any nonuniformity in the magnetic field -— in the magretic field

direction —- will, for example, result Iin a corresponding nonuniformity

in the electric field that will tend to increase the ohmie losses,

It will also result in veloclty gradients that will increase fluid friction
losses and feedback into the electrie field distribution. Velocity
gradients at the boundary resulting from wall drag will similarly

interact with the ﬁoltage-and current £ields.

This fairly complex source of efficiency loss has not been
treated in detail. It has simply been assumed that the voltage and
veloelty fields are uniform. The result is én efficiency factor
of E/E0 that is the working voltage oyer the open—-circuit voltage,
as applied to the MHD duct proper. ‘
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At each end of the duct the induced voltage drops with the
magnetic field and no longer counters the applied voltage. This
results in reverse current flow and loss of electrical enefgy in chmic
heating. The effective resistance of an infinitely long approach
with a sharp magnetic field drop was calculated by Sutton (Reference 11.13)

as

- .18
Ry = THm(2) (4 11.2.30)

The ohmic losses can then be calculated as Elee for each
end of the duct. It has been shown experimentally at Argon that these
losses can be reduced by approximately an order of magnltude by

appropriately tapering the magnetic field.

A 11.2.3.3 Departure from Thermal Equilibrium:

As noted above, the ideal cycle is predicted on thermal
equilibrium between the liquid and gas. In actuality, the expansion

work performed by the gas component results, for the most part, from the

‘thermal energy of the liquid. Thus, there will necessarily be a

temperature drop across the liquid-gas iﬁtetface, whose value depends
on the required rate of heat transfer and the thermal resistance. It
is expected that the gass will be dispersed into a large number of
small bubbles with sufficient surface area that the temperature
difference will be small. For present purposes this source of
irreversibility 1s not studied.

A 11.2.3.4 Thermal Losses through the Duct ¥Wall

These constitute a direct source of energy loss and may be
estimated from the overall thermal resistance from the inside of the
duct wall. For large MHD ducts these are expected to be small and
have not been studied.
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a’1X. 2 & Electromagnetic Relationships

It :Ls assumed. that the current through the duct does not .
affect the magnetic field T'nis can be’ approx:'.mated by proper ’
arrangement of the. conduction path outside the: duct o that no net

.magnetio flux is contributed by the ducr. current.. ‘I‘he.n the open—-

cirouit voltage is
E =3 Ut .} . . (A_ 1;.2.31_.)

where E :Ls the volts
' B is magnetic fluk, T
U, is the liquid velocity, m/s
t is duct thickness, m.

The current demsity, 3, is related to the working voltage,
E, by Equation A 11.2.32:

Eb"E

where 6 is the mixture resistivit,.

Mixture resistivity is estimated as
5§ = o B (A 11.2.33)

where ¢ is the pure liquid conductivity (Reference 11.12).

- The linear eleectrical power density is given by

Bl

=EiW ‘ (A 11.2,34)
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By equating the electrical power density to the gradieant in
enthalpy flow rate we can relate the physical length of the duct to

the electrical and thermodynamic parameters by

S8 (1-8)
ax _ _ _ & 230 B o
aE - GUE 7 4 " =g 3 (A 11.2,35)
g 2 'E"'(l-E—')
o o

A 11.2.5 Steam Bottom Cycle

The steam bottom cycle is calculated in somewhat less detail
than the MHD top cyele. The procedure amounts to assigming portions of
the thermal epergy rejected from the top cycle to

e Steam generation and superheat (if used) .
¢ Steam reheat

¢ Combustion alr preheat

® Rejected heat.

Internal reversibility factors are assigned to the bottom
cycle for each component heat source used directly in the steam cycle,
and a stack loss efficlency factor is assigned to the combustor—primary
heat exchanger combination. The overall thermodynamic efficiency is
calculated for each heat source component from the appropriate

temperature profile according to the equation

T
1 .
My = 1- T0 n G@;g/(Tl - TZ) (A 11,2.36)

Here Tﬂ is the steam cycle sink temperature, and Tl and T2

are the upper and lower values along the top cycle gas temperature profile.

These components are combined to calceulate overall bottom

cycle power and efficiency and combined-cycle power and efficiency.
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A 11.2.6 Input Data for Numerical Caleulations

The following information is read as input into the progrom.

# Cycle configuration

- The number of compressor stages each with a pre(inter)
nooler ahead (up to four stages)

- The number of repgenerative heat exchangers (as either

Zero or one)

e Fluid properties

; - Gas molecular weight

- Gas specific heat at constant pressure
~ Liguid density

! ~ Liquid specific heat

? . « Liguid electrical resistivity

@ Calculational options

~ Overall combined-cycle power cutput may be specified
together with instructions to iterate on duct inlet

cross—gsection size (constant aspect ratio maintained).

~ The duct efficiency estimate internal to the program
may be overridden by input of a constant duct

efficiency.

~ Thermodynamic calculations may be followed by an
: ' additional routine that estimates component costs.

@ Component charaeteristics

~ Separator efficiency as a fraction of gaé and fractiom

of liquid channeled into the gas stream. Ideally

these fractions would be 1.0 and 0.0, respectively.
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Polytropic efficiency of the compressor énd efficiency.
of the liquid~metal pump

Pressure loss, as AP/P, through each of the heat
exchangers, the separator, and the mixer, Piping

pressure losses may be lumped inteo these.

The duct loading as a ratio of working voltage tu

open—~clreuit voltage
Initial slip ratlio at the duct inlet

The temperature difference across the regenerator. This
difference is constant since the heat exchanger is

Linear.

Reduction factors to be applied to duct inlet and exit

values from Sutton's formula of ohmic end losses

Magnitude parameters

The inlet duct width, in the direction of the magnetic
field, and the duct thickness in the direction of the
electric field. The former is allowed to vary along
the length to maintain constant liquid velocity, while
the latter is held constant.

Output power may be specified. If iteration to this
power is desired, the inlet duct dimensions will change,

in the same ratio, to the size required for that power.
Inlet liquid velocity

Either the opep—circuit voltage or the magnetic flux
may be specified. '

Bluid'cbﬁditions

Mixture temperature énd pﬁesSure, and gas volumetric

.fiew fradtion,are'specifiéd.at the outliet of the mixer.

Auy one of the above parameters is specified at the
duct outlet.
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~ Temperature is specified at the gas stream outlet
of the steam penerator (the first heat exchanger after
. expaﬁSiOutiﬁ the‘duct}é'aud a common gas temperature

is given at each of the compressor inlets.
- The steam cycle bottom- temperature is specified.
o BHottom and overall cycle characteristics

- Reversibilitj index for each source and use of thermal

energy into the steam eycle
ol - Stack efficiency

— Fraction of thermal energy from the steam generator
{between Points 6 and 7) assigned to steam reheat and
the temperature limits over which this is taken.

A 11.2.7 Calculational Procedures

A 11,2,7.1 MHD Cvele

The starting point for cycle analysis is the mixer exit (Point
1 in Figure A 11.2.1) The changes in temperature and enthalpy are
determined from the ohmic heating as the mixture approaéhes‘the duct
inlet (Poin; 2).

Depending on which duct outlet parameter is specified, the

change in value over the duct length is divided into increments and a

numerical integration carried out to determine cenditions along the duct,
making use of Equations A 11,2.13, A 11.2.14 or A 11.2.15, At each

mesh point the slkip ratio aﬁd the efficiency are calculared for use in

the numarical intégratidn; Also, the duct length integral and the duct

czoss—sectional area are calculated.

Again,ohmlc heatlng at the duct cutlet is estimated.to glve i
conditions at the separatoxr 1nlet. The: enthalpy change from Point 1
to Point 4 is the.work.perfo:med,by the duct...;\.“_.m;-.A*- C
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The system component pressure losses allow the compressor
preséure ratio to be calculated, which, combined with the compressor
inlet temperature input, permits estimation of conditions at the exit of
each compressor stagé using the compression analogue of Equation A.2.12
with the input polytropic efficiency. Equal preésﬁie ratios are assumed

for each stage.

Temperatures are given at Points 7 and 93 thus the input
approach temperature difference allows temperatures at Points 8 and 11
to be determined.

Proceeding along similar lines, we can calculéte the cutlet
conditions for the liquid-metal pump. Here the pump work is increased
by the reciprocal of pump efficiency, with the excess work appearing
as thermal energy in the liquid metal.

To close the cycle it is only necessary to add enthalpy to
one or both streams between Points 11 and 12 or Points 1B and 19 to
return to mixer ocutlet enthalpy. The program caleculates temperatures
at the mixer inlet for wvarious splits between ﬁeat addition to the two

gtreams,

A 11.2.8 The Program

The listings of the program and subroutipes are given in

Subappendix A4 11.2.1. The input data are as follows:

ATWT Molecular weight of the gas component

CcP (1) Specific heat at constant pressure of the gas
component , Btu/lb-°F

DENS Density of the liquid, 1b/ft>

CP(2) Specific heat of the liquid, Btu/lb-°F

RESIS Resistivity of the liquid, chm-cm

VEL Liguid-metal duct velocity, ft/s

WIDE(L) Duct inlet width in magnetic field direction, £t

THICK Duct thickness in the electric £ield direction, dt

vig Duct open-circuit potential, V
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FLY Duct megnetic flux, T

VL@AD Duct loading, V/V

SL Duct inlet slip ratio

FACT(1),

FACT(2) } Reduction factors fo? Sutton's formula for imlet

EFC Compressaor polytropic efficlency

EFP Punp efficiency

PI(1,1) Duct inlet pressure, psi

TF(1,1) Duct inlet temperature, °F

F(1,1) Duct inlet void fraction

PIGUT Duct exit pressure, psi

TF@UT Duct exit temperature, °F

FguT Duct exit vold fraction

TF(1,9) Compressor inlet temperature, °F

TSINK Steam cycle sink temperature, °F

NC@MP Number of compressor stages - 1, 2, 3, or 4

NREG Number of regenerator stages — 0 or 1

THETA Regenerator approach temperature difference, °F

TGEN Gas stream temperature leaving steam generator
at Point 7, °F

TFFD Lowest temperature usable for feedwater heat, °F

FSER(L) )

FSEP(2) Fraction of gas and liquid entering the gas

DELP(4),! TFractional pressure losses in the gas stream

DELP(6),f through the separator, steam generator, and

"BELP(7) regenerator hot side, respectively

DEEP(28) ]

DELP(38),| Fractional pressure losses through the compressor

DELP(&B), precoolers

DELP (58) |

DELE(10),] ¥ractional gas stream pressure losses through

DELP(1l),} the regenerator cold side, source heat exchanger,

DELP(12) | and mixer, respectively
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DELP(14)  Fractional pressure loss in liquid-metal stream
through the separator

DELP(16) Pressure loss through any additional components
in liquid-metal stream between the separator
and pump

DELP(18), | Fractional pressure loss in liquid stream

DELP(19) r through source heat exchanger and mixer

ETAS(8) Internal reversibility index of the steam cycle
applicable to thermal energy fed from the steam
generator .

ETAS(28),| Internal reversibility indices of steam cycle for

ETAS(38),! thermal emergy entering the cycfe through the

ETAS (48), | compressor precoolers, combined with the fraction

ETAS(58) ] of the heat used in this way

EFSTCK Stack efficlency

ETAPRE(28), Fraction of the thermal energy from the compressor
ETAPRE(38), precoolers used for combustion air preheat. Note

ETAPRE(48) 5 | prapre(y) + ETASQY) < 1
ETAPRE (58)
REHEAT Fraction of thermal energy from the steam
generator (between Points 6 and 7) used for

steam reheat

TFUR, } Upper and lower limits (bottom cycle hole) over
TFD@WN

which thermal energy is used as steam reheat

EFRHH Internal reversibility index for thermal
energy used as steam reheat

NCEST Index for cost routine option 1 if cost routine
is to be used, 0 otherwise

NITER Index for option to iterate on power, 1 if
iteration is desired, 0 otherwlse
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P@WER

. -EFDUCT -

Overall combined-cycle power for which -component
sizes will be chosen, MW '

MHD -duct efficiency to be falcgn‘ as Fixed 1E

‘nonzero value is entered, -

... A sample output is given in Subapr_iendix A 11.2.2,.
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A 11.2.9 Nomemclature |
B Magnetic E£lux 'deneity ‘ 4
Cp Interphase drag .eoef':EicierL.t o
GE. Specific heat of liquid metal -
qu_ Specific heat of gas at constant nressure
G"’g Specific heat. of gas ‘at constant volume -
I)g Intexphase drag force acting on .gas component
_ per unit volume gas _ :
Dﬁ o Interphase drag force acting on 1iquid component
per unit volume gas =

E. . Working potential across duet thickness _
Eo Open-circuit potential across duct: thickness
€a Volumetric energy oorwersion rate -
E d _ __Volumetric energy degrada.tion rate
£ ]y Electromagnetie body force acting on 1iquid metal
g Gravitational constant’

SR Mixture enthalpy
3 Current density
P Pressure
p Power
R Gas law constant
Re Effective and eleotrioal resistance
Rg Gas momentum velocity gradient
Rse, Iiquid momentum velocity gradient
5 Slip ratio, Ug/ﬂg
T Temperature

ot Duct thickness normal to the magnetic field
Ug Gas-phase veloeity
Ug Liquid velocity

¥
l
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Gas specific volume

Liguid sgeci?ic volume

Hidth of duet parallel to magnetic field
Fraction of totaul mass f£low as gas

Fraction of total mass flow as liquid
Cobrdinéte:along duct length direction

Ffédtion of cross-sectional area occupied by gas
Fraction of cross-sectional area occupied by liquid
Welghted mean specific heat ratio of the mixture
Isﬂnfropic expansion efficiency

Polytropit expansion efficlency

Slip effiiclency factor

Tdeal thermodynamic efficiency

Electrical conductivity of the pure liguld metal
Gas density

Liquid demsity

Electrical registivity of the mixture

Fraction of total volume flow as gas

Fraction of total volume flow as liquid
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Appendix A 11.3

SUPERCONDUCTING MAGNET DESIGN FOR LIQUID-METAL MHD GENERAECRSV -

N A 11.3.1 General Magnet Requirement

The liquid-métal MHD generator is rather different from thév*'

: open~ and closed-cycle MED generators. The major difference in the

i magnet desipgn arises from the fact that the magnetic field in the

duct is relatively small - below 2.0 T. The requirement for £ield
uniformity is easily met by using iron poles to shape the magnetic

fields. Hence, the base case magnet design was selected to have four ducts

which were interconnected magnetically by iron, as praviously shown

in Figures 11.7 and 11.8 of the text. This method of construection
reduced the stray fields, which is important from two aspects. The

stray fields represent an environmental problem because magnetic

objects tend to be pulled toward the magnet; and secondly, the stray
£ield from one duct magnet will tend to affect the uniformity of the
nearby magnets of the other MHD ducts., By minimizing the stray fields
through the use of iron flux shunting paths, the zbove problems

have been eliminated.

As witrh the open-