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3.6.1 Magnetohydrodynamic Power Generation
INTRODUCTION

Magnetohydrodynamic (MD) power generation was proposed in the late 1950's as a more
efficient method of generating electric power (Ref. 1). In an MHD generator, indicated
schematically ip Fig. 1, an electrically conducting fluid flows with a velocity U across a
magnetic field §, creating a xB induced voltage (electromotive force) and a current density
3=a(t X ﬁxﬁ), where £ is the electric field due to the voltage difference between the
electrodes and o is the (electrical) conductivity of the fluid. The 3xB force opposes the
fluid motion and completes the energy-conversion process. Since this generator has no solid
moving parts, higher temperatures (higher cycle efficiencies) than alternative schemes are
possible.

Two types of MHD power generation are presently under investigation -- liquid metal and
plasma. In the former the electrical conductivity is provided by a liquid metal, in the
latter by a hot, ionized gas. FHD research is world-wide, with major active programs in
Australia, China, India, Japan, the Netherlands, the United States, and the Union of Soviet
Socialist Republics (Refs. 2-4). Both concepts are described below. The emphasis is on the
former as it is a heavy user of alkali metal technology, although the latter is currently
receiving more attention and financial support.
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Fig. 1 Principle of the MHD Generator

LIQUID-METAL MAGNETOHYDRODYNAMICS

Cycles

The two-phase-generator Viquid-metal MHD (LMMHD) cycles use two working fluids, a thermo-
dynamic fluid (gas or vapor) and an electrodynamic fluid {liquid metal) to provide the
electrical conductivity in the LMMHD generator. The two working fluids give LMMHD great
versatility in coupling to different heat sources and operating over different temperature
ranges. The cycle configurations currently under investigation are: 1) the Rankine-cycle
version best suited to heat-source temperatures of 370 K to -850 K (Ref. 5), 2) " the
Brayton-cycle version best suited to heat-source temperatures above ~730 K (Ref. 6}, and
3) the open-cycle version for coal or other fossil fuels {Ref. 7).

The Brayton-cycle {gas-cycle) LMMHD concept schematic diagram with a gas turbine is shown in
Fig. 2. An inert gas, e.9., helium, is the thermodynamic working fluid, and a liquid metal,
€.9., sodium or lithium, is the electrodynamic fluid in the MHD generator. In operation,
the gas and liquid are combined in the mixer and the resulting two-phase mixture enters the
MHD generator. The MHD generator acts as a combined turbine and electric generator; the gas
expands, drives the liquid across the magnetic field, and, thus, generates electrical
power. Because the ligquid has a high heat ({energy) content, expansion occurs at almost
constant temperature, and a great deal of energy is still available in the gas that leaves
the MHD generator. (The Tiquid acts as an “infinite-reheat” source for the gas, heat energy
is continuously transferred from the liquid to the gas, and most of the energy out of the
generator comes from the liquid.} It is this a‘lmost—canstant—temperature expansion that
accounts for the potentially higher efficiency of the two-phase LMMHD concepts. From the
MHD generator, the two-phase mixture enters a nozzle, where additional gas-liquid energy is
used {(as in the generator) to accelerate the liquid; the resulting high-speed flow is

the diffuser. The nozzle-diffuser system may be replaced by a liquid-metal pump if better
performance results.

The gas leaving the separator still has considerable thermal energy, which must be used
effectively in order to obtain the highest efficiency for the system. It can be transferred
from the hot gas to the colder gas in a regenerator, extracted with & gas turbine, extracted
with a steam boiler (which would replace both the gas turbine and regenerator of Fig. 2}, or
used to provide heat for some other process in what is termed “cogeneration.” These com-

ponents can be combined.

Heat addition can be to the liquid metal, the gas, or both. Because the liquid-metal mass
flow rate is much higher than the gas mass flow rate the heat addition can be solely to the
Tiquid metal, with the gas being heated by the tiquid in the mixer, to yield a simplier
system without a significant effect on plant efficiency.

-
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Fig. 2 The Brayton-cycle LMMHD Concept

The Rankine-cycle (vapor-cycle) LMMHD concept differs from the Brayton-cycle version only in
the use of a condensable fluid, e.g., steam or nechexane, as the thermodynamic working fluid
with a compatible liquid metal, e.g., tin or NaK. Again, the energy in the (superheated)
vapor leaving the separator is recovered in a regenerator, a low-pressure turbine, or used
for process heat, and heat addition can be solely to the liquid metal, with the vapor being
generated from the condensate in a direct-contact mixing boiler. Because of the almost-
constant-temperature expansion, LMMHD Rankine-cycle calculated efficiencies are higher than
those of conventional plants for the same source and sink temperatures. The LMMHD Rankine
cycle is also under consideration for high-temperature space power systems with, for
example, cesium as the vapor and lithium as the liquid metal (Ref. 8). Temperatures would
be above 900 K.

The open-cycle version differs from the Brayton-cycle version in using an open rather than a
closed gas cycle. Combustion gas {from coal or other fossil fuels) is used as the thermo-
dynamic fluid with a compatible liquid metal, most likely copper or a copper alloy, thereby
eliminating the need for a primary heat exchanger. Coal is burned with air in a pres-
surized, vortex-type combustor {similar to a conventional cyclone furnace). The combustion
preducts go from the combustor to the LMMHD mixer, where they are mixed with the liquid
metal; thus, the liquid is heated by the combustion gas in the mixer. The two-phase and
pure-liquid-metal components are the same as for the other versions. Leaving the LMMHD
loop, the energy remaining in the combustion gas is used in a conventional boiler plant, a
gas turbine, or a process heat application.

Components

The two-phase IMMHD generator is the key component in the cycle, and the most unusual. It
inherently has a high efficiency if the loss mechanisms not basic to its operation replace
by viscous losses and slip losses can be controlled. Thus, research has focused on
studiesof the individual Tlosses, studies of two-phase flows in a magnetic field, and
generator models and experiments as described below:

(1} End losses i.e., ohmic losses due to current reversal in the generator end regions
as a result of spatially decreasing magnetic fields, set a lower limit to the
generator's length and an upper limit to the generator's voltage. Early work
established the use of insulating vanes (Ref. 9) and multiple generators {Ref. 10}
to minimize end currents and losses. A numerical model allows the calculation of
the end loss for an arbitrary arrangement of insulating vanes {number, lengths,
tocations) (Ref. 11}.
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{2) Viscous losses (due to wall shear) are small because the electromagnetic forces are
so much larger than all other forces. However, wall shear causes a pure~liquid
shunt layer adjacent to the wall with a low velocity. Current reversal occurs in
this layer, and the effect of the current reversal is magnified because the liquid
conductivity is higher than the two-phase core flow conductivity. Analysis has
shown this effect to be very small (Ref. 12).

{3} Slip, where the 9as velocity is higher than the liquid velocity, reduces the
efficiency of the generator and the cycle. The most-recent data clearly shows that
at higher electromagnetic interactions the slip Toss is small (Ref. 13}.

To better understand LMMHD generators, basic studies have been made. These have included
experiments focused on single- and two-phase flows 1in the generator (Ref. 14), the
electrical conductivity of two-phase mixtures (Ref. 15}, and the slip under different
conditions {Ref. 16).

The impact of the above work on generator efficiency is dramatically demonstrated by the
data of Fig. 3 (Ref. 13). The efficiency has increased with experience, and for the most
recent channel (L7-4) is substantially higher at high void fractions. The power density is
comparable to or above that anticipated for commercial generators, thus minimizing the
chances of encountering unanticipated problems in scaling to larger generators.
Efficiencies in excess of 0.60 were obtained with a small generator [~20 kW(e}] which had no
provision (such as vanes) to minimize end losses.
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Fig. 3 LMMHD Generator Efficiency versus Void Fraction

There is a substantial body of two-phase literature, much of which is applicable to mixers,
nozzles, diffusers, and separators for LMMHD systems. Experiments have established mixer
characteristics under various operating conditions {Refs. 17,18), and the results indicate
that element and contraction-geometry designs are the most critical factors. Both two-
component, two-phase and One-component, two-phase nozzles have been studied, as well as two-
phase diffusers (Ref. 19).

High-performance gas-liquid separators have been investigated for many applications. For
flat-plate separators, excellent agreement was obtained between the test results and model
(Ref. 19). A novel impinging-jet separator showed significant 1iquid concentration (>3 to
1} s possible with very low velocity losses (Ref. 19). Rotating separators, which minimize
the viscous loss, are very attractive. Biphase Energy Systems has considerable experimental
experience, including field tests, with rotary separator turbines for generating power from
geothermal brines (Ref. 20).




207

3.6 Magnetohydrodynamic Power Generation

Typical Applications

LMMHD energy-conversion systems have been studied in connection with many heat or energy
sources. Ihe significant features of LMMHD coupled to nuclear and solar energies are
summarized here. The open-cycle system with coal is not covered since alkali metals are not

used.

The reasons for considering LMMHD for liquid-metal-cooled fast breeder reactors (LMFBRs) and
controlled thermonuclear reactors (CTRs) are: 1} energy-conversion systems without water
will eliminate any potentially-hazardous water-liquid metal interface; 2) potential
containment material problems are minimized by using the same liquid metal (sodium or
Tithium) 1in both the heat source and the energy conversion system, and 3} attractive
conversion efficiencies are obtained, including the ability to utilize the higher
temperatures associated with thermonuclear reactors. In addition, the LMMHD system may
decrease the sensitivity to thermal transients (Ref. 5), and allow nuclear cogeneration
systems with the process heat available at temperatures close to that of the heat source.

Recently, LMMHD applications with scolar collectors have been considered in France, Israel,
and the United States (Refs. 21,22). The reasons solar LMMHD appears attractive are: 1)
the potential for a conversion efficiency higher than alternative conversion systems, or
both electricity and high-temperature process heat (cogeneration); 2} the efficiency and
cost are almost independent of size; and 3) the use of liquid-metal-cooled collectors
means higher solar collector and/or conversion system efficiencies.

Performance (efficiency) studies for solar LMMHD applications have shown (Refs. 21-24):
1} the LMMHD Rankine cycle has a higher efficiency than other Rankine cycles without
process heat, or the same efficiency with process heat as the other cycles have without
process heat; and 2) the LMMHD Brayton cycle has an efficiency comparable to or higher
than advanced Stirling engines, and is very attractive for cogeneration applications. Cost
studies have also demonstrated clear economic advantages (Ref. 24}.

AC MHD Generators

Most power applications either use ac (alternating current) directly, or use ac as an
intermediate step to obtain the correct dc (direct current) characteristics. Thus, a number
of ac MHD generator schemes have been investigated. The most important are induction,
conduction, and slug. None are currently under investigation because the efficiencies are
Tower than for dc generators, and because high-efficiency dc-to-ac conversion equipment is
now available (Ref. 7).

The induction generator, a linear induction machine with a conducting liquid as the moving
secondary (Refs. 25,26), is a direct descendent of liquid-metal induction pumps (see Sectien
3.6.2) and rotating induction motors. In operation, a traveling electromagnetic field is
produced by a stationary polyphase winding, Fig. 4. This field induces a current in the
fluid with a magnitude proportional to the slip s = (Uc.-U)/U. and the magnetic Reynolds
number Ry = uolgh/2r, where Ug and U are the velocities ots' the i:raveh’ng field and fluid, u
and ¢ are the permeability and conductivity of the fluid, and i1 is the wavelength of the
traveling field. If either s or is zero, there is no induced current. There is no
direct electrical connection to the fluid, so that the generated power is due to the change
in the electrical impedance of the stationary winding.

Phase 1 Phase 2

luid Flow

Fig. 4 Flat Linear MHD Induction Machine
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Induction generators have been proposed for plasma MHD generators, but the electrical
conductivity of a plasma is much too low to be practical [Ref. 25). With pure Tiquid metals
the conductivity is acceptable (Ref. 25), but there is no LMMHD energy-conversion cycle
currently under investigation which produces such a flow for the generator. With a two-
phase flow the conductivity is marginally too low, and this approach is not being pursued.

AC conduction generators are the same 4as dc conduction generators except for an ac
{sinusoidal} applied magnetic field which generates an ac voltage (and current). The power
density is equal to that for the dc version if both have the same effective {heating)
magnetic flux density and the inductive effects in the generator are negligible.
Application is limited because of the large losses and high reactive power required for the
ac magnet, and the fluctuating electromagnetic force.

The slug-flow generator uses alternating slugs of tiquid metal and gas (or variable
conductivity for a plasma MHD generator}) to generate ac. There are two types -- conduction
and parametric. In the conduction version an output current is produced only when a
conducting slug is between the electrodes, so that the output waveform consists of a dc and
an ac component. This type of output waveform requires separate processing of the dc and ac
components.

A unidirectional slug flow generator can produce pure ac if the electrodes on each side of
the channel are segmented and connected to alternating sides of a transformer (Ref. 27).
However, considerable shorting through the slugs and a liquid layer on the electrodes could
be 1imiting factors. AC can also be produced by an oscillating slug without shorting
problems (Ref. 28). The slug-flow generator schemes have not received attention lately,
primarily because of limitations inherent in the thermodynamic cycles which produce the

slugs.

In the parametric version the conducting slug changes the magnetic flux Tinking a coil as it
flows through the coil, thus generating ac power {much as in a rotating reluctance
generator) (Ref. 27). Unfortunately, the interaction is not strong and the reactive power

requirements are large.
PLASMA MAGNETOHYDRODYNAMICS

Cycles

Several MHD power generation systems use an jonized gas, i.e., a plasma, as the working
fluid. 1In the generators of these systems, glasma electrical conductivities on the order of
10 S/m can be achieved, as compared to ~10° S/m for liquid metals. Yet, power densities
comparabie to or slightly less than those of liquid-metal MHD generators (~10 MW/m?} can be
obtained, primarily because the plasma velocity is roughly two orders of magnitude greater
than the liquid-metal velocity.

The plasma attains an electrical conductivity sufficient for power generation through
fonization. This is accomplished by "seeding" the plasma with an alkali metal of 1low
jonization potential e.g., cesium or potassium. When the seeded plasma is heated to very
high temperatures (> 2800 K), electrical conductivities > 5 S/m are obtained (Refs. 4,30}).
This process is called thermal fonization. Conductivities of this magnitude also may be
reached at Tower temperatures (-~ 1800 K) by nonequilibrium ionization. This is achieved
through application of a strong magnetic field or some form of radiation which excites the
plasma's electrons to higher temperatures than that of its ions {Ref. 31}.

Specific MHD power generation systems have evolved that exploit each of the aforementioned
ionization processes (Refs. 4,30}, In an open-cycle plasma MHD system (OOMHD), the working
fluid is thermally ionized by the nigh temperature (~2800 K} combustion of a fossil fuel
burned with preheated air. Oxygen enrichment may be used to reduce the required oxidizer
preheat temperature. Potassium is the “seed". In a closed-cycle plasma MHD system (CCMHD),
the working fluid is a noble gas, such as argon, seeded with cesium. The noble gas fis
heated by a regenerative heat exchanger array to ~ 1800 K by the combustion products of a
fossil fuel and oxidant, or a heat source such as a nuclear reactor. Sufficient conduc-
tivity of the resultant plasma is obtained through nonequilibrium fonization.

The OCMHD and COMHD systems differ principally in how the working fluid is coupled to the
heat source and whether the viorking fluid goes through an open or a closed cycle. . Both are
most efficient when the MHD power generation components operate as the initial, or topping,
stage of a combined cycle system. Most often, the MHD system is coupled to a steam power
plant. The plasma working fluid follows an open Brayton cycle. In most cases, coal serves
as the fossil fuel. The J(MHD system has been evaluated as a topping cycle for both Rankine
and Brayton bottoming cycles. The coal-fired OCMHD coupled to a steam bottoming plant is
envisioned to reach commercialization first, and to operate at a 45-50% overall efficiency.
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The performance of the MHD generators in both plasma systems is characterized primarily by
the isentropic efficiency and enthalpy extraction of the generator. Enthalpy extraction is
a measure of how much thermal energy of the conducting fluid is converted into electrical
energy . Isentropic efficiency is a measure of how much actual work {ultimately in the form
of electrical power) is extracted from the generator versus the work that would be available
if the gas expanded isentropically through the generator under the same pressure ratio. To
achieve adequate performance, the generator must operate with a 70 to 80 percent isentropic
efficiency and 20 percent enthalpy extraction. Typical values required of an O(MHD gene-
rator to achieve 20 percent enthalpy extraction from a 20-m long generator are an electrical
conductivity of 8 S/m at a Mach number of 0.8 and an applied magnetic flux density of 8 T.

Components

The critical components of the OCMHD and COMHD systems are the coal combustor, magnet, MHD
generator, heat exchangers (including preheaters), and the seed-recovery and power-condi-
tioning systems. Although both systems use similar components, they differ in design as
dictated by the differences in the cycles (Refs. 4,30).

COMHD employs a two-flow-path system (Fig. 5), with the first path open. (oal is combusted
with preheated air to 1800-2000 K. The hot combustion gases flow through a refractory-lined
regenerative heat exchanger array to heat the MHD working fluid to operating temperatures.
The combustion gases then are directed through a combustion gas-to-air heat exchanger to the
stack, where they are exhausted to the atmosphere. The transfer of heat from the combustion
gas to the MHD plasma is accomplished cyclicly. The regenerative heat exchanger is heated
first by the combustion gas, then the combustion gas is evacuated and the high-pressure
noble gas introduced. Finally, any residual noble gas is purged from the heat exchanger and
the reheat phase is begun again. The entire heat-exchanger array is operated such that
thermal energy is transferred to the MHD fluid continuously. Once heated, the inert gas is
seeded with cesium and accelerated through a nozzle into the MHD generator. After exiting
the generator, it passes through the steam boiler and the precooler, and is compressed and
returned to the heat-exchanger array. The cesium is removed in the steam boiler and inert
gas precooler, purified, and then reinjected into the hot inert gas.
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Fig. 5 C(MHD Topping Oycle

O(MHD uses a single-flow-path system, Fig. 6, and the seeded hot combustion gases are used
directly as the MHD working fluid. The coal-fired OOMHD power plant is comprised of an MHD
topping unit and a steam bottoming system. In the primary combustor of the topping unit,
preheated, compressed air and coal are burned under pressure at temperatures as high as 3000
K. The combustion is fuel-rich to 1imit the amount of NO produced. Potassium salts are
added in the combustor as seed material. The combustion mixture passes through the MHD
channel to generate electrical power, the diffuser to recover Kinetic energy, and then into
the steam bottoming system. Like the steam generation system in a conventional power plant,
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the bottoming system has the primary functions of efficiently extracting heat from the com-
bustion gas to produce high-pressure steam and to preheat combustion air, and of controll
the emission of pollutants such as NOX, sox. (0, and particulates. In addition, this system
must recover a large fraction of the seed material and complete the combustion of the fuel-
rich gas. Sufficient gas residence time (1-3 ms) is allowed in the radiant bofler for NG

relaxation to occur. Secondary combustion occurs at the exit of the radiant boiler.
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3.6.2 Electromagnetic Pumps

Electromagnetic (EM) pumps for 1iquid metals operate on the principle that the interaction
between a magnetic field and an electrical current produces a body force in the fluid
according to the familiar Lorentz Law. Practical electromagnetic pumps have been

constructed on this principle for a wide range of pressure and flow combinations.

basic categories are conduction and induction pumps. In a conduction pump, the current and

magnetic field are supplied to the liquid metal by an external means (Fig. 1).

direct or alternating currents {dc or ac) and fields may be used. In an induction pump, the
current is induced within the liquid metal by an external traveling magnetic field (Fig.
4) . Although within each category many variations are possible (Ref. 32,33), the two most- -

common EM pumps are the dc conduction pump and the ac linear induction pump .

The separately-excited dc conduction pump is the simplest ™M pump. It consists of a liquid-
metal-filled duct, usually rectangular, constructed of a high-strength, inert, non-magnetic
material, such as stainless steel. The duct contains a pair of highly-conductive electrodes
embedded in opposite sides that conduct Current into and out of the fluid. A magnetic flux
density Eperpendfcu]ar to this current density J is produced externally, efther by a

separately-exfite% electromagnet or a permanent magnet. The interaction between J and
rates a body J x B force along the duct, thus providing the pumping force.

The higher efficiency of dc conduction pumps makes them more attractive than ac pumps.

factors affecting the efficiency are the fluid and duct sidewall electrical conductivit
the cross-sectional and lengthwise aspect ratios, and the magnetic field gradients in
inlet and outlet regions of the pump. Efficiencies on the order of 70% have been measured,
and predicted efficiencies on the order of 80% are attainable with insulating-sidewall ducts
(Refs. 34-36). Though their input power characteristics require very high cyrrent at low
voltage, the basic pumping force can be large. For example, with J = 7.8 MA/m“ and B = 0.5

T, an ideal pressure rise of 3.9 MPa per meter of pump duct length is obtained.

A large-scale application of a dc conduction pump would be as the primary pump in a 1iquid-
metal-cooled fast breeder reactor. EM pumps offer significant advantages in the difficult
reactor environment due to their inherent simplicity and lack of moving parts. EM pumps are
particularly suited to the high flow, high head requirements of a primary pump. To overcome
the need for an external high-current low-voltage supply, the dc pump can be directly
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coupled with an MHD generator in a common magnetic field. In this device, intermediate loop
Tiquid metal 1is forced through the generator section by the intermediate loop pump,
generating a large direct current which is transferred to the pump section by short, low-
resistance electrodes. The interaction of the current in the pump section with the external
magnetic field produces flow in the primary loop. As shown in Fig. 7, the two flows are
thus coupled together, and hence the device is referred to as a “flow coupler" (Refs.
36,37). The local generation of the current enables lower voltages and higher currents to
be ysed than would be possible with an external supply. The lower voltages, in turn, reduce
end current losses and permit higher overall efficiencies, on the order of 60%. Potentially
the flow coupler could be integrated directly with the intermediate heat exchanger, allowing
improved reactor layout and decreased contaimment size and cost.
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AC induction pumps have been used since the 1950's (Refs. 32,33). Tnere are linear {annular
or flat) and helical versions, but above approximately 60 L/s, annular three-phase induction
pumps are preferred (Ref. 38). In these pumps a travelling magnetic field sweeps the con-
ducting fluid through a thin duct beneath the pole pieces. Efficiencies of over 40% have
been predicted for large pumps at low pressure differences {less than 1.0 MPa). Forty-eight
30 L/s units have been in service at the Dounreay fast reactor (UK), representing a total
operating experience of over two million hours, with only two failures, neither of which
affected the fluid flow integrity. A 400 L/s unit has operated for over 60,000 hours on the
EBR-II reactor at Arco, Idaho (U.S.) without failure.

A significant limitation on induction pumps is the attainable pressure difference. The
fluid channel must be approximately one skin depth thick for reasonably efficient operation,
and the duct walls must be much thinner (to minimize ohmic losses in the walls and
distortion of the travelling magnetic field), so that structural considerations limit the
operating pressure. Also, at very low flow rates these pumps are inferior to conduction
pumps, since the separation between the pole teeth becomes jmpractically small for 50-60 Hz
operation. In most cases of practical interest lower frequencies must be considered for
induction pumps, and at the very low flow rates the advantages of induction pumps do not
offset the disadvantage of the required frequency conversion equipment.

3.6.3 Heat Pipes
INTRODUCTION

A heat pipe is a high performance thermal transmission device that utilizes the latent heat
of a working fluid to achieve energy transmission rates several orders of magnitude larger
than that which can be transmitted in either a conventional convective flow system or a
solid conductor of similar size. The full potential of heat pipes for high temperature
applications was first demonstrated by Grover et al using sodium as the working fluid (Ref.
39). General background information pertaining to heat pipe theory and application is
available through standard references {(Refs. 40,41).

OPERATIONAL CHARACTERISTICS

A heat pipe basically is a closed tube or other structure containing a small amount of
working fluid. In its simplest form, the heat pipe is a continuous two-phase heat transfer
toop characterized by no moving mechanical parts, no auxiliary electric power requirements,
and long life times. During operation, the working fluid is vaporized by heat input at the
hot end or evaporator section, Fig. 8. The saturated vapor then flows down the core of the
heat pipe {adiabatic section} to the cold end or condenser section, where it condenses
releasing latent heat. In a conventional heat pipe, the condensate is returned through a
wick structure to the evaporator section by capiliary action and/or gravity. The term “heat
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pipe" is also used to denote evaporation-condensation devices in which the condensate is
returned by other means, such as magnetic volume forces or mechanical pumps. The central
adiabatic section provides the physical connection between the hot and cold ends.
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Fig. 8 Operation of a Basic Heat Pipe Element

The outermost shell or container is commonly a clesed cylindrical tube for ease of
manufacturing, but can be a square channel or practically any geometrical shape suitable for
heat transfer. The wick structure is usually located adjacent to the container wall, and
typically consists of several wrappings of wire mesh screen. Other wick structures include:
porous sintered metal, axial groves on the inner wall of the container shell, tubular
arteries, and composite materials. A high performance composite wick structure uses a layer
of small pore size wire mesh or other material at the Viquid-vapor interface to provide
large capitlary pumping forces, with axial groves or other large pore material in the
annular region between the fine mesh and the container walls to give a low resistance flow
path for the liquid condensate (Ref. 42).

Successful operation of heat pipes depends upon a continuous circulation of the working
fluid, as vapor in the core and as condensate return in the wick. The circulation or axial
heat transport capability of a heat pipe is limited by a number of physical processes {Refs.
40,43), classified as 1) viscous, 2} sonic, 3) entrainment, 4) wicking or capillary, and 5)
boiling limits. The viscous limit occurs at Tow temperatures in relatively Tong heat pipes,
when the axial heat flux is dominated by viscous pressure drop. The sonic Timit occurs when
the vapor exiting from the evaporator attains sonic velocity resulting in "choked flow".
The entrainment limit occurs when the vapor velocity is high enough to shear and entrain
Viquid droplets from the condensate at the wick surface, resulting in insufficient
condensate return to the evaporator. The wicking limit occurs when the pressure difference
across the liquid-vapor interface at the wick surface is such that the liquid evaporates
faster than it can be supplied by capillary pumping in the wick. The boiling limit occurs
in the evaporator when condensate boiling takes place within the wick structure, forming
vapor bubbles which interfere with the radial heat flux through the wick. The effects of
these limitations are illustrated in Fig. 9. The actual shape of the operating area under
the curve can vary significantly depending upon the wick structure, working fluid, and heat
pipe geometric configuration. The heat transport capability for a given heat pipe is
determined by which 1imitation has the Towest value at the temperature of interest.

HIGH TEMPERATURE APPLICATIONS

Heat pipe applications can be classified according to the temperature range of interest, and
the appropriate working fluids for this range.  Three logical categories are: 1) low-
temperature or cryogenic, 2) moderate-temperature, and 3) high-temperature or alkali metal
heat pipes. Only the later category 1is of interest here, and this includes applications
beyond ~ 628 K since alkali metals boil at temperatures above this value at reasonable
pressures. Sodium, lithium, and potassium have been used in the majority of alkali metal
heat pipe applications to date, although other alkali metals have been used in laboratory
investigations and for special applications.




213

3.6 Magnetohydrodynamic Power Generation

Wicking or
Capillary Limit

Entrainment
Limit

Axial Heat Flux

8oiling
Limit

Viscous
Limit

Temperature ——w

Fig. 9 Heat Transport Limitations for a Heat Pipe

Alkali metal heat pipes differ in several important characteristics from Tow and moderate
temperature heat pipes:

1} The 1large surface tension coefficients correspond to good capillary pumping
characteristics, and the wicking 1imit is generally not a problem.

2) The relatively low vapor density results in higher vapor velocities within the
evaporator core, and the sonic limit is often a major constraint. The entrainment limit is
also a major design factor due to high relative velocities across the liquid-vapor

interface.

3) The working fluid is frozen for an initially ambient system, requiring special
start-up procedures.

4) The large latent heat values yield much higher heat transport capabilities
(typically, two or more orders of magnitudej.

The corrosive nature of many alkali metals requires special attention to materials
compatibility with the container and wick structure (Ref. 44).

Alkali metal heat pipes were originally developed for space power systems applications.
They have been used in designing spacecraft radiators high temperature furnaces, nuclear
reactor control systems, and other applications (Ref. 45). C(onsiderable effort in recent
years has been devoted to heat pipes for high-power-density thermionic converters, Fig.
10. A typical design might use silver or lithium heat pipes for transporting energy to the
emitter, and sodium or potassium pipes for dissipating heat from the collector.

Heat pipes are ideal for integrating external combustion engines with remote heat sources.
Stirling engines, for example, have been operated using sodium heat pipes as thermal flux
transformers between the engine and combustion source (Ref. 46). A variety of design
concepts for coal-fired Stirling engine power generation have been developed which require
intermediate heat transport systems such as the pumped configuration shown in Fig. 11.
Sodium heat pipes offer the best potential for integrating such engines with fluidized bed
combustors {Ref. 47). Alkali metal heat pipes have also been used to integrate Brayton-
cycle turbines with central solar receivers {Ref. 48), and in the development of high-
temperature recuperators for industrial stack gases and other waste heat sources.

3.6.4 Thermionic Converters
INTRODUCTION
The thermionic energy converter, Fig. 12, converts heat directly -to electricity without

moving parts. As shown in Fig. 12, it consists of a hot electrode (the "emitter") facing a
cooler electrode (the "collector®) inside a sealed enclosure containing a controlled
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atmosphere. Electrons vaporized from the hot emitter move across the interelectrode space
to the cooler electrode where they condense and then return to the emitter via the
electrical load. 1In effect, the temperature difference between the emitter and collector

drives

the electrons through the load. Various geometries are possible, with electrodes

arranged as parallel planes or as concentric cylinders. The space between the emitter and
collector electrodes is typically less than three millimeters.




T
bt
"

3.6 Magnetohydrodynamic Power Generation

INTERELECTRODE
THERMIONICALLY SPACE

EMITTED ELECTRONS VACUUM OR VAPGR

HOT EMITTER COLD COLLECTOR
N Qour
HEAT b~o -\ HEAT

SOURCE f-—~ =31 SINK

ELECTRICAL ENCLOSURE

FEEDTHRU

~~-__ELECTRICAL
LOAD

Fig. 12 Thermionic Converter (omponents

Thermionic conversion can be used with fossil fuel, solar, or nuclear energy sources. It is
particularly attractive in combination with steam power plants, where part of the heat
available at high temperatures can be converted into electricity thermionically before the
balance of the heat is utilized in the steam plant at lower temperatures.

The principle of thermionic conversion is derived from Edison's discovery in 1885 that
current could be made to flow between two electrodes at different temperatures in a vacuum
(Ref. 49). The analysis and experimental investigation of thermionic emission from a hot
electrode was performed by Richardson in 1912 (Ref. 50). Schlichter, in 1915, recognized
this means of converting heat into electricity (Ref. 51). Langmuir and his associates
theoretically and experimentally characterized the electron and ion emission from cesium
adsorbed films on tungsten (Ref. 52). This work incorporated all the elements of what is
now known as a cesium vapor thermionic converter. The first thermodynamic analysis of a
thermionic converter, viewed as a heat engine operating across a temperature difference, was
given by Hatsopoulos (Ref. 53). Further historical details are contained in Ref. 54.

BASIC PRINCIPLES

An idealized potential diagram of a thermionic energy converter is shown in Fig. 13. The
diagram gives the spatial variation of the electrostatic potential perpendicular to the
electrodes. Since the potential energy of the electrons in the collector is greater than
that in the emitter, the collected electrons can perform work as they flow back to the
emitter through the electrical load. The Toad voltage is given by the difference in the
Fermi levels between the emitter and the collector. The Fermi level is the characteristic
energy of a material under thermal equilibrium at which the probability of a quantum state
being occupied by an electron is one-half. The difference between the Fermi level and the
electrostatic potential at a surface is a property of the surface and is called the work
function. The work function approximately equals the heat of vaporization of electrons.
The emitter work function, ¢p, is given by the difference in potential of the emitter Fermi
level and a point just outside the emitter. Likewise, the work function of the collector,
oc is given by the potential difference between the collector Fermi level and a point just
ottside the collector. The current density of the thermionically emitted electrons is an
exponential function of the ratio of the work function to the electrode temperature.

Space Charge

The negative space charge barrier is a consequence of the finite transmit time of the
electrons crossing from the emitter to the collector. The electrons that are subsequently
emitted are repelled by the electric field from the free negative electron charges and are
reflected back to the emitter unless they have sufficient kinetic energy to overcome the
repulsion and reach the collector.

There are three basic approaches to reducing the deleterious effects of space charge: 1) the
close-spaced diode in which the interelectrode spacing is quite small, 2) fon additive
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(e.g., electrostatic

the first two types of converters have generated electrical
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Fig. 14 Identification of Loss Mechanisms
in the Thermoinic Diode

"ignited" mode,hybrid mode, etc.) and 3)
tricde and vacuum magnetic
power at

In the vacuum diode, the space charge is suppressed by making the space very small (less

than 25 micrometers).

The practical difficulty of maintaining the necessary close spacing

over large areas at high temperatures as well as the problem of maintaining a stable, low
collector work function makes the vacuum diode mostly of academic interest.

The problems of extremely close spacing can be circumvented by introducing low pressure

cesium vapor between the emitter and the collector (Ref. 55),

This vapor is ionized when it

contacts the hot emitter, provided the the emitter work function is comparable to the 3.89

eV jonization potential of cesium.

Unfortunately, surface contact ionization is effective

only when the emitter work function is high, which in turn necessitates impractically high

temperatures.

To operate at more moderate temperatures, the cesium pressure has been increased by several

orders of magnitude.

Wilson (Ref. 56) proposed and demonstrated the usefulness of cesium

adsorption.on the emitter to reduce 1ts work function so that higher current densities can

be achieved at much Tower temperatures than in
current is neutralized by thermionically emit
“extinguished mode" part of the current-voltage characteristics.
At those voltages most of the fons for space charge

current increases substantially.

the low pressure diode.
ted dfons. This current corresponds to the

Some of the emitted

At Tower load voltages the

neutralization are provided by electron impact fonization of the cesium in the interelec-

trode space.
mode" .

the jon and electron densities are roughly equal.

This part of the current-voltage characteristics
Sheath regions couple the emitter and collector to the interelectrode plasma where

is termed the "ignited

Because cesium pressures of several torr

are required to reduce the emitter work function to the desired level, the electrons are

scattered many times by cesium atoms as they cross to the collector.
resistive loss in the plasma, usually termed the “plasma drop”.
to ionization and the double sheath at the collector.
sheath potential losses is usually called the
diagrams as V4. For high efficiency, it is clea

Since the adsorbed cesium

layer greatly 1lowers the electrode work function,

This results in a
There are other losses due
The sum of the plasma, jonization and
"arc drop" and is denoted on the potential

r that V4 and 9. should be small.

the high

pressure cesium diode can operate at a substantially lower emitter temperature than the low
pressure device. Typical operating temperatures of ~1900 K allow application to nuclear

reactors for space power.

Barrier Index

The barrier index, Vg, is a parameter that serves as a figure-of-merit for characterizing

thermionic converter performance.

The lower the Vg, the higher the converter performance.

Reductions in V% can be translated into higher efficiency at a given temperature or a lower
u

emitter temperature at a given efficiency.

difference between the tangent to the mea

tangent to the Boltzmann line.

drop, zero collector work function and zero collector temperature).

Operationally, v, is defined as the potential
sured current—vo?t
{The ideal current-voltage characteristic assuming zero arc

age characteristic and the

Within terms of the

order of 0.1 eV, the components making up the barrier index are illustrated in Fig. 14. The
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barrier index, VB' is the sum of arc voltage drop, V,, and the collector work function,
$c- The arc drop is composed of three elements: 1)} plasma loss, V., due to electron
scattering by collision with the cesium atoms, 2) sheath loss, V., cat?sed by the double-
valued potential sheath adjacent to the collector and 3) 1onizat§on Toss, VI' assocfated
with the ionization of cesium atoms by electrons. Typically, Vi, 1s about 0.4 ev.

APPLICATIONS

Thermionic conversion is one of the most attractive optfons for use with space reactors
(Refs. 57, 58, 59). The mechanical simplicity associated with no moving parts implies
reliability. The high temperature of heat rejection minimizes the mass of the
radiator,which is usually the heaviest component of large space power systems. The high
heat rejection temperature also limits the size of the radiator, which is an important
consideration, since all (United States) space reactor systems in the foreseeable future
must fit inside the space shuttle bay. Modularity maximizes reliability by eliminating
single point system failures. Although thermionic efficiencies up to 15 percent have been
demonstrated; higher efficiencies are theoretically possible with reduced electrode and
plasma losses. In addition, thermionics 1s a demonstrated conversion technology coupled to

nuclear reactors (Refs. 60, 61).

Two basic system approaches have been pursued for themmionic reactors, in-core and out-of-
core. The former approach, which 1incorporates the converters 1inside the core, is
{1lustrated in Fig. 15a. This in-core design concept has been utilized in the TOPAZ reactor
(Refs. 60,61) and in in-pile tests conducted in the United States in the sixties and early
seventies. The out-of-core system, Fig. 15b, transfers the thermal energy outside the
reactor to a bank of thermionic converters. For a given power level, the reactor and shield
have a Tower mass and the conversion system is decoupled, to a large extent, from the
reactor. In addition, mechantcal coolant pumping is eliminated and heat pipes lend
themselves to redundant systems.
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Fig. 15 Thermionic Reactor Concepts

The thermionic technology, developed for space has provided the basis for terrestrial appli-
cations. The high emitter temperatures necessary for efficient operation, typically > 1600
K, require refractory metals which must be protected from air for non-space applications.
The thermionic converter {llustrated in Fig. 16 1s representative of the combustion-heated
dfodes that have been constructed and tested (Ref. 62). The torispherical dome, which is
the active area of the converter, is exposed to high-temperature combustion. Electrons
evaporated from the tungsten emitter are condensed on the mating nickel collector which is
air cooled. A ceramic seal provides electrical insulation between the electrodes. A
typical output potential is half a volt at current densities between 5 and 10 A/cm“. The
ceramic spacer establishes the spacing between the emitter and collector.

Terrestrial applications of interest include powerplant topping and cogeneration. Previous
studies of topping central station powerplants (Refs. 63,64) with thermionics have projected
that fully developed thermionic energy converters could add as much as 10 percentage points
to their overall efficiency. Investigation of topping gas turbine plants with thermionic
converters (Refs. 65,66) have suggested that efficiency gains of around 2.5 percent could be
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obtained using persent converter performance. Less detailed estimates have indicated that
state-of-the-art converters could provide 4 to 5 percentage points of efficiency to central
station efficiency. These studies also show that the installed cost of thermionic
converters in these systems is around 600 $/kWe.

A characteristic of thermionic converters is that the temperature of the heat rejected from
the collector of the thermionic converter is high enough to generate steam without shifting
the operating point of the Rankine cycle. This feature provides the distinct possibility of
retrofitting existing utility plants to provide both increased efficiency and capacity.

bermionic converters are also well adapted to cogeneration with high-temperature processes
which require direct heating. It is one of the few conversion techniques that Ooperate at a
high enough temperature -to permit the use of cogeneration with direct heating applica-
tions. A diagram i1lustrating the thermionic cogeneration burner module concept is shown in
Figure 17. The combustor wall is Vined with thermionic converters. The emitters of the
converters receive energy from the combustion gases and convert part of this energy to
electricity while rejecting the balance of the collector where it is picked up by the air
used for combustion. Although the thermionic diode efficiency is only about 12 percent, the
effective cogeneration efficiency is around 85 percent. This high conversion efficiency
makes thermionic cogeneration attractive from both fuel utilization and economic viewpoints,
especially for high temperature processes (Ref. 62).
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Fig. 17 Thermionic Cogeneration Burner Concept
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