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ABSTRACT 

Recent results of high enthalpy extrac
tion· experiments with closed cycle MHD disk 
generators at Tokyo Institute of Technology 
were described. Power generation experiments 
were carried out with two types of facili-
ties; the shock tube facility with the Disk
IV generator and the FUJI-1 blow-down facili-
ty, . 

In the shock tube experiments, the 
effects of channel shape on generator per
formances were studied using helium seeded 
with cesium as working fluid. More divergent 
channel shape was effective to sustain high 
Hall field throughout the channel .. The high 
enthalpy extraction of 27.3% was achieved. 
Furthermore, these experimental results 
agreed well with the results of one-dimen
sional calculations. 

In the FUJI-1 blow-down experiments, the 
effects of stagnation gas pressure on the 
performances were studied with a working gas 
of seeded argon. The highest enthalpy ex
traction ratio of 15.7% was achieved with the 
lower stagnation pressure of 0.46MPa, whereas 
the largest output power of 516.7MW and power 
density of 70MW/m3 were extracted with the 
nominal stagnation pressure of 0.6MPa. This 
suggested the possibility of a part load 
operation without significant degradation of 
generator performance by reducing stagnation 
pressure. 

INTRODUCTION 

Performances of a closed cycle disk MHD 
generator have been studied using both the 
shock tube facility (1,2] and the FUJI-1 
blow-down facility (3,4]_ at Tokyo Institute 
of Technology. The main purpose of these 
experimental studies is to achieve sufficient 
enthalpy extraction with a disk generator 
Under the conditions of fully ionized seed. 

In 
enthalpy 

the shock 
extraction 

tube experiments, high 
ratio of over 20% was 
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achieved for the stagnation temperature of 
around 2000K using helium seeded with cesium 
as a working gas.[1] The experimental re
sults showed good agreement with the results 
of one-dimensional calculation. It is 
indicated that the strong deceleration by 
Lorentz force resulted in the decrease of 
Hall field in the downstream part of chan
nel.[2] Furthermore, it is suggested by the 
numerical prediction that the use of more 
divergent channel geometry was effective to 
reduce the bad effects of flow deceleration. 

In this paper, the effects of channel 
geometry on generator performances are stud
ied experimentally using the new disk genera
tor with more divergent channel shape than 
the previous Disk-III generator. 

So far, a series of power generation 
experiments have beeri conducted with the disk 
generators, DISK-F2 and DISK-F3, in the 
FUJI-1 blow-down experiments. In RUN619 
(June 1988), the output power of the DISK-F2 
generator was increased up to 240kW and the 
enthalpy extraction ratio reached 7.3% usin& 
cesium seeded argon as a working gas.[3J 
However the results suggested that the per
formanc~ of the DISK-F2 generator was limited 
by insufficient channel geometry. In order 
to improve generator performances, the new 
DISK-F3 generator with large area ratio of 
the exit cross section to the inlet was 
installed in July 1988 1 and then a series of 
power extraction experiments were carried 
out (RUN6202-6207). Remarkable increase in 
both output power and power density was 
obtained and the enthalpy extraction ratio 
was improved up to 15% with the reduced 
stagnation pressure.(4,5] 

The new generator DISK-F3a, which has 
more larger area ratio than the DISK-F3, has 
been installed in the FUJI-1 facility and 
power generation experiments (RUN6208-6210) 
are performed to study the effect of stagna
tion gas pressure on the performances in 
October 1989. Results are described in the 
present paper. 
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Fig.1 Schematic cross sectional view of the Disk-III and Disk-IV gene~ator. 

SHOCK TUBE EXPERIMENTS 

Experimental set up and conditions 
In a series of shock tube experiments, 

the effects of channel geometry on generator 
performances have been studied in detail. 
The new disk generator channel "Disk-IV" was 
installed in the T.I.T. shock tube facility. 
The cross sectional view of the Disk-III and 
the Disk-IV channel are shown in Fig.1, where 
the actual channel shape is shown by solid 
line and the effective one, which is used in 
the numerical calculations, is shown ~y 
dashed line. The effective channel height is 
calculated by subtracting the displacement 
thickness of boundary layer from the actual 
channel height. This displacement thickness 
is assumed to be 0.5mm at the inlet of both 
channel, 3mm at the exit of the Disk-III and 
5mm at the exit of the Disk-IV channel ac
cording to the measured static pressure 
distribution and to the results of r-z plane 
2-dimensional calculation.[6] The shape of 
the new Disk-IV channel shows to be more 
divergent than the previous Disk-III channel 
especially in the downstream part so that the 
effects of gas flow deceleration due to an 
MHD interaction is expected to be reduced. 

Figure 2 shows the output power and the 
enthalpy extraction ratio predicted by the 
one-dimensional calculation using the effec
tive channel shape. The procedures and the 
basic equations are presented in Ref.(2,7]. 
It can be seen clearly from this figure that, 
for the case of Disk-IV channel with the more 
divergent channel shape, the output power and 
the enthalpy extraction ratio become signifi
cantly increased, and the latter reaches over 
30%. The value of a load resistance, which 
gives the peak output power, shifts to a 
larger value. These results are ascribed to 
the increase of Hall electromotive force 
owing to the reduction of flow deceleration 
effect and the increase of a Hall parameter. 
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Fig.2 Calculated. output power and enthalpy 
extraction ratio vs. load resistance 
for the Disk-III and Disk-IV generator, 

·n Experimental conditions are shown 1d 
Table 1. Helium seeded with cesium is use 
as working medium. The stagnation ternpe:ah 
ture is in the neighborhood of 2000K, wh 1 ~ 0 is expected to be in a closed cycle M.

0 commercial plant. Seed fraction is kept 1 

the order of 10-4. 

SEAM #28 (1990), Session: Generators B

https://edx.netl.doe.gov/dataset/seam-28


1-
u 
<l: 
0::: 
I
>< w 

Experimental conditions for the 
shock tube experiments. 

channel 

working gas 

stagnation gas 
temperature(K) 

stagnation gas 
pressure (it!Pa) 

Thermal input(MW) 

seed fraction 

Magnetic field 
strebgth (T) 

Load resistance(Q) 

Disk-IV 

He+ Cs 

1950 - 2100 

0.25 0.28 

1.9 2.1 

1 X 10-4 

2.6 

1. 0 

1. 8 

15.0 

x erimental results 
Power generation experiments have been 

carried out by changing the external load 
resistance in the range of 1 n"' 15 n, and re
sults were compared with the results obtained 
by the Disk-III generator. The HAll volt
age-Hall current characteristics are shown in 

,Fig,3, · Obtained electrical out.put power and 
bnthalpy extraction ratio are. plotted in 
,Fig,4 against the external load resistance. 

In these figures, open circles show the 
results with the Disk-IV channel. 

We can see the substantial increase in 
output power and enthalpy extraction ratio in 
he range of load resistance 2.5 n"' 7.0 n for 
he case of the Disk-IV channel. Especially 
or the load resistance of 3.5 n, the highest 
utput power of 510kW and the corresponding 
nthalpy extraction ratio of 27.3% are 
chieved. The more divergent channel shape 
f Disk-IV results in these substantially 
igher values than the case of Disk-III 
hannel. It can also be seen that the value 
f load resistance which yields the peak 
utput power sifts to larger value 3.5 n"' 5 n 
ompared to 2.5 n in the case of Disk-III. 
hese results agree qualitatively well with 
he.calculated ones shown in Fig.2. Quanti
ative discrepancy, however, still exists 
etween them. The main cause for this dis
tepancy is considered to be insufficient 
tediction of a boundary layer thickness. 

Potential Distribution 
h Typical Hall potential distribution along 
fe

1
radial direction for the load resistances 

h ,On, 2.5 n and 7.0n are shown in Fig.5, 
/re the results with ·the Disk-III channel 
/ also shown by dashed lines. It is evi
ali on. comparing those two cases that high 
ow field can be sustained even in the 
iskstream part of a channel for the case of 
oad -IV generator. For the case of smaller 

resistance of 1.0 n, the negative Hall 

IX.3-3 

> 

w 
(.'.) 
<( 
1-
.....J 
0 
> 
.....J 

• .....J 
<( 
I 

2000 

1000 

0 

o Disk-IV 

10n 

3.sn 
era 

,r 

'9 

0 

Disk-Ill 

200 400 600 

HALL CURRENT ( A ) 

Fig.3 Hall voltage-Hall current character
istic of the Disk-IV generator. 
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Fig.4 Output power and enthalpy extraction 
ratio vs. load resistance. 

potential region appears near the anode 
because of the lower electrical conductivity 
owing to the small Joule heating of elec
trons. 

Comparison of the experimental -results 
with calculated results of a Hall potential 
distribution are shown in Fig.6. Experimen
tal results agree quite well with the calcu
lated ones for all load resistances. 
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load resistances of 1.0, 2.5 and 7P.. 

When the load resistance is 1. 0 Q , the 
calculated result looks wave-like distribu
tion. We can consider that the ionization 
instability prevails in the channel, and the. 
plasma becomes separated into two phases; a 
power generating plasma with a positive 
gradient of Hall potential and a power con
suming plasma with a negative gradient. In 
the experiment, such negative gradient part 
can be seen near anode where the electrical 
conductivity is still low due to small Joule 
heating. If the two-dimensional effect can 
be taken into account, the agreement is 
expected to be improved. 

Gas Velocity 
Figure 7 shows the variation of gas 

velocity in the radial direction for external 
loads of 2.5 Q and 10 Q together with the 
calculated ones which is shown by dashed 
lines. The radial component of gas velocity 
is estimated so-called correlation method; 
the distance between certain two different 
positions of measurement divided by the delay 
time which gives the maximum value of corre
lation function between these two signals. 
The larger load resistance results in the 
stronger effect of flow deceleration because 
og the stronger interaction betw_een the flow 
field and· the electromagnetic field. The 
present results are well explained by one
dimensional calculations. 
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fUJI-1 BLOW-DOWN EXPERIMENTS 

. ental set u and conditions 
er~mperimental stu ies on the performance 

xlosed cycle MHD disk generator have 
8 ~onducted not only with the shock tube 

~i·ty but also with the FUJI-1 blow-down 
c1 7t The last series of power genera
ci11x;~riments, RUN6208, 6209 and 6210 were 
on.ed out with the new generator, DISK-F3a. 
rr1esystem of the FUJI-1 facility are ex
t~led in the earlier papers.(8,9] Figure 8 
a10 a schematic diagram of the DISK-F3a 
o~~ator. It has four pairs of water-cooled 
n electrodes, Al, A2, Cl and C2. The 
ngt (Al) and the second (A2) anodes are 
rsrnally short circuited, and the external 
td resistance is connected between the 
8 nd anode(A2) and the second cathode(C2). 
co insulating walls are made of silicon 
:ride. The channel also has optical win
s static pressure ports and electrical 

~b~S along the radical direction. 

The dimensions and the designed inlet· 
ach number of the DISK-F3 and DISK-F3a 
hannels are summarized in Table 2. The 
revious experimental results with the DISK-
3 channel showed the strong increase in 
tatic pressure, which suggested the remarka
le decrease of gas velocit~ owing to the 
trong MHD interaction.[3,SJ We have to 
educe the effect of flow deceleration in· 
rder to achieve higher performances. For 
he new DISK-F3a channel, the ratio of an 
xit cross sectional area to an inlet one is 
ncreased from 3.5 of the DISK-F3 to 4.2. 
t is noted that the designed inlet Mach 
umber is also increased from 2.3 to 2.6. 

The experimental conditions are shown in 
able 3. Argon seeded with cesium is used as 
orking medium. In this series of experi
ents, the stagnation pressure is changed as 

, 0.60 and 0.69 MPa in order to study the 
ts of stagnation pressure on generator 

for a given channel geometry. It 
noted that the thermal input is also 
from 2.57MW to 3.84~J corresponding 

Table 2 Dimensions and designed inlet Mach 
number of DISK-F3 and DISK-F3a generator. 

Chann.el DISK-F3 DISK-F3a 

Anode 
radius(mm) 160 160 
height (mm) 14.7 16.0 

2nd Cathode 
radius(mm) 380 380 
height(mm) 22.0 28.0 

Inlet Mach 
Number 2.3 2.6 

Area ratio 
(exit/inlet) 3. 5 4.2 
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to the change in stagnation pressure. Seed 
fractions are kept low in the order of 10-4 
for all runs. 

B-
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Wa 11 
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A1/A2 Anode 

C1:1st Cathode 
C2:2nd Cathode 

A2t 
Al 

Supersonic 
Nozzle 

Cone 

(Molybdenum) 

Fig.8 Schematic cross sectional view of 
the DISK-F3a generator. 

Table 3 Experimental conditions for FUJI-1 
blow-down experiments. 

RUN No. 6208 

Date 5,10,1989 

Working gas Ar+ Cs 

Stagnation gas 
temperature(K) 1850 

S t a gn a t i on g a s 
pressure (MPa) 0.46 

Thermal input(MW) 2.57 

Seed fraction 2.0-3.0 
(x10-4) 

6209 

6,10,1989 

Ar+ Cs 

1850 

0.60 

3.40 

1.1-i'.8 

6210 

6,10,1989 

Ar+ Cs 

1890 

0.69 

3.84 

1.6-1.7 

Magnetic field 
strebgth (Tl 4.4 (inlet) 2.7 (exit) 
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Typical time history of the upstream 
stagnation pressure, the seed frac~ion, the 
load resistance and the output Hall voltage 
in RUN6208 are shown in Fig.9. In this run, 
two values of seed fraction about 2xio-4 (50"' 
65sec) and 3x1Q-4 ( 70"'95sec) are ·examined. 
We can see noticeable fluctuation in measured 
seed fraction. It is reported that this 
fluctuation is the main cause of the fluctua
tion of output power.[4] In each period, 
the load resistance is changed stepwise in 
the range of 0.07n"'2.Sf2. We can see that 
the output Hall voltage shows also step-like 
change with the change of load resistance. 
This output voltage reaches up to 700V, which 
corresponds to the averaged Hall field of 
3.SkV/m for the case of 2.Sn. 

Hall Voltage-Hall Current Characteristic 
Hall voltage - Hall current characteris

tics for various stagnation pressures are 

IQ 
c:,.. 
::c 

0 
0. 

1. 0 ~--.-----.----,,---,----,----, 

RUN 6208 
Hot-Duct Pressure 

( Upstream Stagnation Pressure ) 

0.0--=----'---1..---'----'---'-----' 
4x1o- 4 ....---,---,----,-----,.-----,---....,..---, 

Fraction 

0 
10.0 

,...., Load 
C: 1. 0 Resistance 
....... 
-' a: o. 1 

0. 01 

1000 
,...., 
> Ha 11 Voltage 

....... 

.&: 
> 

0 
0 120 

Fig.9 Typical time traces of stagnation 
pressure, seed fraction, load resist
ance and output Hall voltage. 

> 

::. . .. 
~ ,. 
. 
= 

shown in Fig 10. It can be seen that Hall 
curreilt increases in the near short circuit 
regime and Hall voltage decrease in the near 
ope~ circuit regime when stagnation pressure 
is i~creased. This decrease in Hall voltage 
is ascribed to the decrease of Hall parameter 
as the pressure increases. It is known that 
the gradient of a voltage-current character
istic corresponds to an internal resistance 
of a plasma. We can see from Fig.10 that the 
internal resistance becomes large with the 
increase of gas pressure. 
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Fig.10 Hall voltage-Hall current character
istics for various stagnation pres
sures.(RUN6208, 6209 and 6210) 
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Fig.11 Output power vs. load resistance for 
various stagnation pressures. 
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Figures 11 and 12 show the obtained 
put power and enthalpy e~traction ratio 

out·nst the load resistance for various 
aga~nation pressures. The highest enthalpy 
staraction ratio of 15.77. is achieved with 
eit stagnation pressure of 0.46MPa, whereas 
the largest output power of 516.7KW and 
theresponding high output power density of 
cgrMW/m3 are extracted with the stagnation 
7 essure of 0.6MPa. It is important that 
~rr the case of 0.46MPa, which corresponds 

0 a part load condition by about 257. reduc
t~on of thermal input from the nominal condi
t:on of 0.6MPa, the obtained enthalpy ex
~~action ratio keeps the same level of over 
157. as the nominal value. This result 
u·gests the possibility of a part load 

sp!ration without significant degradation in 
0 nthalpic efficiency by means of reducing e . stagnation pressure. 

The value of load resistance which 
rovides the peak output power shifts to 

higher values as the pressure decreases. 
This can be ascribed to the increase of an 
internal impedance of a plasma due to the 
decrease of gas pressure. 

Hall Potential Distribution and Swirl 
:-- Measured Hall potential distributions 
along the radial direction are shown in 
Fig.13, when the output power reaches its 
maximum for each stagnation pressure. We can 
see that high Hall field can be measured even 
at the entrance of a channel for the lower 
stagnation pressure of 0.46MPa, whereas the 
negative Hall potential region appears near 

20 
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~ig,12 Enthalpy extraction ratio vs. load 
resistance for various pressures. 
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the anode in RUN6209 with the stagnation 
pressure of 0.6MPa. Low gas pressure and 
corresponding high Hall parameter results in 
thfl anhancement of Joule heating even in the 
supersonic nozzle, and therefore, the nega
tive Hall potential disappears in RUN6208. 
On the other hand, for the case of the higher 
stagnation pressure of 0.69MPa, the negative 
Hall potential at the entrance of the channel 
becomes much significant. This voltage drop 
reduces the output voltage very much and 
results in the reduction of output power. 

The swirl is defined as the ratio of an 
azimuthal component of gas velocity Ue to a 
radial component Ur. In the FUJI-1 experi
ments, this swirl is measured at the wedge 
which is located just downstream of channel 
exit as shown in Fig.8. Results are plotted 
in Fig.14 aga~nst the Hall current for var
ious stagnation pressures.· It can be seen 
that the negative swirl becomes large with 
the increase of Hall current. This is quite 
reasonable because this is induced by the 
Lorentz force Jr x B, The swirl is enhanced 
with the decrease of stagnation pressure. 
For lower gas pressures, the effect of this 
L~rentz force becomes relatively significant 
due to the decrease of the inertial force .. 
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Fig.13 Hall potential distributions along the 
radial direction for the stagnation 
pressures of 0.46, 0.6 and 0.69MPa. 
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Fig.14 Swirl at the exit of disk channel 
against the Hall current. 

Experiments with He/Cs Working Gas 
The shock tube experiments showed the 

advantage of using helium such as high in
duced voltage, high output power densit¥ and 
also high enthalpy extraction ratio. Ll,10] 
In the FUJI-1 facility, the experiments with 
a helium working gas are left to be studied. 
After the last power generation runs with an 
argon working gas, modification of the facil
ity and preparation for helium experiments 
have been carried out. The special atten
tions were paid to the electrical isolation 
because the output voltage is predicted to be 
above 3kV bwing to high velocity of helium. 
Hot helium blow was successfully completed in 
this March. The stagnation gas temperature 
of 1900K was measured and the thermal input 
was SMW with the helium flow rate of 
10000 Nm3/h. The first power generating 
experiments using He/Cs working gas will be 
conducted with the Disk-F3a channel in this 
May. Results will be presented at the con
ference. 

CONCLUSIONS 

Power generation experiments with closed 
cycle MHD disk generators were carried out at 
T.I.T. to demonstrate a high enthalpy extrac
tion. Concluding remarks were as follows. 

In the shock tube disk experiments, the 
effects of channel shape on generator per
formances were studied using helium seeded 
with cesium as working medium. More diver
gent channel geometry was effective to sus
tain high Hall field throughout the channel, 
and resulted in a remarkable increase in both 
the output power and enthalpy extraction 
ratio. The highest enthalpy extraction ratio 
of 27.3% was achieved with the new Disk-IV 
generator. Present experimental results of. 
the effect of channel shape on the generator 
performance, the Hall potential and the gas 
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velo~ity distributions agreed well with the 
results of one-dimensional calculations. 

In the FUJI-1 blow-down experiments, The 
new disk generator Disk-F3a with a large area 
ratio of the exit cross section to the inlet 
were installed, and performances were studied 
for various stagnation pressures. High 
output power of 516.7kW and corresponding 
power density of over 70MW/m3 were obtained 
with the nominal condition of stagnation 
pressure 0.6MPa. On the other hand, the 
highest enthalpy extraction ratio of 15.7% 
were achieved with the lower pressure of 0,46 
MPa, which corresponded to the 25% reduction 
of thermal input from the nominal case. This 
result suggested the possibility of a part 
load operation without significant degrada
tion in enthalpic efficiency by means of 
reducing s ta'.>1a tion pressure. For the case 
of higher stagnation pressure, the inlet 
negative Hall potential became much pro
nounced owing to small Joule heating, and 
reduced the output power. The swirl at the 
exit of the channel was measured and was en
hanced with the increase of Hall current and 
with the decrease of stagnation pressure. 

REFERENCES 

1 N .Harada, et al., "High Enthalpy Extraction 
from a Helium Driven· Disk MHD Generator," 
J. of Propulsion and Power, Vol.5, No.3, 
pp.353-357, 1989. 

2 N.Harada, et al., "High Performance 
Nonequilibrium Disk MHD Generator," Proc. 
10th Int. Conf. on MHD, Vol.III, pp.XII.7-
XII.14, 1989. 

3 H.Yamasaki, et al., "High Interaction Disk 
Experiments in The FUJI-1 Facility," Proc. 
26th Symp. on Eng. Aspects of MHD,pp.7.1.1-
7.1.7, 1988. . 

4 H.Yamasaki, et al., "High Enthalpy Extrac
tion in the FUJI-1 Disk Generator Experi
ments," Proc. of 10th Int. Conf. on MHD, 
Vol.III, pp.XII.30-XII.37, 1989. . 

5 H.Yamasaki,et al.,"High Enthalpy Extract1op, 
Experiments with the FUJI-1 Disk Generator 
Proc. of 27th Symp. on Eng. Aspects of MHD, 
pp.6.1.1-6.1.7, 1989. . 

6 D.Biswas, et al. ,"Boundary Layer Effects in 
He and Ar Driven Disk MHD Generators"EnergY 
Convs.and Mgmt.Vol.28,No.l,pp.105-115,1988, 

7 N .Harada, et al., "Performance of an Inert 
Gas Driven Disk MHD Generator," Proc. 27th 
Symp. on Eng. Aspects of MHD, pp.8.13,1-
8.13.8, 1989. . k 

8 H. Yamasaki, et al., "Closed Cycle MHD D1 5 

Experiments at T.I.T. 11
, Proc. of 23rd Symp, 

on Eng. Aspects of MHD, pp.430-438, 1985, 
9 N.Harada, et al., "Results of High Intera~: 

tion Experiments in Closed Cycle MHD fac 1,, 
lities at Tokyo Institute of TechnologY

0
, 

Proc. of 24th Symp. on Eng. Aspects of MH' 
pp.42-53, 1986. s 

10 N.Harada,et al.,"High Enthalpy Experiment,, 
with a Closed Cycle Disk MHD Generatorf 
Proc. of 9th Int. Conf. on MHD, Vol,1' 
pp.374-383, 1986. 

SEAM #28 (1990), Session: Generators B

https://edx.netl.doe.gov/dataset/seam-28

