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Atstract

Detailed data were nhtained for the world's
first high-temperature two-phaese Tiquid-relal
MHD generator under cpen-circuit conditicns,
Eoth single-phase {sodium) ann two-phase (sodium
and nitrogen) flows were used in the tenperature
range of ~430 to ~7qU K. The datda presentsd
includes pressures, voltzges, end <lip ratios
{ratio of gus velocity to liguid velocity). The
two-phase pressure-gradient data were predicted
well by a simplitied two-phase FiHl} correlation
that includes the effeet of a pure-liquid <shunt
layer betwsen the electredes. The slip ratio is
shown to decredse with increasing temperatore,
implying higher generator and system efficien-
cies; this anticipated re<ult was a prire reason
for performing these experiments.

I. 1 troduction

One of “the most critical steps in demon-
strating-the tochnical feasibility of the LEMHD
{liquid-retal t4D) concept s to test a LM¥HD
generator at necar-actual cycle condilions, in
particular, at or near operating trmperature.

In addition to showing that a high-temperature
LEMHD generetor can be huilt end operated
successfully, such tests wili hopefully verify
an anticipated increase in qenerator performance
with increasing temperature (due to a decrease
in slip ratio, i.e., the ratio of gas velocity
to liquid velocity). The 1978 test results
utilizing the world's first experimental high-
temperature two-phase [MV¥HD generetcr, which
was desiygned, febriceted, end testcd at Argonne
National Laboratory {ANL), are presented herein,

Detailed data were gathered under open-circuit
conditions for both single-phase (sodium) and
two-phase (sodium-nitrogen) flows in the tem-
perature renge from ~3% to ~/4C K. The
generator operated at elevated temperatures for
a total of 37% hours, including nine carplete
thermal cycles.

In Section II the facility and generator
used for these tests are described briefly. The
test conditions end instrumentation are presented
in Section 111, and the generator pressure gra-
dient and electrode voltage results summarized
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in Sections IV and YV, respoitively. The siip
ratio findines, which duply ot ancrease in
generator ef faciency wiln teiperatire, ore
discussed in Section Vi.
IT. The fucility wnd Generator

The high-terpersture cody mi-nitregen LMIHD
facility used four Lrene ool described
elsewnere, provides prescribed flons of Tiquig
sodium [design floa rate of 25 ky/s L 0,79 “ra
absolute (115 psia) at 610 K} snd gisecus nitro-

gen [design flow rate of G135 kqg/s 3t 1.03 WP
absolute (150 puia) ot 810 ] ot tenperatures
from ~480 to ~a10 ¥ (~400 to ~ILLU'F). The
sodium and nitragen are miged, passed through
the test-section (i.e., genrretor) duct in tne
presence of transverse magaetic flux densities
of up to 0.9 T, and then s.narated. Tne sodium
is recirculated by en electromagnetic puwmp, and
the nitrogen is vented to the strosphere after
removal of any traces of sodium carryover.

The first experimanta) high-temperature
LEMHY generator, HI-1, the targest gencertor
employed to date in ANL's qgenerator prograw, is
shown in 1ig. 1. IL was de<igned to have a
poder ocutput of approximalely 70 kwe, and has
approximately @ four-times-greater cross- sec
tional area than previous (embient-teaprrature)
nqenerators. (For a comparison with othier AhL
LNMHD generators see (Fig. 1 of the companion
| FMHD generator paper.3) The gonerator (Fig. 1)
is basically a linearly-tapered, rectancular,
thin metal duct, with a 10.2-cm {(4.0-9n.) uniform
clectirede spacing and a veriable insulating wall
spacing of 5.1 to 6.9 cm (2.0 tc 2.7 in.}. The
flow area cross section thus increases along the
flow direction so as to maintain a constant
ligquid velocity of 15.24 m/s (50 ft/s}) at the
design conditions and, hence, a constant
c¢lectrode voltege throughout the length of ihe
qcnerator.  Because no insulator cempatible wit!
high-velocity, high-terperature sodium is
readily availalbe, the flow channel walls arc
fabricated from type 304 stainless steel. The
duct wall is made as thin as structurally
possible to minimize shorting current losses
The 10.2-cm (4-1in.) channel side walls perpen
dicular to the magnetic field are 0.020 cm
(0.008 in.) thick, and are electron beam welded
{o the 0.051-cm (0.020-1n.) thick electrode
walls. T1he heavy copper electrodes are brazced
to the latter walls. Structural backup is
provided, as shown in Fig. 1.

111. Test Conditions and Instrumentation

The objective of these high-temperature
LMMHD generator tests was to establish the
baseline performance of the generator over the
temperature range of approximately 500 to 600 K.
These tests were conducted under open-circuit
conditions, i.e., without the generator's load

e




reciotors inctalles ocguge of tee o, " 7-ra
conducting wallo. te L corresponges S s Taad
foaotor of aboub G370 e Grimaer

o the dnveotiget on of teoneraturs
perticaler, var IERCARR TR ¥, ) PR
Leri-phan presgrs o lientg valt.
s wiith temper at e nd other g tea paca-

e hers,,

The generator 0 teasily dnstrooented for
opceratinon and dataecoascation purno
[hirty-neven Syate orracbera-—ine Tadg
conductimg wallo, i rorrenponded Loy 2 1oad
fertor of aboust G970 The primary ooongs1s wWas
on the dnvestigation of Ueiperatuyre ofiects, in
particular, variations an single-nha e g

twi-phase pressurs oredienta, volte, and slip
ralias with temperatoure and other yatos para-
nebers,

The grnerator i< hicavily inste o ented for

operalion and data-arouinition purps o,
Thirty-sev:n system poraraiers--inel iy
temperatures, pressures, flaow rabes, woltanes,
magnetic flux density, end void fraction, --re-
guirved for qgenerator porformeace angly J
addition to 13 other <ystem nonitor foras
wiere reagsared, scareed, and stored by Lo
facility data acquisilion system duyring cach
erperimental rur.  free prosoure ditferance along
the test sect’ dian toanured] with orgen pressure
transducers spared alenn ope generatlar olectrode
wall, The inlet o presuure wes conitored with
an additional pres,ure trensducer, aod inlot
Yiguid and gas teeperetures by mecns of thermo-
couplos located hetweon the cuter pipe walle and
the piping insulation,  Mass floa vate, ond
mixture gualitioy wiere Colonlated froeo tie
volumetric flow rates measurced by the reonective
Viquid {eleclraragnetic) and 2an ficaeters, the
pressures, and the Leoperatures, A transverse
megnetic {ield along 57 cm (22.7% in.) of

the epproximate centor region ot the oenerator
was provided by d do iron-core el-ctronnst,

and the flux den,ily was G-termin=d by i«ans of
the voltage drop across the calibrated current
shunt.  Voltages along the positive and negative
electrodes were weasured by means of five voltage
teps alang each «i.rtrode.  Thulius /0 nena-ray
sources were utilized in conjunction with
detector/counter insirumentation to dotormine

the void fraction profilers at thres stetions
along the grnorator axis.

The standard estimates of error for para-
mater values within the ecperating rangs were
sedium mass Tlow rate, 3.1%; nitrgoaen nniss flow
rate, 5.1%; temperature, 0.5%; pressure, 3.5%;
maqgnetic flux density, 0.6%; wall voltage, 0.1%;
and average void fraction, 13.8%.

A total of 14 single-phase (sodium) and
32 two-phase (sodium-nirogen) tests were con-
ducted over a range of sodium mass flow rates
(14 to 28 kg/s), nitrogen mass flow rates (0 to
0.4 ka/s), average magnetic flux densities (0 to
0.97), and temperatures {490 to 735 K).

JV. Pressure Measurements

Pressure Profile

The resultant pressure-gradient data for
all single-phase floss correlate lincarly with
the magnetic flux density squared. A typical
display of the influence of magnetic flux
density, B, on the pressure profile along the

nenerstoe A ocr o in Fig0 7 for data ohtsired
E S A R B I R A A LAl RIS
slight .re AN It 2oy the
Tengin, e cane 1ol Dl 72, an exDeted

LesCouns U Givergenos 68 the cniannel requires
that tn.- Pty decrese. For B F 0, the

aharp deers :rotne Qereralor
inlet, o, rorupred b e olient dacrestn or even
increans fowe Bigo 7 rt Refl 2) near the erit,
Fig.2, 1o rharacterintic of Lare-tigquid MU flow
N a divergirg-ares cnarrel. TR prissure
profile 1o tre reoplt of craliting currerts
which « geteerstion feeac the aniet end

pumpring irothe Bt

ra.oure

2oin pree, e

A Lyoical dicplay of the anfluence of
magnetic fluc density snd natrgm wass flow rate
on the pressure profile for constant nitrogoen
mass flow rate is shown in fig. 3. For loaer
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magnetic {lus densities, ce 2 and 5, the
generator pressure differencs is rather low. As
the flus dersaty is incresess, cases 3 and &

the pre.sure diffarence becoros Jarger, but it
is still relatively low, eo typical tor the
open-circuit case. [ntreasing the sodium ress
flow rate Lat maintaining o constant rearnatic
flux densty end nitrogen mans flow rate yieid, o
stight in<resse in the generator prescure
differcare, a5 shown by caves 3 and 4. for
constent wodiun nass floa rate and temperastuce,
the Genserator pressure difference increases, with
increasing serrage void traction, as i1lu.trated
in Fig. 4. [tie neneratar progqura difforancs
was proportinnal to the qquare of the raanetic
flux dennity for aimost al’ of the fwo-phise
Cases faamined,

Two-Phass Correlation

Preyiongs two-phase presore gradient .ty
gathered o Al for Loth civoalar and rect oo uiae
testesection geometrie, have correlated guite
suceessfully with the pneic ians of o btwa-phace
MHD presoire-gradient rode]. 44,0 Thus, the-
model wis catleaded to it a IMMHD goneretor with
very thin, canducting walls between the el-c-
trodes end eperated under open-circuit conditions.

for a rect onogular Genrator geognetry ot
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fp/ 2 is the pressure gradient, & the distance
between the first and last pressure transducers
(approximately equal to the generator length),
and d, the average channel hydraulic diameter.
The values for Mrp, Rerp, and “Tp are calcu-
lated assuming the two-phase liquid velocity
given by




U=t - ) (3)
v

endd the two-phiose conductivity

ey

o =g esn(-3.37) (4)

0f Betrick o Lo ahere

average void frectivg ang o™ loe

Tiguid velowity.,  Thus,
HTP =B dh i exp(-1.9 ) (%)
and
s
[l dh
Repp =2 - : (6)

resity, ebectricald

and o, G, and ;p oare the sodiun
conductivity, and

The two-phise conductivity ratio is
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tternel reninlance, o the

10 Lhe two-phe,n
ard w Lhe cveragn chemos)

celectrode spaing,
height paraile) Lo Lo The cquivaelont roternagd
resistance, Ro,u, ig the perallel conbiimation
of the very thin concucting walls,

N a
Rw - O \ (9)
sst

and the liguid-rtal shunt leyer,/

. a
Ron © z5ia > (10)
wvhere %oy iu the stainlesc ooy TN
i the conducting wall thickness (0.020 cm), and

& the shunt Yayer thickness., The nhynt Tay=r
thickness has been shown by Lykoudis® te be

-2/3
b= 3 M (1

Hote that w is the upper limit to the shunt
layer thickness (it could be Jews} and that tho
end resistance Kgpg was not included in Royt

as the data fit very well to the the=ory. lhe
contributicn of Hapq is Jesw then too wroer
tainly in Rgp.

The two-phase normalized resistance coeffi-
cients frem the pressure-gradient data are
compared with the theoretical predictions in
Fig. 5. The least-squares fit c¢f the data
agreed quite well with the theoretical prediction,
to within 20% (correlation cosfficient = 0.85,
standard error of estimate = 0.09j.
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was A prime motivation fer these high-temperalur:
experiments.

The variation 1o F .ith temperature s hest
observed by coinparing velurs at the same gas-to
ligquid volume ratio. Using the definitions of
the two-phase mixture average hold-up (retin of
e to-lotal o cotent T and 4
eVOrage veid froctie {0ocio o o aneto-tol
flow cross-sectional areas), <, the relation
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con be derived, whare , oo, ) i tho vatie o
gas to liquid volume flow rates and o/(1-a) is
the rativ of gas-t. DViguid flms cross-seclianal
areas. Lquation {12} indicates that as R
approaches unity a larqer ratio of gas-ta-Tiquid
flow cross-u tional o e, e, darger /(1-
values are aciicved vor thye sane ralio of yes (G
liquid volume flow rates, i.c., more of the
channei is filled with gas.

The values of B/{1-B) and @/ (1-7) for o)}
two-phase data obtaeined at temperatures of 520 K
and 66D K and B from 0.3 7 to 0.97 are
Blotted in Fig. 9. A significant decrease in
K is observed for the higher temperature, as anti-
c¢ipated, particularly for the larger values of

N
1



NASETAN

1/(“%}
Auo no
for the

lowsr E

Th

high-temperetura tuo-phase |

grnonst
the rat
velocit
informa
finding

“hoan by onicher
M A ‘/1;,-‘.)
)

Lo unity

EOTYIN T I IO

{5 Aer g
Voo .",T e
ticesh o ey
hinner Tround-r

J{1-3) values

Vo e

VI, Conclusions
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ental daty

e eanerin

rabed the dogired regglt)
10 of the qa, velocity Lo The Tidyd
Yy With increasing terpersture,  [his
tion, when cambined with tre o510 ve
s in the rrrpunyon anbient-tenperature

generator paper, 3 provide r(m/l'-cl.n; spidenee
that larqge, mgn-efficiancy two-pha., [1E9Y)
generators can be developed for pranLlcul phacr
systems.

HOMENCLATURE
a electrode <pacing

1. System Design Description
erature Liguid-Metal

Div.
No.

average magnelic flux density

dy averane channel hydraulic digieeter,
2aw/(atd)

g average Siip ratio

2 Tenyth hetwieen first wd lant gonerator
presaure trannrurars

thy gas nass flow rate

ihy liquid mass {low rote ,

M Hartaann nusdor, Bda 7/

p pressure

Q volumetric flow rate

Re Reynolds nuirber, pud/a

Rext  equivalent csternal resintance

Ry internal generator resistence, of tus

Ren stiunt Tay-r resistance, of/27 55

Ry wall resistance, a/?uthe

t thickness of wall betwern generator
electrodes

T temperature

u velncity

us superficial liquid velonity, ty/rwa

W average channel height perallel to 8

a average voiu fraction uqo~/(quy + Kihoog)

£ averese hold-up, 9,./(0,. T

w shiuat dayer thcrn-—f ’

&p pressure difference betwoen first and last
g.nerator transducers

3 resistance coefficient, (-Ap/2)-(2d/m?)

A* normalized resistance cocificient, Mo~ g

u absolute viscosity of sodium

o density of sodium

o clectrical conductivity of sodium

Ogst electrical conductivity of stainless steel

9 conductivity ratio, Ri/Rpyt

Subscripts

9 gas

] liquid

sp single phase

sst stainless steel

TP two phase

Acronyms

ANL Argonne National taboratory

LMMHD  1iquid Metal Magnetohydrodynamic
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