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Feasibility Study on Advanced FBR Utilizing Gravitational Field [II]

- Fundamental Research on Autonomous Heat Removal System by Using
' Two-Phase Natural Circulation -

Masaki Saito®, Nobuo Yamaoka®, Keiji Mivazaki®

ABSTRACT ,

Fundamental characteristics of an autonmous energy conversion system using the
two-phase natural circulation combined with llquld-netal magnetohydrodynamic (LMMHD)
technology were investigated theuretxcally and experlmEntally to examine the
possxbnlxtxes for simplifying the energy conversion system and increasing safety
characteristics of an LMFBR.

Firstly, the cycle analyses were performed to examine the fundamental
characteristics of the energy transfer and conversion of the present system for the
various combinations of the working fluids such as Water and Mercury as the
thermodynamic fluids, and Woods metal and Tin as the MHD working fluids. The results
are quite encouraging as summmarized below. |

The cycle efficiency and electrical output power are sufficiently competitive with
those of the conventional steam turbine cycle; The cycle efficiency, however,

‘depends strongly on the vapor-liquid slip ratio at the two-phase upcomer and the

generator efficiency at the single phase downcomer. [t was also found that the
cycle efficiency is very dull to efficiencies of the separator, regenerator and the
circular pump for the thermodynamic working fluid.

As the results of the above cycle analyses, it was found that the cycle efficiency
depends strongly on the vapor-liquid slip ratio at the two-phase upcomer. Therefore,
the experiments of the two-phase natural circuiation were performed by using Woods
metal (melting point: 70°C, dersity: 9.5g/cm®) and nitrogen gas as the working
fluids to investigate the fundamental characteristics of the two-phase natura!
circulation, especially vapor liquid slip ratio at the upcomer,

The experimental results are summarlzed below.

* Department of Nuclear Engineerihg. Faculty‘of Engineering,‘ﬂsaka University. J




(1) The gas-liquid slip ratioc decreases gradually with increasing mass flow rate of
nitrogen gas up to void fraction of about 135, because the mass flow rate of the
liquid metal increases rapidly with increasing that of nitrogen gas. After that,
the slip ratio turns to increase gradually with increasing mass flow of niirogen
gas because of the change of the two-phase flow pattern. The increase of liquid -
metal mass flow rate also became very dull to nitrogen gas mass [low rate at
higher void fraction because of the same reason.

(2) The void fraction at the two-phase upcomer can be correlated well with the

Froude number based on the superficial liquid velocity and quality :

‘ 0,33 0,78 ~0,22
a=87 (x/1—-x) (Fr) (pl/pg)

By the above correlation, the slip ratio at the two-phase upcomer can be
estimated empirically.
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ADVANCED FBR ENERGY CONVERSION SYSTEM USING TWO-PHASE NATURAL ‘i
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ABSTRACT

Fundamental charactaristlcs of an advanced FBR‘anﬁrnv conversion system
using the two-Phasa.natufal clrcu}ation comblined with thgfllquld mgt;l HHD
¥ technology wera ,lnvsstigatﬁd theoretlcallv ;nd axperlmontall?.. The cvcla
analyses performed for the comblnatlons of the worklnn flulds.¥uch as Woods ?
-ﬁ - metal- water and tin-mercury show that the cvcle efflclancv of the -prusent
.h system is competitive with that of the conventlonal steam turblne SVstam 1t
is .+ however, found that it depends strongly on the gos-liquid L|iP ratlo. ‘ ﬁ
Based on the experiments performad with Woods matal o; water, and nitronen

gas. # new experimental correlation to predict the vold fraction in the . two~

'Q phase natural circulation Is obtained.
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.. INTRODUCTION .

-
I

For safaty and sconomical Improvenants of & nuclear rnactor plant,
simplification of the design and tha Introduction of thas sutonomous safety
features using passive and szalf-evident natyral phenomena are necessary. The
FBR cooled by the Iiqulid metal has high .possibilitlies to.be simplifisd and to
Improve the safety by using the liquid metal MHD toehnolonv. The two-phase
natural clrculation can be combinad with the llquid matal MHD power ganerstion
to simplify the system and Improve the safety of the LMFBRs. where the system
is arranged vertically for the effective two- hhasa natural clrculatlon. which
original! concept was proposad by Branover et al.17¢22:3)

This system has many promising aspects in the safety and economical
Amprovements of the LMFBRs as well as energy convarsion feature. For the
detalled assessment on the appiicability of this system to the LMFBRs. howev-
er, more theoretical and experimental efforts are required. Tharefore. as &
part of the assessment. In the present paper. the cycle analyges were per~
formed to examine ths sensitivities of the performance charactaristics to the
system parameters for the combinations of the working flulds such as Woods
metal-water and tin -mercury. To investigate the fundamentasl characteristics
of the two-phasa natural circulation, the axparlu.nts were also plrformed with
Woods meta! or water. and nltronen gas,

i, DESCRIPTION OF THE SYSTEM

The concépt of the present system {s shown in Flg. 1. The system flow and
temperaturs-ontropy disgrams are shown in Figs. 2 and 3. The system arranged
‘veartically for the effective two-phase natural clrculation by the ersvitation-
al force. The thormodynamic working fluid, that is the volatije fluld, Is
heated and evaporated at the heat source, and then mixed with the [lquid
metal, that Is the MHD working fluld, or It Is Injected directly .into the
high temperature liquld metal at ths mixer, and then heated and svaporated by
the llquid metal. The thesrmodynamic esnergy of the vapor is converted to the
gravitational snergy and the kinstic enargy of the liquid metal during the
expansion in the *wo-phase upcomer. The vapor !s separated from the liquid

metal at the separator locatad horlzontally at the end of the two-phass upcom-

er. and then circulates through the regenarator and the condenser to the heat
source by the circular pump. On the other hand. the llquld metal saparated
from the vapor phase flows downward In the sinple-phase downcomsr through the

' MHD generstor channel, and then returns to the mixer through the heat source

by the natural circulation wlthout any cireulnr PUmMP.

ln the application cf the presant system to LMFBRs, the following attrac-
tive features on the energy conversion. the safety and the econamical |ssues
can be summarized. ‘ '
Enarav convarslon feature

The expansion process of tha vapor In the two-phass uptomsr |s expected
to be nearly lsothesrmal because the vapor is reheated continucusiy by the sur-
rounding hiogh temperatura liquid metal during the expansion. which give us
the hiph possiblility for the establishment of the tycle similar to the Erica-~
s0n cvelq.wlth high efflciency., .Stablas., simple and hlgh performances are
‘also expscted In the single-phase. llqulg 1;tal qHD gensrator compared with
the two-phase lliguid metal N.JD genarator® 5,6 The wnergy loss for the
gas=-liquld separation will be reduced In the horizontal separator under rela-

-8~
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- tlively low fluld velocity. . s
Sataty festure - R o B S Ty

The abssnce of movfnnimebhanicdl‘psrt; that 1§ the circular pume for the

[1quid metal, makes the plant simple and Improves the inherent safety feature.

If the primary cooling systém is coupled with the present system by the MHD
flow courler® . both primary and secondary coolants can be clirculated by the
gravitational force and the plant will be fread from the troublas dus to the

fallures of the two liquid-metal circular pumps. In the case'.of loss' of the

elsctrical power suppiy, the MHD ganerator Is turned off automatically and the
residual hest can be removed sasily by the two-phase natural circulation w!th
well designed sccumulated high pressurs gas system, and then followed by the
sinogle-phase natural circulation for long term haat removal. The problem of
‘the sodium-water Interaction can be also excludad by the proper combinstion of
the working fluids. Becauss of the vertical system arrangsment, the presant
system may be suitable to the nuclesr plant sited undsr the ground, where the
contalnment ability of the fission products released In the accldents will be
tmproved by the natural physical and chemical barriers of strata and the prob-
lem of the earthquake wil! be also reduced. ' ‘ :

Economical festure : : - , :
Absance of the llquid-metal circular pump, the steam=turbine penarator:
and Its buildine makes the plant very simpie. [t may be also possible that the
steam gensrator is excluded if the thermodynamic working fluld Is designed to
be injected directly into the high tamperature MHD working flutd, that is the
direct contact steam ganeration®’. Co B '

I1t. CYCLE ANALYSES

Applying mass. momentum and enervy balance equations for both working
flulds in each component shown in Fig. 2, the cycle anatyses wers performed
based on the following maln assumptions: N o

(i) The frictional loss is Ignored in all components : o
(2) The thermodynamic fluld Is mixed with the Ilquid metal with the same
. temperature and pressure. The mixing loss Is ighored. ' S
 (3) ‘During the expansion of the vapor in the two-phase upcomer, the tharmal
“equilibrium betwsen the vapor and the ligquld phases and the Iso-entropy
oxpansion of the two-phase flow are assumed. The vapor ' Is treated  as
fdeal gas. The cross saction of ths two-phase upcomer |s constant.
(4) The [lquid phase separated from the gas phase with the same temperature

‘and pressure loses the kinetic snergy due to the separation loss. '

(5) Heat due to the Joule loss In the MHD gansrator and the pumping loss is
refeased out of the systenm. . | | SR

The cycle efficiency and the generator. output power per unit mass flow

rate of ‘the two-phase flow In the Woods metal-water gystem are shown In Flys. .

‘4 and 5. respectively, as a function of the Inlet void fraction In the two-
phase upcomer, where the gas-liquid slip ratlio In the two-phase upcomer. and
the efficliency of each component are assumed unity and the minimum system
temperature Is fixed as 320 K. It s tlearly swen that ths cvcle efficiencies
decreaso gradually with the Increase of the inlat void fractlor. The reason:ls

explained as follows. Since the vapor Is surrounded by .the hoi‘llquldnmatpl.

Its  expansion In' the ‘two-phase upcomar I8 almost Isothermal In: the case of
smallar void fraction. . Howsver, whan the vold fraction increases, the dls-
crepancy from tha isothermal :expansion becomes larger, that Igf'tho decreasse

_.*97-‘- |
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of the temperature becomes larger during ths expansion. On ths other hgnd;
the generator output powsrs incrsase rapidiy with the Increase of the Inlet
vold fraction because of the Incraase of the heat removed from the primary
heat source as increasing of the vapor mass flow rate. "

Tha depondsncieas of thu cvclo afflclancv and tho davice afflcloncv {nor~-
mallzed cycle aefficlency by that of Carnot oycle). upon the maximum system
temperature are shown In Fig. 8, whera the Inlet void fraction Is fixed as
30X. The cycle efflclency Increases with Increase of the maximum system. tem-
perature, as axpected About 70% or more of the device efficlency |s seen In
Fig. 6. Figure T shows the. .dependencies of the thermai Input and the nanorator
output powars per unit mass flow rate of the two~phase flow upon the maximum
system temparature. Both Input and output pawars -Increase with the Increase of
the maxIimum systam temperature. bacause the work dus to the expanslion of the
vapor In the two-phase upcomer Incraases by the Increass of the maxlmum systam
pressure with Increase uf the maximum system tempersture.

Figure 8 shows the sensitivities of the cvcla efflciency to the efficlen~
cy of each component. The cycle efficlency depends strongly on the MHD genera-
tor efficiency. 1t is, however. very duil to the efflciencies of the separa-
tor. the regenerator and the pump. Flgure 9 shows the sensitivity of tha
cycle efficisncy to the pas-ligquid slip ratio in the two-phase upcomer, where
the gas-llquid siip ratlo |ls assumed constant along the two- -phase upcomer. As
expected, the cycle efficiency depends very strongly on the gas-liquld siip
ratio In the two-phase upcomer. This means that thes two-phase natural circula-
tion with small gas-liquld slip ratio is required to establish tha high
performance characteristics in tha present system,

For the heat sourcs with higher tamparatura. marcury and potassium are
considered as a.candlidate for the thermodynamic working flvid. Therefors, for
example, tin-mercury system can be used as a teoplne cycle for the Woods
metai-water system. An exampfe of the overall cycle =fficlency of thisx com-
bined system |s shown In Fig. 10, as a function of the max|mum system tempera~
ture of the bottoming cycle, (Woods - ‘metal-watar system). In this calculation:
20°C of the temperature difference is assumed for tha‘.ntermedlate heat 8x-
changer between the bottoming cycia and ths topplnn ons, Although thls com-
blned system is not optimized yet, more than 40 % of . tha theoretical tharmal
efficlency can ba expscted. Tuble 1 shows an,; example nf the plant spaclflca-
tion of this combined system In the case of 5nm 3/sac of the liquid volumetric
flow rate, where it Is assumud that the efficlancy of] 'each component Is 0.8
and the gas~liquid slip ratlo is equal to unity. Y :

i
]

IV. EXPERIMENTS‘OF'TWO-PHASE NATURAE CIRCULATION :

. As described in the pravicus section., the cycle nffiviency of ths prasent
system depends very strongly on the gas-ilquld silp ratlo in the two-phase
upcomsr. lt'ls, however, very difficult to sstimate the uns-liquid silp ratio
theoretically or empirically, espucla’ly In tha heavy 1lqaid: metal two-phase
natural clrcufation. Therefors.. t.e experiments of the two-phase natural
circulation were performed by using Wood's metal(meiting point:70%C, density:

. 9.5 g/cm®) and nitrogen pas as the workinp flulds to Invcstlunta the fundamen-

tal charactaristics of the two-phase. natursl circulationi. especially gas-
lquid slip ratio (i.s. void fraction) .in the two-phase upiomer. To sea the

~effects ' of the density o! the liiquid: phase and scallng of the clrculation’

loop ' on the gas-liquid slip ratio, additionsl sxperiments were performed by,
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water end nitrogen gas with different sxperimental Fpparates.

Figere 11 shows the experimental aspirstus for Woods metal-nitroven gas ;
two-phase natura! clirculation. The test focp is made of stainlezzs steel typa :
316. The height of 2he test loop is about 2.5 m and the insida diameter of tha
loer is 31.3 mm. The nitrogen gas was injectad inte Woods metal fiow throush
sbout 110 holes with the diameter of 1| wm drilled on the ‘tubs wall In the
nixing section. The nitrogen pax was dischargsed from ths syster into the
atmosphare aftar separated from the liguid phase at the saparator lecated at
tha top of the Zwvo-phase upcomer. The iiquid muss flow rate was massured by
‘ . the electromagnetic fiowmeler. The void fraction in ths two-phase upcomer was:
i | calculated by Yhe preassurs difference, ilgnoring tha Tricticnal! and wccelars-
- tiona! Josses. Ths expariments wers performed at the tamparature of abeut 150
®C. Figure 12 shows tha experimental appsrates for water~nitrogen a3 two-
rhase natural circulation., which is made of fucid plastic. The height of  the
logr i3 sbout 3.8 a and the inside dismeter of the leer is 82 me. The vatlocity
of water was messured by the cclored dye at the singie-phase downcomer. Both
trnnrlnoqts wers performed with the gaz mass fiow rate up to sbout 2 g/sec.

The liquid mass flow rates and the saz-liquld siip» ratio in the both
experiments are plotted versus the gas mass flow rate in Flios. 13 and 14,
respectively. In the case of the witer-nitrogen two-phasas naturai circxfation,
the fiow pattern was slways the bubdly fiow. The sas-liquid slip ratio de-
Creasss rapidly down to near unity in the reston of the smaltt gws Tlow rate.
because the linuid mass flow rate increases rapidly (n this region as the oes
mass flow rate is increased. as shown in Flg. 12, In the region ef highar
sas flow rete up to 2 g/%ec.. the gay ~tiauid slip ratio keers near unity in
spite of increasing of gas mezs flow rate because of the enchanged fiow
pattern. In the expsriments with Woods matal-nitregsen gas. the gas~Tiquid sity
[atio decreases up to the void fraction of about 13 X {(aquality of sbout Ex10”

} with increasing mass flow rate of nitregsn ses bdecause the lieuid mass flow
rate increases rapidly with increasing that ef nitrogen gas. After that, the
slip ratio turns te increass rapidly with increasing ges wass flow rate. This
sudden changs is perhaps caused by ths chanses of the flow rattern from the
bubbly to slus flow. The incrasss of the tisuid mass flow rate also becemes
very cull to the gas mass f!ow rate st the higher void fructien because of the
same rexson. B ' '

In Fig. 15, the experimental void fractions ars comparad with the empirl-
cal coarrelation obteined by Unger et al. ’. which !s described as:

@=0.4018 (X/(1-%))0.328 ¢ 0.04 (p,/p 10.309 M

where X, o, Pgr Fr mre aquality, densities of the |iquid and gas phases.
and Froude number based 25 ke sueerficial liquld velocity. Their correlation
predicts considerabiy higher valuas. This large discrepancy may come Trom the
difference of the flow pattern., since their experiments were rerformed with
mercury-nitrogen gas and mercury-R1!$ In the region of higher void fraction
(20%-TO0X). In Fia. 16. the experimental veid fr};tluns sre wlse tompored with
another corrslation obtsined by Sarizawas et a!. !} ’. which is described as:

a-r-/n»xa’mmx_) | ‘ )

whars K=g (P,rp )vao's. Vg is the ;uﬁorftetll‘llquii velncltv; end &=} 3
for bubbly fiew and E»1.0 for steg or annubar flow. Thll'eorrulat!on-prodlegs
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better but still higher vasluas.

, The naw otplrlczl corrulatlaa Is chtained baszsed on ths vrlctnt .xvurl-
menis &5 dascribed below:

@=10.3 80-85 (081 ,p ;0.51 L ®
where B i1z the volumstric flow rats qulllti. It is seer in Fia. 17 that ths
void fractions In tha two-phass natural clrculltlon of tttur and n!trnltn as
are &also arcdictcd wail by Eq.fal

v. CONCLUSIONS

Fundamental charactaristics of ths sdvanced FBR snargy conversion system
using the lisuid metal twa-phase navarai clregiation combinad with [leulid-
metal MHD technclosy wers investigsated theorsticaily and axserimantatlly.

‘ The cycle sanalyses parformed for ths combinations of the working fluids
such as Woods metal-water snd tin-mercury shows that the .cycla efficiency of
the prasent syxtem Is comretitive with that of ths corvsntiona! stesm turbine
cvcle. It Is. bowever. found that it dtponds vary stronllv cn the ltt‘ll!ﬂld
glip rutlo Ia the two-phass upcomar.

.To investigate the fundementa! characteristics of the two-shase natural
circuiation. ths experiments wers alsc parformed by using Woods wmatal er
water. and nitrogsen sas as the working fluids. The void fraction in beth

. experiments can ba corralated wal!l with the volums flow rate «wality. Froeds
numbar based on the supearficisi liquid veleclity, and tha density ratio de-
twaen the gus and liquid phases:

a = 10.3 B0.55 £, 0.81 (p sp 0.5

For ua}n dntaitcd assis:c&nts~§f the present system. mora research
effarts ars. required, sspecially to extabilsh thas [lavid metal two-phasa
natural clreulation with smalf am:—llnuld stip ratio. ‘
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' Table 1 Example of" plant speclfication
of combined system o

i Woods metal| Sn-Hg
| - Hy0
, - Max. system | 640 803
L . temp. (K) ¥
' Min. system| 320 | . 663
temp.(K) | S

i Lig. £low

? ratem’/s) | g 5

i Gas flow. | 147 | . 1094
P Tate(Kg/s)
1 Input power | 500.8 [410.7
1 (MW) ?

i Output . | 150 | s1.5
1 power (MW) |
] Efficiency | 0.209 0.125
1 Total output power | 201.5 MW

] Overall Efficiency| 0.387

E Each component efficliency=0.8

) Gas- ~liquid slip ratio=1.0

$

8 . | o L ==
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