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Magnetohydrodynamic Power Generation Experiments
with Fuji-1 Blowdown Facility
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Experimentalresults ofnonequilibriumplasmamagnetohydrodynamic(MHD)powergenerationfrom the Fuji-1
blowdown facility are presented. The Fuji-1 experiments have been conducted since 1983, and the disk-shaped
MHD generators called Disk-F3a, F3r, and F4 have been tested during the last decade. In the experiment with
the newest Disk-F4 generator, which was designed based on the results of previous experiments with the Disk-F3a
and F3r generators, an output power of 506 kW and an enthalpy extraction ratio of 18.4% for thermal input of
2.75 MW were simultaneously obtained. During the experiment, however, the deposition of seed material on the
electrodes and the insulator walls was revealed, and large amount of impurity (water vapor) contamination in the
working gas was detected. In the last experiment the stainless-steel-coated anodes were used instead of copper
anodes to prevent the seed material from depositing on the generator walls, and the impurity contamination was
reduced by increasing the bottom temperature of the heat exchanger. Consequently, an output power of 544 kW
for thermal input of 3.38 MW and an enthalpy extraction ratio of 18.9% for thermal input of 2.17 MW were
successfully demonstrated. Each value is the highest among those achieved with the Fuji-1 facility.

Introduction

I N the last few decades open- and closed-cycle magnetohydro-
dynamic (MHD) systems have been investigated and are con-

tinuing to be investigatedas possible candidates for high-ef� ciency
electricalpower-generationapplications.1¡4 In theopen-cycleMHD
power generation combustion gas is used as a working gas, where
the plasma is in a thermal equilibrium state. In the closed-cycle
MHD system, on the other hand, a nonequilibrium plasma, alkali
metal seeded noble gas, is utilized as a working medium. One of
the advantages of the closed-cycle MHD is that higher power den-
sity can be achieved because of the higher electrical conductivityin
the generator channel. This fact leads to a compact generator with
a smaller superconducting magnet as compared to the open-cycle
MHD generator, although the closed-cycle power plant system is
relatively complicated. Another advantage is that the high power
generation is possible even under relatively low gas temperature,
about 2000 K, because the electrical conductivityin the nonequilib-
rium plasma dependson the electron temperatureand not on the gas
temperature. Of course, higher gas temperature will also provide
higher plant ef� ciency in a conventional thermodynamical system.

Studies on the closed-cycle MHD power generation have been
conducted with the Fuji-1 blowdown facility at Tokyo Institute of
Technology since 1983 (Ref. 5). One of the main objectives in the
Fuji-1 experiments is to demonstrate the high enthalpy extraction
ratio (electrical output/thermal input) with a disk-shaped generator
for a period of several tens of seconds under low seed fractions.
For this purpose attention has been paid to the achievement of sta-
ble and uniform nonequilibriumplasma with full seed ionization6;7

under the conditionof strong MHD interaction.In a disk MHD gen-
erator the electromotive force is induced by the radial plasma � ow
and the magnetic � eld appliedperpendicularlyto the � ow and yields
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the azimuthalcurrent (Faradaycurrent).The interactionbetween the
Faraday currentand the magnetic � eld results in the radialHall elec-
tric � eld. Thus, the electric power is extractedwith a load resistance
connected between inner (anode) and outer (cathode) electrodes.
In the Fuji-1 blowdown facility the disk-shaped MHD generators
calledDisk-F3a,F3r, and F4 havebeen testedduring the lastdecade,
and the newest Disk-F4 generator has been in service since 1994
(Refs. 8–12).

The test results from the Disk-F3a and F3r generators8;9 are re-
viewed brie� y in this paper in order to clarify the aim and meaning
of the experiment with the Disk-F4 generator.As will be described
later, although the high performance has been demonstrated in the
experiments with the Disk-F3a and F3r generators there was still
room for improvement in the generator performance. The newest
Disk-F4 generator was designed on the basis of the information ob-
tained by scrutinizing the results of experiments with the Disk-F3a
and F3r generators. Thus, the design concept of the Disk-F4 gen-
erator is mainly based on the reliability for high power generation.
For this purpose, as will be mentioned in detail, the Mach number
at the generator inlet is increased slightly as compared to those in
the earlier generator designs. Furthermore, attention has been paid
to the realizationof suitable working gas conditions for high power
generation.

In the experiment with the Disk-F4 generator, an output power
of 506 kW and an enthalpy extraction ratio of 18.4% for thermal
input of 2.75 MW were simultaneously obtained. In the experi-
ments, however, the reduction of output power was observed at the
early stageof the power-generationrun, which couldbe attributedto
the deposition of seed material on the water-cooled electrodes and
insulatorwalls. Furthermore, a large amount of water vapor was de-
tected in the working gas. In the last power-generationexperiments
with the Disk-F4 generator, the stainless-steel-coatedanodes were
used instead of copper anodes in order to prevent the deposition of
seed material onto the electrode surface. Moreover, an attempt was
made to reducethe impuritycontaminationby increasingthe bottom
temperature of the heat exchanger. As a result of these efforts, an
output power of 544 kW for thermal input of 3.38 MW and an en-
thalpy extraction ratio of 18.9% for thermal input of 2.17 MW were
successfully demonstrated. Each value is the highest among those
achieved with the Fuji-1 facility. In the present paper the results of
the recent Fuji-1 experiments are presented in detail.

Fuji-1 Facility and the Disk MHD Generator
A schematic diagram of the Fuji-1 facility is shown in Fig. 1.

The explanationof each component was given previously in Ref. 5.
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Fig. 1 Schematic diagram of Fuji-1 blowdown facility.

Fig. 2 Cross-sectional view of Disk-F4 generator.

Argon gas is heated to about 2000 K in a pebble-bed-type heat
exchanger, and cesium-seed material is mixed with the heated gas
in a hot duct through a seed injection nozzle. The cesium-seeded
argon working gas is introduced into the disk generator, where the
magnetic � ux density of about 4.7 T is appliedby a Helmholtz-type
superconductingmagnet.The working gas after passing through the
generatoris cooled,seedmaterial is recoveredin a pebblebedcooler,
and introducedintoa vacuumtankequippedto achievea properpres-
sure ratio between the generator inlet and the exit. It takes about two
days for heating up the heat exchanger to the required temperature
and about � ve days for cooling down the superconducting mag-
net from room temperature to the operating temperature. The time
duration of power generation is about 1 min in this system.

The gas temperature and pressure in the hot duct are measured
using a platinum–rhodium thermocouple with radiation shield and
a pressure transducer, which are regarded as the stagnation tem-
perature and stagnationpressure at the generator inlet, respectively.
The seed fraction is estimated from the amount of injected seed
material. The impurity measurement system in the present Fuji-1
facility is also illustrated in Fig. 1. A part of the working gas, which
passed through the heat exchanger, is extracted from the hot duct
and reserved in tanks during the run of power generation.The H2O
concentrationin the samplegas is measuredby means of a dew-point
meter with an accuracy of 10 ppm. Additionally, other impurities
such as CO2 , N2, H2, and O2 are detected using a gas chromatogra-
phy system. Although the seed fraction and impurity concentration
strongly in� uence the generator performance as will be described
later, the impurity measurementsare not directly taken in the gener-
ator channel,but suf� ciently upstreamof the channel.Therefore,no
information of impurity/seed chemistry in nonequilibrium plasma
within the MHD generator is available in the present study.

The detailed cross-sectional view of the Disk-F4 generator is
shown in Fig. 2. The generator consists of a supersonic nozzle
(80 mm < r < 140 mm), MHD channel (140 mm < r < 441 mm),
and a diffuser (r > 441 mm). Two ring-typedanodes, � rst (A1) and

second anode (A2), and two cathodes, � rst (C1) and second cathode
(C2), are located on each disk wall. The heights at the throat, MHD
channel inlet (upstream edge of A2), and exit (downstream edge of
C2) are 15, 17.5, and 45 mm, respectively.The external load resis-
tance is connected between the second anode (A2) and the second
cathode (C2). All of the electrodes are made of copper, and the sur-
faces of A1 and A2 have been coated with 1.5-mm-thick stainless-
steel layer in the experiments of run A4126 and A4127. The � rst
cathode (C1) does not function as an electrode in the present gen-
erator, but contributes to sustaining the Si3N4 insulator walls with
high mechanical strength. Electric probes, static-pressure taps, and
opticalwindows are equippedformeasurements.The generatorout-
put voltage is measured as a potential difference between A2 and
C2. The electric probes, made of tungsten wires, are inserted along
the radial direction of the channel in order to measure the radial
potentialdistribution.The output voltage and potentialdistributions
are detected through high voltagedividers, isolation ampli� ers, and
an optical data-transfersystem. The output current � owing through
the load resistance is measured using a current transformer. Multi-
channel pressure measurement system with piezoresistivepressure
transducersis used to determine the static-pressuredistribution.Op-
tical windows are mounted at two locations in the channel to obtain
information regarding the cesium line intensity (672.3 nm). All of
the electricsignalsare recordedwith analogdata recordersand com-
puters through A/D converters.

Experimental Results and Discussion
Before discussing the results of our recent power-generationex-

periment with Disk-F4 generator, a summary of past experiments
with the Disk-F3a and F3r generatorsis presentedbrie� y. The cross-
sectionalviews of the disk generators for Disk-F3a, F3r, and F4 are
compared in Fig. 3, and the typical output power and enthalpy ex-
traction ratio achieved with each generator are plotted in Fig. 4.
The typical working conditions and results with the Disk-F3a and
F3r generators are listed in Table 1. An enthalpy extraction ratio
of 15.7% for thermal input of 2.57 MW (run 6208) and an out-
put power of 517 kW for thermal input of 3.40 MW (run 6209)
were obtained with the Disk-F3a generator in 1989 (Ref. 8). The
results of Disk-F3a experiment suggested that an increase in the
ratio of generator exit area Aexit to the inlet area Ainlet should pro-
vide a higher enthalpy extraction ratio because low static pressure
can be maintained in the generator. Based on this � nding, a more
divergent Disk-F3r generator was designed, where the area ratio
Aexit=Ainlet was increased up to 6.9 from 4.1 used for Disk-F3a.
With the Disk-F3r generator, an enthalpy extraction ratio of 18.0%
and the corresponding output power of 297 kW were achieved in

Fig. 3 Disk generators installed in the Fuji-1 facility (Disk-F3a, F3r,
and F4). Unit for numerals: millimeters.
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Table 1 Typical experimental conditions and results with Disk-F3a
and F3r generators

Disk-F3a Disk-F3a Disk-F3r
Generator run number 6208 6209 A8108

Stagnation pressure, MPa 0.46 0.60 0.24
Stagnation temperature, K 1850 1850 1930
Thermal input, MWa 2.57 3.40 1.65
Seed fraction, £10¡4 2.0 1.8 3.0
Load resistance, Ä 0.62 0.49 0.51
A1 and A2 material Copper Copper Copper
Water concentration, ppm —— Not measured ——
Maximum power output, kW 404 517 297
Maximum enthalpy extraction, % 15.7 15.2 18.0

aThermal input evaluated with the temperature difference from the room temperature
of 300 K.

Fig. 4 Output power and enthalpy extraction ratio obtained with
Disk-F3a, F3r, and F4 generators.

1992 (Ref. 9). As had been expected, the larger area ratio yielded
higher enthalpy extraction ratio. The maximum enthalpy extraction
ratio for the Disk-F3r generator was obtained for higher seed frac-
tion of 3:0 £ 10¡4 as compared to 2:0 £ 10¡4 used for Disk-F3a.
Thus, in a generator with a large area ratio such as the Disk-F3r
generator a high enthalpy extraction ratio can be achieved under a
high MHD interaction, which is attributed to a high seed fraction.

However, the reproducibility of high power generation with the
Disk-F3r was not consistent. The results indicated that from the
view point of high power-generationreliability the Disk-F3a gener-
ator is better than the Disk-F3r generator. One of the reasons could
be that steady nonequilibrium plasma with a high electrical con-
ductivity could not be consistently realized owing to relatively low
Mach number at the generatorinlet (»2.4). Therefore,as mentioned
before, the design goal of the Disk-F4 generator was to achievebet-
ter reliability for high power generation.For this purpose the Mach
number at the generator inlet was increased to »2.8. As shown in
Fig. 3, the shape of the Disk-F4 generator is nearly similar to that of
the Disk-F3a generator,which provided the good reproducibilityof
power generation.The high Mach number is expected to contribute
to the production of nonequilibrium plasma with a high electrical
conductivityat the inlet.There is a limitationon the maximum chan-
nel height at the generator exit because of the availability of space
between the two vacuum vessels of the superconductingmagnet in
the present Fuji-1 facility. This space limitation forced the height
of the channel inlet of the Disk-F3r generator to be small to meet
the requirement of a large area ratio Aexit=Ainlet for a high enthalpy
extraction. That limitation led to the results just discussed. On the
contrary, because the height at the inlet of Disk-F4 generator is
enlarged the area ratio is decreased to 5.0 to meet the same limi-
tation. As it is indicated by the results of the Disk-F3r experiment,
one would expect that high enthalpy extraction ratio might not be
achieved with the Disk-F4 generator as compared to that achieved
with the Disk-F3r generator, because of its small area ratio. How-
ever, the generation of plasma with high electron temperature at
the generator inlet of the Disk-F4 generator helped to increase the
reproducibilityof generator power output.

Table 2 Typical experimental conditions and results
with Disk-F4 generator

Run number A4118 A4126 A4127

Stagnation pressure, MPa 0.434 0.545 0.351
Stagnation temperature, K 1980 1973 1914
Thermal input, MWa 2.75 3.38 2.17
Seed fraction, £10¡4 2.9 3.7 3.3
Load resistance, Ä 0.48 0.48 0.48
A1-A2 connection, Ä 0 (short) 11 11
A1 and A2 material Copper Stainless steel Stainless steel

coated coated
Water concentration, ppm 300 160 160
Maximum power output, kW 506 544 410
Maximum enthalpy 18.4 16.1 18.9

extraction, %

aThermal input evaluated with the temperature difference from the room temperature
of 300 K.

Fig. 5 Time variations of working conditions and output power (run
A4118, copper anodes).

Typical working conditions and results with the Disk-F4 gen-
erator are listed in Table 2. In the experiment of Run A4118, an
enthalpy extraction ratio of 18.4% for thermal input of 2.75 MW
was achievedwith a large outputpower of 506 kW. In the last exper-
iments an output power of 544 kW for thermal input of 3.38 MW
(run A4126) and an enthalpy extraction ratio of 18.9% for thermal
input of 2.17 MW (run A4127) were successfully demonstrated.
Each value is the highest among those achieved with the Fuji-1
facility.

Details from the results of run A4118, where both high enthalpy
extraction ratio and large output power were achieved simultane-
ously, are presented in order to clarify the problem revealed in this
experiment and the purpose of the last experiment. The time se-
quence of this experiment is shown in Fig. 5, where the time varia-
tions of the stagnation pressure P0 , the load resistance RL , the seed
fraction (S.F.), and the output power (Power) are plotted. Here, the
time of 0 s refers to the start of the main phase of blowdown exper-
iment. The parenthesized value of stagnation pressure denotes the
time-averagedvalueduring the period,when the stagnationpressure
is kept almost constant to the value set for the experiment. In this ex-
periment the seed fractionwas continuouslychanged in the rangeof
2:6 £ 10¡4 to 5:2 £ 10¡4 for two different values of load resistance.
As shown in the time variationof outputpower, the maximumpower
output of 506 kW was obtained at 62 s under the conditions of the
load resistanceof 0.48 Ä and seed fractionof 2:9 £ 10¡4. The corre-
spondingenthalpyextractionratio was 18.4%. It can be emphasized
here that both high enthalpyextractionratio and large output power
were obtained simultaneouslywith the Disk-F4 generator.
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It is seen from Fig. 5 that the output power diminishes during
the period of 40 to 50 s, regardless of the control in seed fraction.
This phenomenon was also observed in the other past experiments
with the exception of the power-generation runs where the seed
injection was delayed on purpose. Thus, the time when the output
power diminishes (around Time D 45 s) can be determined not by
the time from the start of seed injection(Time D 26 s) but by the time
from the start of run (Time D 0 s). This observed behavior implies
that seed material might be deposited on the walls of the generator
(water-cooled copper electrodes and insulator walls) because the
wall temperaturecouldnot reacha high valueat theearly stageof the
blowdown experiment.Thus, it can be reasonedthat the reductionof
the outputpower during40–50 s might be attributed to possiblewall
leakage current and/or effectively low seed fraction caused by the
seed deposition. On the contrary, the recovery of the output power
after 50 s might be caused by a reduction in leakage current and/or
effectively high seed fraction as a result of the seed detachment.
Based on the intensity of cesium line measured in the upstream
and downstream regions of the generator, the seed depositioncould
take place rather locally in the upstream region of the generator
channel including the supersonic nozzle region. On the basis of the
experimental results just mentioned, in the most recent experiment
the copper anodes were replaced by those coated with stainless
steel, which has low thermal conductivity.This is expected to help
in achieving a higher anode surface temperature and in turn would
help in preventing deposition of seed material.

Figures 6 and 7 show the time variations of working conditions
and output power for run A4126 and A4127, where the generator
with stainless-steel-coated anodes was used. In run A4126 the stag-
nation pressure at the generator inlet was increased to 0.545 MPa
(thermal input 3.38 MW), and the seed fraction was continuously
changed in the range of 1:4 £ 10¡4 to 4:1 £ 10¡4 for four different
values of load resistance.The maximum power of 544 kW was ob-
tained at 42 s for a load resistance of 0.48 Ä and a seed fraction of
3:7 £ 10¡4 . This output power is the highest among those achieved
in the Fuji-1 facility. The corresponding enthalpy extraction ratio
was 16.1%. In run A4127, on the other hand, the stagnation pres-
sure was decreased to 0.351 MPa (thermal input 2.17 MW). The
seed fraction was continuouslychanged in the range of 2:2 £ 10¡4

to 6:4 £ 10¡4. The maximum power of 410 kW was obtainedat 56 s
for a load resistance of 0.48 Ä and a seed fraction of 3:3 £ 10¡4.
The corresponding enthalpy extraction ratio was 18.9%. Thus, the
highest enthalpy extraction ratio among those demonstrated with
the Fuji-1 facility was recorded.

In comparison with the results of run A4118 shown in Fig. 5,
the sudden drop in output power observed at the early stage of the

Fig. 6 Time variations of working conditions and output power (run
A4126, stainless steel (SUS) anodes).

Fig. 7 Time variations of working conditions and output power (run
A4127, SUS anodes).

Fig. 8 Time variation of temperature on anode surface.

power-generationrun is eliminated. Thus, the output power in runs
A4126 and A4127 clearly depends on the seed fraction. In a strict
sense, the output power seems to be sluggish around 44 s in run
A4126 and around 48 s in run A4127.

The temperature on the electrode surface is estimated from the
temperature rise in the cooling water. Here the temperature rise
refers to the coolingwater temperaturedifferencebetween inlet and
outlet of the generator. Figure 8 shows the time variation of the
temperature on the surface of � rst anode (A1) and second anode
(A2). It can be noted from this � gure that the surface temperatureof
stainless-steel-coated electrode is higher than that of copper elec-
trode. This is ascribed to the fact that the thermal conductivity of
stainlesssteel is lower than that of copperand that theheat � ux to the
stainless-steelelectrodewas lower than that to copperelectrode.Un-
der almost the same stagnationpressureand temperatureconditions
the heat � ux to A1 stainless-steel electrode was 1.4–1.5 MW/m2,
whereas the heat � ux to A1 copper electrode was 1.7–1.8 MW/m2.
Although many questions still remain unanswered, such as, how
accurate is the estimated surface temperature, whether the temper-
ature is high enough to prevent the seed deposition or not, how the
increasedsurface temperature in� uences the behaviorof condensed
seed material on the subsequentinsulatorwall, etc. However, in fact,
it was con� rmed that the temperature on the surface is increased by
using a stainless-steel-coated electrode. This change in electrode
material was expected to reduce the deposition of seed material on
the electrode(and insulatorwall), which in turn resulted in avoiding
the sudden drop in output power at the early stage of power genera-
tion run, as just mentioned. Therefore, it is veri� ed that the change
in material of anode surface is useful to improving the performance
of the generator installed in the blowdown facility.
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Fig. 9 Output power against seed fraction (run A4127).

Fig. 10 Radial pro� les of electric potential and static pressure.
“Opposite” and “inlet” denote the pressure pro� les measured on the
two disk walls (see Fig. 2.)

The experimental results of run A4127, where the highest en-
thalpy extraction ratio of 18.9% was achieved, are discussed in de-
tail. As is shown in Fig. 7, the output power clearly responds to the
seed fraction for each load resistance. Thus, the output power has
two crests for one peak in the seed fraction. This fact indicates that
there existssomeoptimalseedfractionto attain themaximumoutput
power. Figure 9 shows the variation of output power with the seed
fraction for a load resistanceof 0.48 Ä. For the seed fraction higher
than the optimal value, the working gas is thought to be decelerated
by the strongLorentz force.For low seed fraction,on the other hand,
the effective electrical conductivity is expected to be low.

Figure 10 shows electric potential and static-pressurepro� les in
the radial direction of the generator for run A4127, during the max-
imum output-powercondition. In this � gure the radial distributions
of electric potential and static pressure for run A4118 and the ra-
dial distributions of static pressure for run without applying any
magnetic � eld (B D 0) are shown for comparison. Here, the static
pressuresare normalized by the generator inlet stagnationpressures
at that moment. Load resistance is connected between the second
anode (A2) and the second cathode (C2). The radial static-pressure
distributionfor B D 0 indicates that in the downstreamregion, start-
ing from C1, the pressure values start deviating from the pressure
obtained by isentropic relation, which is caused by � ow decelera-
tion and hence the pressure rise in the diffuserregion (r > 441 mm).
Under the conditionof the maximum power output, the gradientsof

the potential, that is, the electric � elds, seem to be roughly constant
along the generator channel. Also, the electric � eld in the inlet re-
gion of the generator is found to reach about ¡4 » ¡5 kV/m for
both the power-generationruns. The static pressure at A2 is higher
than that measured for B D 0 and compared using the isentropic re-
lation. The pressure increase at A2 can be attributed to the Lorentz
force in the supersonic nozzle. It is found here that the pressure at
A2 for run A4127 is increased markedly as compared to that for
run A4118. This fact is attributed to the relatively low stagnation
pressure for run A4127, where there occurred a more effective in-
teraction between plasma and � uid. For run A4118 the pressure
increased abruptly in the generator inlet owing to the strong MHD
interaction and decreasedgradually toward the downstreamregion.
For run A4127, on the other hand, the static pressuredecreasedwith
a relatively large gradient because of the high pressure at A2. This
fact is expectedto be one of the reasonswhich resultedin the highest
enthalpy extraction ratio for run A4127.

As mentioned earlier, one of the main objectives in the Fuji-1
experiments was to demonstrate the high enthalpy extraction ratio,
and this goal was successfully achieved in the power-generation
experiment with the Disk-F4 generator. To realize the high plant
ef� ciency of a MHD power-generation system, a high isentropic
(turbine) ef� ciency is required. Measurement of stagnation pres-
sure at the generatorexit and in the diffuser region was attempted in
order to estimate the isentropic ef� ciency of the present generator.
It was found that the measured stagnation pressure was strongly
nonuniform along the height direction of the generator. In other
words, the � ow of working gas has a tendency to move towards
either of the disk end walls in the diffuser region. Thus, the isen-
tropic ef� ciency estimated from the measured stagnation pressure
would be unreliable. The isentropic ef� ciency can be estimated in
an alternative way from the enthalpy extraction ratio obtained and
the area ratio of generator exit to the throat.13 Using this approach,
the isentropic ef� ciency of the generator can be evaluated as about
24% for enthalpy extraction ratio of 18.9% for run 4127. This low
isentropic ef� ciency is attributed to the large area ratio of the gen-
erator. As has been veri� ed in earlier shock-tube experiments, the
large area ratio of the generator yields a high enthalpy extraction
ratio and a low isentropic ef� ciency.13

The in� uence of H2O vapor contaminationin the working gas on
the performance of the disk MHD generator installed in the Fuji-1
blowdown facility has been investigated. In the Fuji-1 facility, as
just mentioned, argon gas is heated to about 2000 K in a pebble-
bed-type heat exchanger. The pebble bed is heated by utilizing the
thermal energy of combustion of natural gas. The temperature at
the top of the bed reaches 2300 K, whereas the bottom tempera-
ture is kept below 850 K, a constraint speci� ed by the mechanical
strength of metal grid sustaining the bed. To avoid the contamina-
tion of impurities such as H2O, CO2, N2, H2, and O2 in the argon
gas, the combustion gas is exhausted by vacuum pumps before the
start of blowdown during the power-generationexperiments. In the
experiments,however,a considerableamount of impuritieshas been
detected.Inmanystudiesregardingthe in� uenceof impuritieson the
generatorperformance, it was pointedout that the impurities should
result in unsteadyand nonuniformplasma and deterioratethe gener-
ator performance,where H2O is considered to be most in� uential.14

In the recent power-generation experiments with the Fuji-1 facil-
ity, the reliability of impurity concentrationmeasurementshas been
improved, and consistent results have been obtained.

The maximum enthalpy extraction ratios achieved in several
power-generation runs, including the last experiment, are plotted
against H2O concentration in Fig. 11. Because the operating con-
ditions in the experiments such as the stagnation pressure P0 and
temperature Tg0 at the generator inlet were not the same, it is very
dif� cult to draw any conclusionson the effect of impurity on the en-
thalpyextractionratio.However, the enthalpyextractionratio seems
to increasewith thereductionofH2O concentration.Figure12 shows
the potentialpro� le in the radial directionof the generatorwhen the
maximum enthalpy extraction ratio was obtained in each experi-
ment. The electric � eld at the generator inlet for high H2O con-
centration is low as compared to that for low H2O concentration.
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Fig. 11 Enthalpy extraction ratio against H2O concentration.

Fig. 12 Potential pro� le for maximum enthalpy extraction ratio.

Thus, the reduction of output power for high H2O concentration is
attributed to the lower effective electrical conductivity in the inlet
region of the generator. At the same time the � uctuation of out-
put power was extremely large for high H2O concentration. In the
power-generationruns of run 4116–4119, where the operating con-
ditions are nearly identical, except some difference in seed fraction,
the seed fractionthat leads to the maximumenthalpyextractionratio
is decreased with the decrease in the H2O concentration. This fact
indicates that the high electron temperature, that is, nonequilibrium
plasma state, can be more easilymaintained for low H2O concentra-
tion, which leads to high electrical conductivity even for low seed
fraction. In the practical situation the water/seed chemistry would
take place in the generator, which should in� uence the generator
performance. However, it is very dif� cult in the present system to
clarify the in� uence of the water/seed chemistry precisely.

To improve the generator performance, the H2O concentration
needs to be reduced. From the recent experimental results one can
notice interesting trends. Figure 13 shows the H2O concentration
as a function of the temperature at the bottom of the pebble bed in
the heat exchanger. From this � gure the H2O concentration seems
to decreasewith the increase in the bottom temperature as indicated
by closed-circle data points (past experiments). High H2O concen-
trations were also detected regardless of the bottom temperature,as
shown by crosses.This couldbe attributedto the leakageof the com-
bustion gas to the argon supply tube and the hot duct connected to
the heat exchanger.Thus, the H2O concentration is expected to de-
creasewith the increasein the bottom temperatureof heat exchanger
under careful heat-upoperation.The upper limit in the temperature,
unfortunately,is restricted by the mechanical strength of metal grid
sustainingthe pebblebed. The strategyfor the reductionof impurity
contamination,however, was pointed out. The results in the last ex-
periments are also plotted with open circles. The relation between

Fig. 13 H2O concentration as a function of bottom temperature in
heat exchanger.

H2O concentrationand the bottom temperature is recon� rmed more
concretely.

Finally, a brief comment on the numerical study of the genera-
tor performance in the Fuji-1 facility is given. As has been men-
tioned earlier, the nonequilibriumplasma and � uid behavior in the
generator of Fuji-1 facility are very complicated. That is, nonequi-
librium seeded plasma with impurity contamination and the � uid
� ow with shock wave and boundary-layer separation should be si-
multaneously simulated three dimensionally. Fluid behavior with
boundary layer and the impurity effect have been investigated indi-
vidually with two-dimensional simulation for a disk generator,15;16

and a three-dimensional simulation for ideal operating conditions
has been carried out previously.17 The complete three-dimensional
simulation, including these effects for the Fuji-1 experiment, will
be carried out in the near future.

Conclusions
Recent results of the Fuji-1 power-generation experiments are

reported herein. In the power-generation experiment with Disk-
F4 generator, an output power of 544 kW for thermal input of
3.38 MW and an enthalpy extraction ratio of 18.9% for thermal
input of 2.17 MW were successfully demonstrated. Each value is
the highest among those achieved in the Fuji-1 experiments.

The suddendrop in outputpower observedat the earlystageof the
power-generationrun, which could be attributedto the depositionof
seed material on the water-cooled anodes and insulator walls, was
eliminated in subsequent tests by using the stainless-steel-coated
anodes.

It was con� rmed that the reductionof impurity contaminationre-
sulted in the improvementin the generatorperformance.To improve
further the generator performance, the water vapor concentration
needs to be reduced. The reduction can be realized by increasing
the bottom temperature of heat exchangerunder its careful heat-up
operation in the present Fuji-1 system.
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