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ABSTRACT

In this paper the experiences with the Eindhoven MHD 
blow-down facility are described. The attention is 
focussed especially on the construction of the genera-
tor channel, on the conditions necessary for optimum 
MHD operation and on the obtained results. The static 
pressure distributions indicate that the maximum en-
thalpy extraction (12.9%) has been obtained in the 
present hot flow train. For a further increase of the 
enthalpy extraction a modification of the hot flow 
train would be necessary.

INTRODUCTION

Figure 1 shows a line diagram of the Eindhoven MHD 
blow-down facility. Details of the operation of the 
facility have been presented in previous papers1,2,3 
With this facility eight measurement series have been 
carried out. In early experiments not more than four 
power runs could be performed consecutively and the 
measurement series had to be terminated because of 
mechanical failure of the generator channel4. Analysis 
of the structural problems and modification of the 
channel construction made it possible to perform 22 
power runs in measurement series 8 . Also important in 
this connection was the fact that the supersonic dif-
fuser which is partly situated within the magnetic 
field was changed from a stainless steel to an isolat-
ing wall construction. The experience with the men-
tioned constructions and with the operation of the 
facility is described in the next section. Further 
some results of the experiments will be presented. 
Results from special diagnostic techniques are pre-
sented in a separate paper at this conference^.

CONSTRUCTION AND OPERATION

The aerodynamic shape of the generator channels of the 
Eindhoven MHD blow-down facility have been determined 
by means of a quasi-one-dimensional generator model 
for operation in the segmented Faraday mode. This 
model does not include the ionization relaxation pro-
cess. The predictions of the model hold if the relax-
ation length is small with respect to the length of 
the generator. This condition can be met at suffi-
ciently high values of the magnetic induction or by 
appropriate pre-ionization.

One of the special constraints that the blow-down 
facility requires is that it has to exhaust into the

ambient atmosphere. The mechanical design was made for 
operation in the heat-sink mode. In the blow-down 
facility, generator channels are at room temperature 
just before the run starts. Due to the hot test gas 
(stagnation temperature 1900 K) the inner walls of the 
generator duct will be heated up suddenly. Therefore 
it is necessary that the applied inner wall material 
has a good thermal shock resistance. Also the material 
may not be attacked by the cesium in the test gas, 
meaning that a possible reaction of the material with 
cesium may not form an electrically conducting layer 
which could lead to short circuiting in the generator. 
Candidate materials for the inner wall of the genera-
tor channel are boron nitride and silicon nitride.

In a Faraday loaded MHD generator under operation 
conditions there is also an electric field in the 
axial direction in the order of 1000 V/m, the so call-
ed Hall-field. To prevent possible short circuiting 
the outer shell of the generator is made of glas fibre 
reinforced epoxy resin, and all the downstream compo-
nents are electrically insulated from ground. The 
maximum operating temperature of the epoxy is 400 K 
while the inner wall material can reach temperatures 
up to 1200 K. So a good thermal insulator is necessary 
between the inner wall and the outer shell and addi-
tional cooling of the epoxy after the run is requir-
ed .

During the eight series of measurements five different 
generator channels have been used all with an inlet 
Mach number of 1.66. In principle the construction of 
the channels has not changed very much. The main dif-
ferences between the last and the first channel are a 
simplification of the form of the inner wall plates to 
prevent stress concentrations due to notches and the 
use of ceramic bonding between inner wall plates and 
insulation plates to prevent a gas flow in between. 
Table I shows the design characteristics of the dif-
ferent channels. All channels have the same inlet and 
outlet cross section because always the same nozzle 
and diffuser system have been used (the outlet cross 
section is limited by the warm bore in the magnet). 
Therefore a change in divergence of the channel im-
plies a change of the length. Figure 2 gives an im-
pression of the construction of the channel used in 
series 7 and 8 .

In the measurement series 2 to 6 the planned experi-
mental program has always been interrupted due to 
mechanical problems with the generator channel. Anal-
ysis of the results learned that in the downstream 
part of the enerator and in the diffusor system large
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pressure fluctuations of about 1 bar at frequencies of 
1 kHz occurred. This is caused by an instationary 
power extraction process when the MHD conditions are 
not optimal. These fluctuations resulted in high me-
chanical stresses which combined with the present 
thermal stresses led to fracture of the ceramic mate-
rial. During the power runs of series 2 to 6 there was 
a large discrepancy between the measured static pres-
sure distribution and the theoretically calculated 
values (see figure 15). This was caused by the fact 
that the supersonic part of the diffuser, which was 
constructed of stainless steel, was partly located in 
a high magnetic field. Figure 3 shows the value of the 
maximum magnetic induction in generator and diffuser. 
Consequently the supersonic part of the diffuser work-
ed as a generator, short circuited in both Faraday and 
Hall direction. Therefore the interaction on the test 
gas was so high that the velocity decreased substan-
tially and consequently the pressure increased strong-
ly. In series 7 the stainless steel supersonic diffus-
er was partly replaced by an electrically insulated 
one and after run 810 this insulated part was enlarged 
with 0.216 m to decrease the maximum magnetic induc-
tion in the stainless steel part from 50% to 20% of 
the effective magnetic induction. Together with the 
replacement of load resistors which had a rather high 
self inductance (525 pH) by load resistors having a 
fairly low self inductance (1.15 pH) and an improve-
ment of the cesium injection, this has led to a situa-
tion without large pressure fluctuations in the gener-
ator channel and without the resulting mechanical 
problems.

As mentioned above the stainless steel supersonic 
diffuser has been partly replaced by an electrically 
insulated one after series 6 . Figure 4 shows the con-
struction of the insulated part of the supersonic 
diffuser. The inner wall is built up from small boron 
nitride tiles which are interlocked with the surround-
ing tiles by means of grooves and are individually 
fixed with a stainless steel bolt on insulated copper 
cooling panels. The small boron nitride tiles are 
provided with screw-thread in which a helicoil is 
placed. This construction is suitable for the purpose 
and is easy to make. To prevent short circuiting, the 
copper cooling panels have ceramic inserts and an 
araldite coating which is tested up to 2000 V. The 
araldite coating is maintained at temperatures below 
400 K by cooling the copper plates with water and by 
using an alumina fibre material between the boron 
nitride tiles and the coating. The coated copper cool-
ing panels are surrounded by a gas-tight glass fibre 
reinforced epoxy resin shell.

After measurement series 2 to 6 it has been concluded 
that proper MHD results cannot be obtained during the 
first power run after the installation has been expos-
ed to air. In such circumstances the level of molecu-
lar contaminants is generally very high due to outgas- 
sing of the channel walls. Figures 5 and 6 show that 
the contamination levels drop considerably from the 
first to the second run.

POWER EXTRACTION RESULTS

The most important parameters of various runs are 
shown in the tables II to IV. The experimental results 
have been obtained in 8 measurement series and include 
a total of about 50 runs. Rather than presenting the 
parameters of all runs in one large table the results 
are separated in three smaller tables at a (more or

less) constant value of the load resistance for ease 
of comparison. Measurement series 1 was used for ther-
mal and mechanical tests of the facility before the 
magnet was installed. In measurement series 2 and 3 
a maximum electrical power output of 362 kW (enthal-
py extraction = 7.2%) was produced in run 303 (see 
table II). In measurement series 4, 5 and 6 very low 
power outputs (from less than 1 kW up to 60 kW) were 
produced at the same loading conditions of the gen-
erator as in run 303. This can be explained by the 
very high level of molecular contaminants which was 
present during the power runs of measurement series 
4 and by the influence of the large self induction 
of the loads. After analysis of the problems and 
small modifications of the installation significant 
enthalpy extraction was again obtained in measurement 
series 7 and 8 . A maximum power output of 735 kW was 
obtained in run 808 which is illustrated in figure 7 
together with the magnetic induction as a function of 
time. The largest number of runs (a total of 25) was 
produced in measurement series 8 since the channel 
life no longer dictated the maximum experimental oper-
ating time. Due to this the influence of the variation 
of parameters on the electrical power output could be 
investigated extensively in this measurement series. 
Over all the experiments performed up to now the per-
centage of cesium seeding has been varied from 0 . 0 1 up 
to 0.2, the load resistance from 2.7 up to 9 Ohm and 
the stagnation pressure from 6 up to 8.7 bar. A vari-
ation of stagnation temperature has also been attemp-
ted but was difficult to obtain. Besides that the 
influence of the variation of segmentation length has 
been studied during runs 704 and 705. During these 
runs only the odd numbered electrodes were at first 
connected to 3.65 Ohm resistors. At the time of maxi-
mum magnetic induction this situation was switched to 
the condition in which all electrode pairs were con-
nected to 7.3 Ohm resisters. This change results in 
the same loading condition of the channel but the seg-
mentation length is halved (from 5.6 to 2.8 cm). The 
change in electrical power output was hardly notice-
able .

The best insight in the influence of the variation 
of cesium seeding on the power output has been obtain-
ed during the runs 703 and 802. In these runs the 
cesium flow was varied about a factor 2 (see table II) 
during 1 0 s around the condition of maximum magnetic 
induction so that the strength of the magnetic field 
varies only 10% (compare figure 7 for run 808). The 
interpretation of the results is not easy due to the 
hysteresis effect shown in figure 8 for run 808 but no 
significant influence of the seeding on the power 
output could be established. In order to limit prob-
lems due to accumulation of cesium the seeding percen-
tage was further chosen on the low side of the range 
investigated. The lowest value of cesium seeding of
0 .0 1 % during run 818 only resulted in a higher total 
Hall potential (1300 V which is about Z. times the 
normal value) but not in a larger power output (see 
table III).
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The influence of the variation of stagnation pressure 
on the maximum enthalpy extraction is plotted in fig-
ure 9. These results were obtained from runs 803, 804, 
807, 808 and 809 which were all performed with a load 
resistance of 3.6 Ohm (see table III). Since the 
maximum magnetic induction was limited to 4.3 T during 
run 804 the results plotted in figure 9 are taken at 
this common value of the magnetic induction. Due to 
the hysteresis effect shown in figure 8 there are in
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it general two different values of enthalpy extraction at 
: 4.3 T. For figure 9 the value of enthalpy extraction 
it-, at 4.3 T is taken at a time during the run larger than 

the time of maximum magnetic induction (compare figure 
7). As can be seen from table III there is a small 
variation in stagnation temperature and in cesium 
seeding during the runs used for figure 9. During 
the runs 803 and 809 which were both performed at 7 
bar, the stagnation temperature differed 40 K. The 
resulting change in enthalpy extraction at a value 
of 4.3 T equals one percentage point. Figure 9 indi-
cates that the enthalpy extraction reaches a maximum 
at a stagnation pressure between 7 and 8 bar. It 
should be mentioned that the runs from 811 to 825 have 
not been used for figure 9. The good reproducibility 
of results obtained during the runs 801 to 810 (espec-
ially runs 803 and 809) could not be duplicated during 

,, the runs from 811 to 825. In general the enthalpy 
extraction obtained during the runs 811 to 825 is 
considerably less then the value for a run with com- 
parable parameters in the series from 801 to 810. 
Table III shows that the runs 817 and 823 seem to form 
a favourable exception to this rule. An explanation of 
these discrepancies has not yet been identified.

The influence of a variation of load resistance ons
the enthalpy extraction is shown in figure 1 0 for a 
stagnation pressure of 7 bar. These results were ob-
tained from runs 802, 803, 805, 809 and 810; the plot-
ted data were taken at values of the magnetic induc-
tion of 4.3, 4.8 and 5.0 T. The data in figure 10 
indicate that the maximum enthalpy extraction is ob-
tained at a value of the load resistance between 2.7 
and 3.6 Ohm. An interesting point to note is the large 
difference at a load resistance of 5.4 Ohm between the 
enthalpy extraction at magnetic inductions of 4.3 and 
4.8 T. This is probably caused by the observed in- 

i;,; crease of water contamination during run 802 (the 
first power run after the channel has been exposed to 
the air) . 

a

As has been mentioned before the maximum enthalpy 
extraction of measurement series 2 and 3 has been 
limited to 7.2% whereas in later measurement series 

® the enthalpy extraction could be increased to 12.9%. 
An illustration of different behaviour of the MHD

- generator during measurement series 3 as compared to 
* measurement series 8 is shown in the current distribu-
- tions in figure 11. It is seen that the current is 
® about constant after the relaxation region in run 803

but the current decreases strongly in the second half 
■i; of the generator during run 302. Combined with the 

behaviour of the current of electrodepairs in the 
second half of the generator as a function of time 

iW this suggested Hall shorting problems during run 302. 
jjS Figure 12, however, shows that this is not supported 
ii’ by the measured Hall voltage distribution which is
ti positive for all values of x during both run 302 and
#'• run 803. The negative values of the Hall voltage in 
ini the inlet region of the generator as shown for run 703 

are explained by a partial Hall shorting to ground at 
the last observation window (near electrode 25). An-
other illustration of different behaviour of the MHD 
generator during measurement series 3 and 8 can be

I obtained by comparing the static pressure distribu-
tions given in the figures 13 and 14. The strong in- 

ji crease of static pressure in the second half of the
j,j generator during measurement series 3 could not be

explained by quasi-one-dimensional flow calculations 
even when the displacement thicknesses of the MHD 

}; boundary layers where taken into account®, (see figure 
\t 13) .

After modification of the first part of the supersonic 
diffuser into a construction with insulating walls the 
power output increased significantly and the pressure 
distribution in the MHD generator also changed strong-
ly. The latter fact is clearly illustrated in figure 
14 in which it is very noticeable that the pressure at 
the generator exit is much lower in the runs 803 and 
805 than in run 302 although the enthalpy extraction 
is a factor 2.8 larger. The static pressure profiles 
measured during the runs of series 7 and 8 are in 
agreement with quasi-one-dimensional flow calcula-
tions .

Figure 14 shows also very strikingly that the pressure 
at the exit of the generator increases gradually with 
increasing enthalpy extraction during measurement 
series 8 . From observation of figure 10 and from 
tables III and IV it is clear that a decrease of the 
load resistance from 3.6 to 2.7 Ohm did not lead to an 
increase of output power. In general the opposite 
effect would be expected unless boundary layer prob-
lems would have been encountered somewhere in the hot 
flow train. Figure 14 confirms this assumption al-
though the pressure distribution in the generator does 
not show a significant difference between curves 3 and 
4. The pressure distribution in the supersonic diffus-
er, however, changes significantly when the value of 
the load resistance is decreased from 3.6 to 2.7 Ohm. 
A similar phenomenon is observed when the gasdynamic 
flow is started up by increasing the stagnation pres-
sure up to its steady state value (t~15s). Also under 
those circumstances it is observed that the first 
indication that the flow is not supersonic throughout 
the entire generator and the entire supersonic diffus-
er, is a pressure increase at the downstream side of 
the latter component. It is therefore concluded from 
the pressure distributions in figure 14 that a load 
resistance of 2.7 Ohm implies too much MHD interaction 
for the present hot flow train at a stagnation pres-
sure of 7 bar. Maximum output power will thus be 
obtained at a value of the load resistance between 2.7 
and 3.6 Ohm; the optimum value will probably be closer 
to 3.6 than to 2.7 Ohm.

CONCLUSIONS

During the course of the experiments it was discovered 
that additional- requirements have to be fulfilled in 
order to guarantee optimum MHD conditions in a closed 
cycle blow-down facility. These requirements are the 
following:
- when the seed is injected in the form of a spray 

of small liquid droplets attention must be paid 
to provide a homogeneous distribution over the cross 
section.

- the molecular contamination of the generator medium 
(especially the water contamination) should be below 
1 0 0 ppm; this can be reached by using the first one 
or two runs of each measurement series for outgass- 
ing of the generator walls.

- components of the hot flow train inside the magnetic 
field should not contain metal walls in contact with 
the plasma in order to prevent short circuiting of 
internal electric currents.

- the external loads should not have a large self 
inductance because this will prevent the creation of 
a sufficient number of streamers.

When optimum MHD conditions and thus a sufficient 
number of streamers are present, the power extraction 
process and thus the static pressures do not show
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fluctuations on a time scale of the characteristic 
flow time. Under those circumstances the thermal and 
mechanical problems of a heat sink channel have been 
solved so that many runs could be obtained within one 
measurement series.

The experimental data obtained in measurement series 7 
and 8 give the possibility to improve the modelling of 
closed cycle MHD generators. This is part of the pre-
sent research program of our group and is reported in 
a separate paper at this symposium7.
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Table I. Characteristic data of the generator channels.

Channel number 1 2 3 4 5

series of measurement 1+2 3 4+5 6 7+8

material inner wall BN Si3N4 BN BN Si3N4

material insulation porous
alumina

porous
alumina

alumina 
f ibre

alumina
fibre

alumina 
f ibre

material outer shell epoxy
resin

epoxy
resin

epoxy
resin

epoxy
resin

epoxy
resin

material electrodes stainless
steel

stainless
steel

molyb-
denum

stainless
steel

stainless
steel

number of electrodes 32 32 32 25 25

width electrodes (mm) 4 4 7 8 8

pitch electrodes (mm) 25 25 25 28 28

inlet area (mm2) 50x150 50x150 50x150 50x150 50x150

outlet area (mm2) 180x150 180x150 180x150 180x150 180x150

length (mm) 800 800 800 700 700

window pairs (number) 2 2 1 3 3

pressure probes (number) 5 5 4 16 14

voltage probes (number) 3x5 3x5 3x5 4x12 4x12

thermocouples (number) 27 27 21 19 19
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Table II. Parameters of various runs at a load resistance of about 6 Ohm

Explanation of the symbols

Tg: stagnation temperature
p : stagnation pressure
B: magnetic induction
Rl: load resistance
Cs: molecular fraction of cesium
P : electrical power output
r| t: enthalpy extraction 
1^0: water contamination level
N2: nitrogen contamination level
CC>2 : carbon dioxide contamination

level

Table III. Parameters of various runs at a load resistance of about 4 Ohm (and 
at low contamination levels).

Run
(ft

Ps
(bar)

B
(T)

rl
(0)

W Pe max 
(kW)

^ent
(%)

h 2o
(ppm)

n 2
(ppm)

co2
(ppm)

205 1910 7.2 5.3 4 0.05 286 5.8 60 60

803 1940 7.0 5.2 3.6 0.075 621 12.9 < 1 0 0 < 50 150

804 1930 6 . 0 4.3 3.6 0.08 424 1 0 . 2 1 0 0 < 50 < 20

807 1920 8 . 0 5.2 3.6 0.06 667 1 2 . 2 400 < 50 < 20

808 1910 8.7 5.5 3.6 0 . 1 0 735 12.3 < 1 0 0 < 50 < 20

809 1900 7.0 5.0 3.6 0.07 530 1 1 . 0 < 1 0 0 < 50 < 20

817 1920 7.3 5.3 3.6 0.09 538 1 0 . 8

818 1920 7.3 5.5 3.6 0 . 0 1 392 7.8 < 60 < 40 < 40

821 1890 8 . 1 5.2 3.6 0.07 320 5.8 60 60 < 20

822 1910 8 . 2 5.6 3.6 0.06 401 7.1 < 40 50 < 20

823 1890 7.3 5.4 3.6 0.07 489 9.8 < 40 < 20 < 20

Run T

art
Ps
(bar)

B
(T)

rl
(0 )

Cs
(%)

Pe max 
(kW) n?%)

h 2o
(ppm)

N 2
(ppm)

CO 2 
(ppm)

204 1870 7.2 5.3 6 0.04 270 5.6 60 25

303 1900 7.4 5.1 6 0.14 362 7.2 50 2 0 0

702 1920 7.2 5.2 5.6 0 . 1 1 393 7.9 150 1 0 0 < 20

703 1910 7.2 5.1 5.6 0 .1 1 -
0 . 2 0

413 8.5 125 1 0 0 < 20

802 1920 7.0 4.8 5.4 0.06-
0.15

404 8.4 2500a) < 50 250a)

a) measurement strongly influenced by impurities in the detection system.

Table IV. Parameters of various runs at a load resistance of 2.7 Ohm.

Run Ts
(K)

Ps
(bar)

B
(T)

Cs
(%)

Pe max 
(kW)

Pent
(%)

h 2o
(ppm)

n 2
(ppm)

CO 2
(ppm)

805 1930 7.1 5.0 0.06 591 1 2 . 1 < 1 0 0 < 50 < 20

806 1940 8 . 0 5.0 0.055 652 1 1 . 8 250 < 50 < 20

819 1900 7.3 5.0 0.075 304 6 . 1 < 60 < 40 < 40
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Ifi

Fig. 1 Line diagram of the MHD blow-down facility. Fig. 2 Construction of the generator channel.

21

Fig. 3 Magnetic 
distance

induction (B) as a function of the 
in the hot flow-train.

Fig. 4 Construction of the supersonic diffuser.
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H20 (ppm) mass spectrometer measurement

20 30 40 50 60

t (s)

N2 (ppm) mass spectrometer measurement

t (s)

Fig. 5 Molecular impurity level of H20 during 
runs 701 and 702. The power extraction 
of run 702 is from 40 to 60 s.

Pe (kW) B (T)

t (s)

Fig. 7 Electrical power output (Pe) and
magnetic induction (B) during run 808.

^ent

0.15
l5

0 . 1 0

0.05

0
5 6 7 8 9 10

----> Ps (bar)

Fig. 9 Enthalpy extraction (hen )̂ as a function 
of stagnation pressure (ps) at B = 4.3 T 

and R L = 3.6 ohm.

1------- 1------- 1 T

1930 K

J________ I--------L

1940 K

+
+

1900 K

1920 K 
+

1910 K

Fig. 6 Molecular impurity level of N2 during 
runs 701 and 702. The power extraction 
of run 702 is from 40 to 60 s.

Pe (kW)

Fig. 8 Electrical power output (Pe) as a function 
of magnetic induction (B) during run 808. 
Note that the arrow indicates the direction 
of increasing time.

^ent

0 1 2 3 4 5 6 7 8

4.3 T 
4.8 T 
5.0 T

----> R (ohm)^

Fig. 10 Enthalpy extraction (hent) as a function 
of load resistance (RL) at ps = 7 bar.
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I (A)

----» x (m)

Fig. 11 Current distribution (I) for runs 302 and 
803 at maximum power extraction as a 
function of distance in the generator.

VH (V)

----»■ x (m)

Fig. 12 Hall voltage distribution (VH) in the
generator channel for runs 302, 703 and 803.

P (Pa)

3
* 1 0

Fig. 13 Static pressure (p) as a function of distance 
in generator, supersonic diffuser and 
subsonic diffuser (P = 230 kW).

P (Pa) 

3
*10

Fig. 14 Static pressure (p) as a function of distance 
in the hot flow train (generator and diffuser) , 
1: run 802, hent= 8.4% (B=4.8T, RL=5.4 ohm), 

run 810, r)ent= 9-2% (B=5.4T, RL=7.3 ohm), 
run 803, i)ent=12.9% (B=5.2T, RL=3.6 ohm),

2 : 
3:
4: run 805, T)ent=12.1% (B=5.0T, RL=2.7 ohm).
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