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ABSTRACT during recent years /3-6/. High enthalpy
extraction was obsgrved in experiments with
Seed fraction fluctuation and ionization shock tube driven disk MHD generator - 32.5 %
instability are discussed as a reason of /3,41, X”d fFUJL'1 blow;dow?f_faplllty. § 1? %
plasma nonuniformities and fluctuations of MHD /5’6/: S or |sentr0p|9 erricrency in these
generator performances nearly fully ionized experiments and  previous  ones it was
seed. The measurements of seed fraction noticeable  less  than calculated —one in
fluctuations and radiation from plasma taken agsumftlon that tonization instability IS
during recent experiments with FUJI -1 a senA. fonif ; 0] ‘h
facility, experiments with a model of seed .  stgnitican Intluence upon €
injection system with water instead of seed, isentropic efficiency can be exerted by two
linear and nonlinear theory of ionization kinds of phenomena. One includes gas-dynamic
instability are used for this purpose. Three losses (h” boun#ary Iﬁyers, obligue thCk
different ranges of fluctuations freguency of waves, ~ etc.). ¢ other —one 1s plasma
plasma parameters were detected in nonun|I0rm|t|is and qucLuat|onih of b'MH?
experiments: several hertz, about 100 hertz generator perrormances whic are € subjec
ang several tens kilohertz. First two are of this paper. Seed fraction fluctuation
caused by imperfection of existent seed and ionization instability are discussed as a
injection system. As for fluctuations with a ;?as?n ti %f ?Ia;ﬂg 1Fﬂyﬂ'ffrm't:fsrm nand
freguency about several tens kilohertz those uctuations  of generato pertormances
were observed even at highest enthalpy nearly ful[y ionized sged. The measyrements of
extraction Seed fraction space seed fraction fluptuatlons and rad}at|on from
nonuniformities caused by droplet structure of Ebi??? }:ffpitfurlgfkegfﬁfgfs %fff;'ge%zzeW'g?
seed injection and ionization instability are - . ' ;
examined as possible reasons for this kind of seed |n|ﬁpt|on system W'HW water |$stead 01
fluctuations. Seed fraction space seed, L lnear . %ﬂﬂ.t nonfinear d t $ory thp
nonuniformities are seemed one of the reasons 'SP';SE'On Be!ﬁ%éz : ;i% lgre m§§:| O%r seéz
of these fluctuations in FUJI-1 experiments. purp A i o pt S iaad of ;
| t is pointed out the necessity of injection system wi water instead of cesium
considerable improvement of seed injection has been used for gualitative investigations
svstem in order to increase MHD ower of nonuniformities and fluctuations caused by
ynv rsion efficien p imperfection of existent at FUJI-1 facility
conversion etticiency. seed injection system.
INTRODUCT I ON RESULTS OF EXPERIMENTS WITH FUJI-1 FACILITY
To achieve high values of both enthalpy Seed injection and measurement systems
extraction and isentropic efficiency of
noneguilibrium MHD generator it is necessary Schematic of seed injection system of the
to provide the absence of output parameters FUJI-1 facility is shown in Fig.l Detailed
fluctuations and local plasma nonuniformities description of seed injection. 'and seed
'2 ;fe qﬂgle ‘qy;ggzngf Mﬁggdﬁﬂan”egd l%uihli fraction measurement system was presented in
gagameters f?uctuations and gIocal plagga th? paper4/8;.) The Ligui%tcesium gtypiffl T'?W
X - . . . rate is g/s is broug pneumatically into
gﬁnulﬂnifﬂﬁ;ﬁéﬁl iﬁf dﬂlilrt pissﬁﬂ$e éﬁglgfgfg pipe with preheated argon (typical flow rate
p : yp g is 30 g/s) at the T-shaped mixing section.
are c%n3|der?d.th , o I Argon-cesium mixture is transported trough the
ne o0 e main sources 0 oca two phase flow pipe to multihole nozzle and
properties is the ionization instability. The upstream the main argon flow (flow rate is 2 -
linear theory of the ionization instability 5 kg/s). There are optical windows at 1.3 -
predicts that MHD-plasma is stable at nearly 1.4 m before the nozzle of MHD generator to
g“!' seed ;9”'éat'°? /1f2£' Th=3 t?%”ﬁept '? measure seed fraction by absorption of laser
eing realize a 0KYO nstrtute 0 diode radiation. The diameter of radiation
Technology and good results have been achieved beam which cross the hot duct is about 10 mm.
o ' ' _ _ Besides an induction type level gauge is used
"MVisiting Scientist from Siberian Energy at seed tank to measure cesium flow rate. So
Institute, Irkutsk, Russia two independent methods of seed fraction
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measurements are used.

Fig. 1. Schematic of seed injection system at FUJI-1 facility

For the measurements of plasma radiation
two optical windows (diameter 8 mm) in one of
MHD channel walls were used: upstream at r =
295 mm and downstream at r = 360 mm. Wall
windows are provided by glass fiber without
image transferring and after beam splitters
connected with photomultipliers and
polychromator with spectral multychannel
analyzer (SMA). This system is spectral
sensitive, can provide high time resolution
and integrate lighting from plasma cylinder
with diameter 8mm.

Fluctuations of seed fraction and radiation
from plasma

In this paper performances fluctuations
and plasma nonuniformities detected in the run
A8108 are discussed. Seed fraction ~change
during this run is shown in Fig.2.

Fig.2. Time dependence of seed fraction in run A8108

Low frequency (several hertz) seed
fraction fluctuations are shown in Fig.3.
These fluctuations were observed only at low
seed fraction (less than 3E-4) during run
A8108 and were absent in the next run A8109
which was arranged at the same conditions. The
difference is that seed injection system was
cleaned up before run A8109. Probably the

IX.13.2

reason for these fluctuations during run A8
is some solid phase impurity inside feeding
pipes.
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Fig.3. Low frequency seed fraction fluctuations
Figure 4 shows fluctuations with a

frequency about 100 Hz. Fluctuations with this
frequency always exist in FUJI-1 experiments.
Apparently the reason of these fluctuations is
the result of some gasdynamic instability
development either in hot duct near seed
injection nozzle or inside the pipe for two
phase flow before seed injection nozzle.
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The measurements of local radiation from

plasma with high time resolution were
performed during recent experiments with
FUJI-1 facility. Fig.5 shows high frequency
fluctuations of plasma radiation which also
always were observed during run A8108. strait
lines on this figure indicate signal at the
absence of radiation (calibration level).
Considerable radiation fluctuations have been
detected even at highest values of enthalpy
extraction. |t means that the plasma is still
locally nonuniform and suppression of these
nonuniformities is the way for further
improvement of MHD power conversion

efficiency.
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Cs-line 6P-6S(894.3 nm), R=0.295 m
Run A8108, Sample time 60[s]

Ar-line 4P-4S(811.5 nm), R=0.360 m
Run A8108, Sample time 60][s]

EXPERIMENTS WITH A MODEL OF SEED [INJECTION
SYSTEM

In order to investigate the fluctuations
and nonuniformities which arise from
imperfection of existence at FUJI-1 facility
seed injection system its simple model with
water instead of cesium has been used (Fig.6).

Some new qualitative results were
obtained with this model. It can be clearly

seen even visually that
T-shaped mixing section practically does not
mix with gas phase and flows on the internal
surface of the pipe. Horizontal orientation of
this pipe lead to wunsimmetric injection of
liquid into hot duct: Ilower part of hot duct
takes more seed compare to upper part

Diameter distributions of droplets after
multihole nozzle are measured in these
experiments. Figure 7 shows an example of
relative frequency versus droplets diameter.
Average diameter of droplets is about 40 mkm.

One of conclusions from these experiments
is that low frequency (4 Hz and 100 Hz)
fluctuations of seed fraction in FUJI -1
experiments are obviously caused by
imperfection of existent injection
system.

THEORETICAL
FLUCTUATIONS

liquid phase after the

seed

ANALYSIS OF HIGH FREQUENCY

High
radiation

nonuniformities
caused by two

frequency
can be

of plasma
kind of
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Fig.6. Schematic of water model of seed injection system

Fig.7. Distributions of droplets sizes

phenomena. First one is the ionization
instability which ~can be developed either
because of imperfect shape of MHD channel
leading to impossibility of full seed
ionization in whole volume of MHD channel at
any load resistance or because of metastable
plasma state nearly full seed ionization
/9,10/ leading to the nonlinear
nonuniformities development under existence of
disturbances with high enough amplitude.
Second one is space fluctuations of seed
fraction caused by droplet structure of seed
injection.
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lonization instability at fully ionized seed

|t follows from linear 11,2/ and
quasilinear theory /7/ that the boundaries of
stable plasma region nearly fully ionized seed
are very sensitive to plasma parameters
fluctuations. Seed fraction fluctuations must
have the amplitude 1less than 5%. It can be
seen from fig.8 borrowed from /11,12/. But
seed fraction fluctuations have the amplitude
about 40% even at highest power output (see
fig.4). It means that conditions for
ionization instability suppression by fully
ionized seed do not realize in FUJI -1
experiments and ionization instability must be
developed. In this case considerable
fluctuations of Hall voltage have to repeat in
synchronism the fluctuations of seed fraction
with relatively higher amplitude as follows
from sharp shape of voltage-current
characteristics (see fig.8). But Hall current
weakly fluctuate at highest power output (see
fig.4). At the same time if seed fraction
fluctuations amplitude is about 40% the
average power output must be several times
lower compare to designed one in assumption of
stable plasma. That <can be seen also from
fig.8. But in fact enthalpy extraction at 63s
in the run A8108 is almost 20% that also can
not be explained from <considered point of
view.

Radial current (kAl
Fig.8. Voltage-current characteristics for various seed fraction

On the other hand seed fraction in
experiments "with hicjh enthalpy extraction was
about 1x10 - 4x10 That was considerable
higher <compare to calculated one (less than
Ixio'4) .

Possible reason for high frequency
radiation fluctuations and at the same time
for ionization instability reduction can be
space seed fraction fluctuations in
MHD-channel caused by droplets of seed in hot
duct.

Space plasma nonuniformities caused by seed
droplets

Existent at FUJI -1 facility seed
injection system feed main flow by liquid
droplets of cesium. High seed fraction spots
appear in main argon flow after vaporization
each droplet downstream from the seed
injecting nozzle. The distance between seed
injecting nozzle and MHD-channel is not high
enough to mix argon with cesium properly and
get uniform seed fraction. Some space
fluctuations of seed fraction in MHD-channel
caused by droplets in hot duct are expected.

IX.13.4

In order to estimate the amplitude of these
fluctuations it is necessary to consider
pretty complicated processes of droplet
vaporization and diffusion of seed vapor in
turbulent argon flow. As for frequency of
these fluctuations it can be estimated much
more easy.

Let us consider the dependence of
fluctuations frequency on droplets sizes at
given seed fraction in assumptions that al
seed droplets have the same diameter d. Each
droplet of seed contains the amount of seed ms

ms = 1/6m f3psi (1)
where psi is the mass density of liquid seed.
After full vaporization this amount of seed ms
takes the volume va

Vd= ms/psv (2)
where psv is the average mass density of seed
in wvapor phase, psv. can be calculated in
dependence from gas pressure P, gas
temperature T and seed fraction S as
psv = pasSP/(kT) 3)
where pas is the mass of seed atom and k is
the Boltzmann's <constant. Using (3)-(5) the
average distance between seed droplets 8 is
6 = d/2[7ipsikT/(PSpas) |1/3 4)
and droplet number density na is
nd = 6PSpas/ (kTnd3ps)\) (5)
The frequency f of seed fluctuations and as a

sequence current fluctuations can be estimated

as

f v/8 (6)

where v is the gas velocity, or, using

(4)

2w/(dﬁrpsikTV(PSpas)]1ﬂ}

f 7
between

of seed
of seed
of FUJI-1
Estimated
hundred

the distance
frequency f
from diameter

parameters

in Fig.9.

of magnitude
of run  A8108. This
estimated frequency and the frequency of
radiation from plasma in FUJI-1 experiments
(see Fig.5) coincide in order of magnitude. It
means that fluctuations of radiation from
plasma can be caused by space seed fraction
fluctuations. Probably these fluctuations can
improve effective plasma parameters by means
of ionization instability reduction /13/.

Dependencies of
droplets 8 and the
fraction fluctuations
droplets d for typical
experiment are given
frequency has the order
kHz for conditions

CONCLUDING REMARKS

Three different
frequency were detected
: 3-5 Hz, 100-200 Hz and
all of them caused by
existence at FUJI-1 facility
injection system.

Existent at
injection system

ranges of fluctuations
in FUJI-1 experiments

10-30 kHz. Probably
imperfection of
liquid phase seed

FUJI -1
needed

facility seed

is in considerable
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S

Ar+Cs;S.F.=5E-5;Pst=0.6MPa;Tst=2000K;

M=1.7:P=0.111MPa:T=1016K:w==1007m/s: x

Distance

Frequency

Fig.9. Frequency of seed fraction fluctuations
To eliminate first two kind of
and theirs negative influence on
performances the piston dosage
liquid cesium, improvement of feed
injection nozzles are considered.
lonization instability can not explain
main details of fluctuations of MHD generator
performances and plasma parameters. Seed
fraction space nonuniformities can be one of
the reasons of high frequency fluctuations of
radiation from plasma. It necessary to
investigate these phenomena more deeply in
order to eliminate all kinds of fluctuations
and improve MHD generator performances.

improvement.
fluctuations
MHD channel
system of
duct and

is
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