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A Two-Phase-Flow Coo)ing Cancept for Fusion

Reactor Blankats

D. 1. Bender and M. A, Moffman

1. Introduction

The search for the “best™ coolant for future fusion reactors employing
magnetic confinement has been in progress for almost a decade now. However, the
results of the canceptual design studies employing many different working
fluids have been somewhat discouraging. Each of the coolants studied to
date seems to have one or more Serfous drawbacks o difficulties assoctated
with {t. The principal coolants considered to date are derjved mainly from
fission reactor and space power supply technolugy: tiey inciude alkalf
metals (1iquid Tithium and builing potassium), helium, mo)ten salts such as
flibe (UZBEF“) and water. The positive dand neqative characteristics of
gach of these coolants have been roviewed recently in References (1] and [2?
in some detail. im addition, Reference [1] contains an impressive and sober-
ing list of the many constraiat< aad bgundary conditions imposed by the
magnetic fusion reactor environment which the thermal-hydraulics system
designer must try to satisfy. HWe will only briefly summarize some of the
principal findings to date and then discuss a new two-phase cooling conceot

which has many of the desired chardcteristics for magnetic fusion reactors.



[n order to ghtain a tritiem hreedina ratin arcater than unity the
blanket syrrounding the plasma must contain a larqe fraction of lithium {or
Tithium compound) and also must have a low structural fraction an the order
of §* to 10°, The low structure fraction minimizes the undesirable 14 MeV
noutron-structure reactions, resulting in vood neutrnn ecoannmy in the blanyet,
The thermal-hydraulic design is thus restricted to employing as law a coal-
ant pressure as possible, Since increasing coolant pressure requices in-
creasing the amount of structure required to maintain the conlant pressure
vessel (i.e., the blanket structure) fintegrity.

In arder to have reasonably high thermal efficioncy for the fusion
powerplant, it is necessary to run the blanket at hioh peak temperatures
somewhere in the range from 900 to 1100 K denending on the desian noals. At
the same time, it is hiqnly desirable to have as uniform a temnerature as
possible thrputhut the blanket to minimize thermal stresses.

Liquid 1ithium is capable of operating at these high temperatures
and requires only a relatively small temperature rise,typically tess than
INN°C, for enerqy absorption and transfer. ‘owever, the very laroe MHD
pressure drop [2) occuring when this liquid retal travertes the hioh magaetic
firlds employed in these reactor designs results §n very high cnnlant inlet
nressures.  This cooling scheme would thus require 8 hinh structural fraction
in the blanket to take the large forces and cossible excessive pumpina nower
requirements as well,

Experience in the desiqgn of gas-cooled fissfon reactors has shown
that helfum pressured of about 50 atmospheres (5MPa} and He temperature

rises of about 200 - 300 °C through the core are required to maintain an
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acceptably low pumping pawer. Hellum thus violates the low pressure constraint.
Nonetheless many conceptual design studies have been based on the use of

helium coolant. The 9as cooling schemes require relatively high caclant out-
let temperatures from the hlanket for high thermal efficiency. The use of

a stainless steel structures limits the peak gas temperature to less than

about 000 K, so that high temperatures can be obtained only by going to re-
fractory metal alloys if the structural fraction is to be kept acceptably

Tow. However, present indicatfons are that at temperatures in excess of

900 - 1000 K. trace impurities in helium may cause severe corrosion problems

in the refractory metals [1,3].

Water has been excluded as a possible working fluid at high temnerature
since  the pressures would be intolerably high and corrosion problems would be
unmanageable. These two considerations 1imit modern supercritical steam
power plants to throttle steam conditions of about 1200 °F (925 K} and
500N psi (34 MPa) [4). Also. water adds the complication of tritium contamina-
tion in the form of TZD'

The flow of flibe in a magnetic field results in an MHD pressure drop
which 1s much lower than that for the alkali metals, due to a significantly
lower electrical conductivity. However, the ¥V X B induced emf in the flibe
(due to its finite electrica) conductivity) may cause an unacceptsble degree
of decomposftion of the flibe, and resultant corrgsion of the structure [5}
in addftion. the strong magnetic fields tend tc suppress the turbulence in
the flow, resulting in very poor, near-laminar heat transfer coefficients
for Flibe. For these reasons flihe has besn considered a poor coolant choice.

The use of boiling potase{um has been proposed as a way to circumvent
many of the above problems, and {ts many advantages are cited in Reference [ni.

However, upon closer inspection, several problems with its use in magnetic
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fusinn reactorsy have been identified. One of the most severe probiems is
related to magnetic effects. It was thought initially that the use of the
enthalpy of vaporization of the potassium would result in low enough Vinuid
flow rates at the inlets to the blanket modules to make the maanetic precoure
drops negligible, towever, 9 more detatied analysis has revealed that the
pressures required 10 pump the Viguid potassium across the maonetic field
into the reactor blanket are high cnough to cause serfous stress problems

i the anlet remons of  ceaventicnal thew ducts F29).

In an attempt to take sdvantae of the rany jood features of boiling
motassiumaancluding tts Jow-pressure, ninh-tempersture capshilities, as well
as the very low temprrature arddicents possible in the blanket structure, &
new two-phase-flow concent (4 proposed (0 this waper which affery the pramise

of overcaming the above MHD aroblem,

2. Proposed Caclynt Concept

Tne new two-phase heat transfer medium proposed  is a “teture of
wetasnsium droplets and heliue which permits tlanhet operation at nigh Lempera-
ture and low pressure, while maintaining acceptabile pumping pewer requirements,
voolant ducting size, and blanket structure fractions,

For this particular study of a hiah-temperature, high-#"*1ciency
awer alant. we assumed bo1ling patassium in the blanket at 907 940 € to
romave the dlanket heat.  The potassium vapor is then recondensed outside the
“lanket, refecting the feat to a potassium topping cycle (which has an upeer
Seeparalyre of B5Y 1) Thpse conditions requbt an sdpar areqsares of 12 2 ate
A T LM i tae Manket, and reasonable ductinn sizes since the hinh

e eatian petnalng 0fF aatassiar ples Comparatiyely weall rang Flow rates Th
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blanket cooling technigue also has the advantaqe of a small fluid temperatuse
change in the blanket {~ 50 °C), re .lting in a blanket structure with small
temperature gradients and therefore relatively minor thermal stress problems.

As has been demonstrated in the spacepower prugram, A number of structural materials
such as Nb-1Zr are compatable with high temperature potassium {6.7].

However, transporting the liguid potassium into the blanket retains
the problem of the MID pressure drop. To circumvent this undesirable inter-
act{on, we have borrowed from experience gained in the development of two-
phase liguid-metal MHD nenmerators. ‘lere, it was learned that in two-phase
mistures of liquid metal and 2 gas such as nitrogen or helfum, the MMD
interaction between the fluid and the 8 fleld esseat{ally ceased for void
fractions {(ratio of helium volume to total fluid volume) in excess of about
AS: [8,9]. This is due to the fact that a* high void fraction, the flow can
be in the form of liquia droplets dispersed in a continuous gas phase with
the proper choice of gas flow rate and mix{ng scheme. [n this state, the
mixture exhitits the electrical conductivity of the gas phase, which is orders
of magnitude lower than the liquid metal electrical conductivity. The ratic of
liquid potassium depsity to helium density at 900 °C and 60 psia (G.4 MPa) is in
excess of 3000, so that only a small He quality {He/total fluid mass fraction)
is required. This fact, coupled with the low potassium flow rate mentioned
abave, results in low pumping power for the He flow as well as for the
potassium Flow,

A schematic of the primary heat transfer lgop is shown in Figure 1.

The two-phase flor. is created in the mixer section, where the liyuid potassium
i5 injected int: the helium flow, the potissium underguing atomization and
thus taking the form of small liquid droplets dispersed in the qas phase [0a].

The two-phase mixture is then transoorted into the hlanket. HWe have assumed,
in our aralysis, that there is neqliqible MHD interaction in this mist flow reaime.
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Aq The tyuophace mixture passes throuagh the heat qensrating reqinn in the planket

sassiur drepiots are vapnrized. Tn chtain the high heat transfer
ronfErcinrts typical oF nucinate botling in potassium, the hoilar tubes in
the nlanket contafn twictof helical inserts. [11.12] These inserts centrifudn

Praquicd drnplets quaiast tne tube wa'll, where they underqo boiling and are
manrited.  Thys the basling process arvalves transferring heat from the tuhe
will directly to tnhe Viquid, resultirg ia a kigh heat transfer cocfficient,
Without the 1nterts, the nedt would have to he transferred throush the aas
shase into the Tingid Arapleta. resulting in a law heat transfer cocfficient
and therpfare o conqiderable nigher tube wall temaeraturc and a larqger heat
transfer area.  The penalty pyid fnr onploying the inserts ts a higher prassure
Arnp than would octur withaut the inserts, vince the inserts {ncreasa the
surface area and fluid velocity.

The hoiler is desiqned to vaporize RV of the potassium flow, 1.0, the
potassium exit quality from the fuel reqion is 0.B, DNata on boilinn with
helical inserts [10,11] ingicate that the inserts cannot sustain the high

boiling heat transfer coefficients much above an BD* quality.

The flow lecaving the blanket §5 thus a mixture af "wet” potastium
vapor and heliym whith should experience no ™D fortes. This flow $s tramsported
to a heat exchanger, where the potassium iy recondensed, rejecting the blanket
hest (plus pumping power) to the potassium tonnine cycle. The cendensatian af the
potassium separatas the potassium and helium flows, and the two flulds are
drawn off separately from the heat exchander. Also shown in Figure ! 5 a
separator, which may be required if there is some carry-gver of notassium
liquid in the He strmam. The n.lium is compressed in a multistage compressor,
the potassium pressure raised in a pump, and the twa flows comhined in the

micer before re-entry into the hlanket.



We 2150 note that the He/liguld metal twn-phase flow technigue ts
amenable to the design of a non-bofling blanket heat transfer toop, if the
saecific heat capacity of the sub-cooled llauid {s used to remove the blanket
heat  Thus, one could contemplate the use of a He/Li two-phase, mist flow
warktna fluid, which perfurms hoth the heat remaval and T2 breeding functions
in the blanket.

In summary, for the thermal-hydraulic calculations which follaw, we
have tried to select empirical couatfons for the friction and heat transfer
coefficients keeping in mind the following desired flow conditions:

{1} Hist-annylar two-phase flow regime in the initia) low quality
reqtons nedr the inlet which should make the magnetic field
effects negligible,

(2

Yluc leate boiling heat transfer reqime in the submndule flow
tubes due to the presence of helical inserts in these tubes.

Several kay questions arise which bear upon the ‘easibility of this
two-phase flow concept.

. Wil} the boiling hydradynamics be influenced by the magnetic field?

. What mass fraction of helium is required?

. Wil1 the flow separate due to centrifugal forces when the ducting

changes direction, i.e., in bends, joints, etc?

At this time, there is nat a sufficient data base on this particular type of
flow to ascertain with sufficient confidence the feasibility of the proposed
concept. However, in the following discussion we have used some general
concepts and reasonable extrapolatians of two-pnase flow data to determine
representative characteristics of the potassivm-helium mixture.

The effe. t of a magnetic field on the boiling hydrodyaawics in potassium

is unresolved. The one experimenta) study of which we have knowledge con-
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vludpd that there were only very smal) effects due to the magnetfc Field.[13]
Muwever, this was 4 noa-flowing poal-hoiling expericent. quite dilferent
trow the fusicn reactor forced convective tlow with which we are concerned.

{n the followiny scctions, we discuss the two-phase tlows hydrodvnamics and
the detar)s of the blanket therma)-hydraulic desian.  [irief descriptinns of
vther cuonents of the primary heat transfer loop and the thermal conversion

systeso gep then given and the overall power plant pecforsance s suumarizen,

Voo T Phase Flow Model

A1 this point, we Tocus on developing parareters for the two-phase

inlet flow which will perent tramspass of the woolant into the blanket with

4 neqlrgrale SO raterac tion

L ddygrodynasacs nfothe inlet Flow

Tue quality Y, and void fraction, g, 0f o two-phase ‘low dre related

n, the atwon {10p?

wterp s density and k 15 the slin ratro (ratio of aas eclority to Viguid

BRI

ooy (21
WY
In the vallowing discussion, tne suhsertnt ©is used te denote potassium Tiguid

art 1 tenotes helium as.

“ng vonceptual hianket deston, den rahes the - ahnpaent Lo tion,

Flaw Loeditions nf sporeareatels B0 ang A% poss 18] MRy

Mora 0, e e
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Fquation (1) can then he rewritten as

X =

— {3

k o+ 3730 (- o)

Thus the gquantity of helium required for the flow is a function of the sVip
ratio, which 15 a camplen function of tany varlables. Wallis [10a] indtcates
that the slip ratio i dependent on initial conditions {oriffce design and
flow characteristics in the mixer). In addition, downstream of the mixer
the response of the droplets to the qas flow 35 dependent on the drop size [16],
t.e., progortianal to drag forces/inertia forces. Hawever, in keeping with
the preliminary naturce of the present study we will evaluate a reperesentative
vatue of the s1ip ratio from existing two-phase flow correlations, realizing
that the resytt will oaly he an agpraximat{cn to the value which might be
achieved in a flow Toop designed to minimize interphase siip 8,91,

A two-phase flow regime map is shown in Figure 2, The coordinates in

the fiqurc are the qas and liguid velocity numhers which are expressed,

ie . Ly \ 148
o= v, ( ;) R fa)
9
. e
sy, (_) . (s
0

tipre, - is surface tension, 9 i5 qravitational acceleration and \Is is the

resnectively, as

superficial velocity, defined as
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where mn 15 the flow rate and A is the duct cross-sectional area. Althouah the
flow ~rqire map i for harizontal flaw, the authors [17] <tate that the hounda-
ries of the liquid-phase-continuous and nas-phase-continunus recions are
assentially indeprndent of oricntation, Frov tie ahove relations, tho )4p

ratio can be e«pressed as

k=86 (1e) (n)
NL '

Qur desired regime of gperation, the gas-phase continuous, 15 characterized by
NG - HL while from the two-phase MHD results we require . on the order of 0,85
for neqligible MHD interaction. Thu- Equation (8) chows that this type of
flow will exhibit s1ip ratios much larger ther one.

The gas-phase-continuous regime is alsp known as "mist-annular"
flow. 4Within this regime, at tow values of NG (Taw superficial qas velacities)
annular flaw occurs with a liquid film on the wall and a central qas core,
As the gas velocity facreases, some of the liquid film is entrained in the qas
core as droplets. Wallis [IDa} has prooosed the following correlation for

the onset of entrainment

Vg oy ([y) 2 o 25 t9)



=11

~here 1 is viscosity. This criterion for air-water flows at 1 atm and 70 “F
implies KG . 175 ( . 100, This value of NG corresponds io the lower left-hand
boundary fn Fiqure ? of the cas-phase-continuous reaime for Tow NL. At higher
values of KG, the fraction of the flow that ts entrained fs a function of WL,
as shown qualitatively in Figure 3. 1t has been found that no matter how
1arge NG, some of the Tiquid wiil always remain on the tube wall as » film,
and this explains the low entrainment fractions for lTow NL. However, as NL
is increase. the mass flow of liquid in the film remains about the same, and
the increased flow occurs as droplets in the gas ohase. For high engugh WL,
the mass flow in the wa)) film i5 sma)l compared to the ent~ained mass flow and
thus it can be assumed that essentially 311 of the Viguid is entrained.

Due to the complex nature of entraipment flows, the entrainment fraction
has rot yet been successfully correlated. We thus select representative
values of the flow parameters for the He/K mixture from air-water data, since

the properties of the two mixtures are quite similar, as shown in Table 1.

HYDRODYNAMIC PROPERTY DATA

Table |
Afr-water l Herk(14+15]
L___»__ e 4o ) otm., 20 °C 4 atm., 900 °C
o, (ky/m) 1000 638
% (kg/m®) 1.15 an
) 9.8 %107 1axi0t )
u&lm") 1.8 x 1070 5.0 X107 ]
" (N/m) 7.2x 100 5.7x 1077 ]




Far the oo utiler cansideeation, corplete entrafnment af patassiud in ite i4 the
fea el nperathing mode and we select e tollowing parameters based on air-water
data [1R19],

[CH

stoy the propert, Jdatg in Tabte [, these values of the velotity numers yield
¥ o ogngy - sy

s ot fyaation (8) iuto {7} qives an expression for the

RO

Laality av a4 function of the voloctly numbers,

Wi n ther avaludte ty

Toaal date e wait fention, we seiect the Bartmouth corredation {1ng)

AN etersten 1ata tdne whigh 1 renresents,

4 oo m
LEE 30 S PO LA RS DY

wherg
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4nd D is the duct diameter. However, fyuation {17} wmust be used with :aution
since it is based on data from atr-water flows with a maximm of 20% entrain.

ment, VS; © 2.5,V 71, and D« 2.5 cm Equation (11) may be rewrftten as:

— e
ey M (DJE) Cae
1-3.100-4) 3. 1{1=u) a

From details of the blanket desiqn described in the jubsequent section, we
determined D = 0.4 m and thus Equation {18) yields

a = 0.81 ,

and from Equation (8)

k =23,

and v“'1 = 0.1, VS; = 0.43. This velue of the void fraction is appraximately

the same as the value {n the two-phase liquid metal MHD flows that resulted
0o decoupling botween the flow and the B field (u 0.B5}, and thus provides
support for the flow parameters and correlations we have chasen to model the
flow. As 5 basts of comparison, corrnlations from other investigators for

the void fraction were evaluated for our flow parameters and these results are
presented in Table 2.




A Tampariser nfotre fya

Yarfous Yotrd feactior Toerslitsang

*ahle '

pef . a s ’ i
((104] aur eq. 4123 n.81 n '
(L0045 our ¢ : .
[2s]. {1of] : 0o Lo
RESARELL . . .
(26} , . . 15 !
S s oo ;
JTiee] LR A

The aqreement hretween tre Jarious correlations can be seen to be quite good

for both  and ¥, constdering the restricted nature af mast af the carenlatinng,
The Yoy objeciive in this new twn-phase flow concept i to eltminate the

MHD pressure drop at the inlat, The data nf References B and 9 indicate that

for our estimated valve of

.81, we are very close tn accomplishing this

objective {{.e. the plectrical conductivity should te neqligiblte). Qther data

on two-phase Hak/N, fiow, in a magnetic field [27.2R] seem to indicate that a

sompwhat higher \ may be required, For the experiments af Refs. [27,28), flow
HArANELOS WEPE NG o AN0-600 and HL % 5-10. it was found that (1) the mixture elec-

trical condyctivity was reduced by a factor of 240 - 3100 helow that af pure Nak
far 2 01.95, ao1 {2) the pressure droo was a factor of ? - 3 areater, at BN

Tesla, than with fis0. Comparing these results to the present flow desiqn, we
nnte that the veiocily numbers in the experiment are simijar to those chosen

for the blanket design. A siqnificant reduction in the liguid metal conductivily
Aid occur §n the experiments. although there was stid) some residual MID inter-

actian.  Thus wa cnnclude that pur concept fs canceptually correct, but


http://frlr.il
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fue 1 Toe prebimingry nature of aur model sdme refinement may be requiced

wotee cmoce 0f veloyity numbers to reduce the MHD pressure drop to a neqliqible

jraet)

W ooow ddilress the question af the two-phase flow hehavior in the
e Wends were, the Hlow reqime map of Farukhi and Parker [2D) i4 used
Paee Fuguee 40 "ho caantingtes are dimensional with Engltsh Enqineering
HATES netng used vacept for . Fvaluating the flow quantities based on the

tar peeters s gbiulaled tbove, we ohigtn

LI 4
AR LR S U

6,0+ a.25 x 02,

which Apgears 44 the pniat e  fn Fiqure 4. The flow map indicates that
mist-annular flow shauld be sustained in the piping bends, hut experimental
verification of this for the particular bend radii of a specific design is

felt to be recessary,
3.2 uelfum Pumping Pomer

Angther consideration, which relates to the economic feasibility of
this two-phase concept. {s the pumping power requirement for the helium. To
assess the helium pumping power, we have assumed the use of two compressors
with an 1ntercooler. A process diagr:s for the He compression §s shown in
Figure 5. The numbers on the diagram correspond to the station numbers

shuwn in Fligure 1.



e compression process from S8 to a0 (Jow corprenor) s described by

R
! .(l ) Pa a1 sy
. )
&)

16 the compressar isentropic efficicacy.

is the specrfic hest ratio and e
2 The inti--

where
b to "2

A imlar eyuation desuribes the high corpressor fron

conding prucess 36 Lharar TEriSed By AR interinoter eitectteeas s,

T H
. {18y

The (uPPressor npul Power v

ioovm - .o ’
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where th dufined ay
r . N . (9
p (]- ) rP) ! :

15 place the punping power in perspective, it is a typice) procedure to

normglize it to the blanket thermal power,

u'm‘ WL "l( .

whers '):K is the potassium boiling enthalpy rise in the hlanket, the He cantribu-
H

tio a5 negligible.  Thus,

W A ) (20)
Pt ry T [2 s F 0 rN)] .
% Tx thy

“0 evaluate Equation (201), we take camponent performance fiqures from Reference
21, - U85, .y * 0B For the helium ¢ = 5/3, (N S165 J/kg°¥. and Tg=

1923 % (990 €Y, For potassium, <151 %0008 J/kg (658 Btu/lbm) for an

21 pait quality from the blanket at 900 “C. The pumping to thermal power
ratig 15 plotted in Fiqure 6 g% & function of He quality and pressure ratio.
Tynirally, qas-conled fissiae reactars have a pumping ta thermal
power ratlo of 1 - 4 *. Uf we rostrict the aperatiae of gur blanket flow
foop to this range of values, the He pressure ratio me. t he Tess than about 2.
An fntpresting medifi-atio to the cycde 9% the nossability of n-

JetIng same satarated-liguid potassiam dreplets into the de inlet flow to

the sorpreeyar, Gume A The compressar power 1% absorhed by the liqaid patassiym,

ersul By e b aomaller Terpergtore sane ard thys b recte et pump b pawer
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4.1 flanket description
Trroanalyss Wnorihe ) oty aaper was part of the conceptual
drgign of a mirear fustor cegctor The vear?tnr 0ses g YinoYang ¢oil to pro-
vide plasma canfinement 1n 4 canetac weld The Hlanket has the shape of
a spharical shell that resides inside the mannet colle as shown in fiaure 7.
The blanket 14 Siyided vartvially onte 14 Lpeeoaned seaonts, ar cadules, each
with its nwn conlant dusting
The playmg prodgges 1270 MW pf fu<ich powpr niving & fires wall
neutean loadiag of 1.5 Md/m* | and a hlanket ennegy maltiplication af 1.69
yields 1770 M¥ of thermal pawer ia the hlanket. The hlanket power i< used
ta product potassium sapor at 200 '€ on the secandar, side af the heat
eschanger {shown in Figqure 1), the AS0 “C vapor being used fn the turhines

of a potasstum topping cytle.
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A ceags-section theaugh @ bianket module is shawn in Fiqure B. The
twe-phase flow 1o transpurted into the blanket in a3 common intet plendnm,
datributed to the submodules where the patassium is vaporfzed {ta 801
quatitv} and then collncted from the submodules and transported out of the
plankpt.  The blanket “fuel] gontainod in cans in the submedules. s a mixture
of boryllium and Jithiua beryllate (Ulﬁcﬂé) to provide energy myltl; lication
and tritium breeding. The fur) rans are designed with axial cootant passaqes
which coatain netical ingerts as shown ia Fiqure R,

The thermpdynam®c conditions around the loop are summarizced in Table
A ‘hased on calcalstions to be described in the next sections}, and were
determined hased on the constraints nf the 850 "L vapor in the potassium topning
cytVp and 3 ma:imum Mlanket fuel temperature of 1000 “C. The tota) blanket
requires a Flow of 4.2 % mﬁ ky/hr of potassium and 1.0 X% 105 kg/hr of
heliyw, using the He quality of 0.026 determined previously. The helium
compressar, gperating thraugh a pressure ratio of 1.31, has an input power

requirement of 27 MY, or 1.6 of the hlanket thermal power.
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Prermodynamic State Variables for the

dlanket Thermal Transpurt Loop
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4.2 Mlanket Thermad Design

Ehe desiys of thi sebinodule Ter! can and the unit celf uved for the
thereal analysis are snown in figqure 1, For this analysis the presence of the
te wars nelected since the teipe rature change in the blanket and the He mass
traction {2.6°) are sm'),

The twntrunssnduied veat eneration profile can be approsimated by an
wepumential,

@ gy et (21

abce q;' 34 the fuel power density at the front of the fuel region {first

maldt oamt 2oan the azis) (uprdinate alpny the coglant tube cubwerd through the

vael reqron. Far our blasket design, 9 23 ulcma, c: 16wt and the

Tength ot the fuel reqion is [ - N4 m,

The 1oitial variatles to be determined in the thermal analysis are
- The constraints )
st ctewtan are (13 the fyel temperature must  nod excoed 1000 C, {2} the :

e ooty t tubp diometer, dt' and coolant tube pitch, *

voat flur rust nat sscced the critical neat flux, and {3} the pressyre 3
Arege oagnt be el enguth to result i a pressure ratio acrass  the comprestne
Thi tubé dlgenter and siirh apre determined by appiying a heat balance
An Yhe therma ! oanfuc ier equatton to the unit cell whown +n Figure 9. The
Cermal contuetivity of the sintored Po fuel was assumed to e 1/2 of that for
Sy pare metat Tt pragnt for o vnidn) oang a notasyiam mass flus of ",v ®

D «
T v nee U hr/neofe) was e whach is typycal of the values used

th the hotling rgtassoue tecte with helical inserts {11,121 The boilinn

neat tearsfer caeff1Ciont was ca'rulated from the correlation {171
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hg * 0016 (prdhy {1+ a)™ 18 ()T mewmenredr

22

Here., (p/d)h 15 the helix prtch-to-diameter rativ, and q, i5 the wall heat
flur (mu/hrdt]). The symhol L denotes the radial acceleration of the

flow induced by the nelical insert,

a =2 - 0 Xy 62, (23)

ady (ord), (1 - ) EX

waich is expressed in 9's (i.e., multiples of the qrav?tational acceleration),
In the absence of any data, the effect of the magnetic field on the wall

film (created by the inserts centrifuging the Tiquin drops against the wall)
was neglected. A potassium exit quality of 80T was used, as the correlation
Tquation {27), is on'v va'iil helow this auality. For Sigher gua'i‘y, there is

not caouny Hawig i1 L Tiee Lo vainlrin o eoalinntns T s the 21T ond

the heat transfer coefficient decreases significantly.

The analysis resulted in the dimensions

dy = 0.70 cm,
A = 3.90 cm,

with (n/d)h = 9 and a total heat transfer area for the blanket of about

3800 m“. The peak fuel tei:perature accurs at the inlet (z = o), and the

radial temperature profile is plotted far this position in Fiqure 10. The

fuel center temperature of IT1J °C was judged sufficiently close to the specified
value of 1000 "C, given the uncertainties in the fuel conductivity and hoil-

ing heat transfer coefficient.
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The critical value of the heat flux is that value where a vapor film
forms on the wall and the heat transfer coefficient drops drastically below
that for nucleate boiling {often resulting in "burn-out"}. The critical
heat flux for boiling potassfum with helical inserts is given by the correla-
tion [11],

Btu/he-Ft (24)

where y Kls the potassium quality. For the present design, i‘; / ;‘_: ~ 0.4 at
the inlet (;v'l A 125 w/cmz) and this ratio decreased monotonically to the
exit where it had the value of about 0,07. The design heat flux was judged
to be sufficiently below the burn-out value.

In our present design, we have used the twisted inserts in the fue!
coolant tubes. Hawever, this design choice is not essential to the use of
the two-phase (He/X) coolant concept. Without the inserts, a heat transfer
coefficient lower than that given by Equation (22) would result as the heat
transfer would occur through the gas component of the flow. Thus without the
inserts dt and 6t would have to be re-evaluated to give a Tower heat flux

and thus a larger volume fraction of coolant and structure in the blanket,

4.3 Pressure Orop in the Primary Loop

Around the primary heat transfer loop, three different types of flows
occur. First, the two-phase He/K liquid flow from the mixer to the fuel
coolant tuhe inlet (n the blanket: sccond, the hoiling with inserts in the

fuel coplant tubes; and third, the He - NOT potassium quality flow from the
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fue! coalant tube outlet to the heat exchanger.

The inlet He - K liguid flow pressure drop was evaluated from the
data of Reference 23, where ft was found that for high-NG, high~entrainment,
flows the pressure drop is approximately twice the pressyre drop that would
be calculated if the 1iquid were not present. This velation is shown in

Figure 11. The effective two-phase dynamic head fs thus

Py ? (f’afﬁﬁ) ) %)
2

Using NG = 500, we obtain a dynamic head ¢f 0.18 psi (1.24 kPa) and a pressure
drap far this inlet Flow af 1.2 psi (8.3 kPa}. From the values af NG, NL and
the mass flow rates, all the inlet ducting sizes can be evaluated. The re-

quired inlet flow area is only 0.13 mz

per madule (1/16 of total flow),
the inlet duct diameter is 0.4 m and the inlet plenum width {see Figure 8)
is tpg = Q.03 m,

The boiling pressure drop in the fuel has two components, ane due
to acceleration and one due to friction. 1n the calculation of the pressure
drop, the He must be included since the He volume flow rate is equal to
appraximately 30 of the potassium vapor volume flow rate exiling from the
fuel region.

The acceleration pressure drap is $imply the differeace in dynamic
hoad between inlet und outlet. To treat all three components of the flow
(tte, K liquid, X vapor). the homogenious model [24] was used ta define an
average fluid density and resulted in an acceleration pressure drop of

1.2 psi 8.3 kpa},
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The frictional pressure drop was calculated with the homogeneous
model [24]), using a density based on an average potassium quality (through the
length of the tube) of Xt 0.39. The resulting average density was used in
the frictional pressure drop model for adiabatic flow in a tube with a
helical insert, [11] These assumptions yiclded a frictional pressure drop
of 6.1 psi (42.1 kPa), and thus a pressure drop fn the fuel of 7.3 psi (50.3 kPa}.
As can be seen in Table 4, the potassium temperature showS the unusual feature
of decreasing through the blanket. This is due ta the fact that the inlet
flow is an almost saturated liquid ond the flow undergoes a pressure drop
through the blanket during heat addition. This process §s §1lustrated in
Figure 12.

The space available for gutlet ducting fram the blanket dictated 3
dynamic head of 0.85 psi {5.86 kPa), which was evaluated using the Martinelli
two-phase adiabatic flow model [24], and accounted for all three components

of the flow. The resulting outiet plenum Fiow passage helight was t = 0.2 m

PLO
{see Figure 8). The outlet duct diameter, using the c¢o-axial scheme shown in
Figure B.was 1.12 m. The pressure drop for this portion of the flow, from
fuel outlet to heat exchanger inlet, was estimated to be 3.0 psi {20.7 kPa).
The resulting pressures at various points in the cycte are summarfzed in
Tabte 4.

Although we were admittedly optimistic about the number of head
Josses in the inlet/outlet ducting, the modest 1.6 ratio of He pumping
power to blanket thermal power implied that the inlet/outlet ducting pressure
dron { yhich is ¥ of the total) could he stanificantly Tarder than estinated

without incurring excessive pumping power requirements.
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5. Conclusions

& new two-phase fiow concept for magnetically confined fusion reactors
has been proposed to overcome the MHD pressure drops at the inlet of a boil-
ing potassium coaling system, Preliminary calculations indicate that the
addition of about 2.6% of helium mass flow to the Tiquid potassium inlet flow
can croate an annular-mist fiow where the magnetic field effects are
neqliqible., Furthermare the overal! luop pressure drop for the helium is
abgut 23° resulting in a ratio of helium pumping power tao thermal power of
only 1.6%. While we tan conclute that the concept ltooks nromising nn the
basis of this preliminary study, several aspects of the thermal-hydraulic

correlations used reguire experimental verification,
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MORFNCLATURE

cross sectional area of duct

radial fluld acceleratian due to twisted fnsert

He specific heat

duct diameter

<o0tant tube diameter in the blamket
faanioe friction facter, f = r_,liuvZIZ)
mss flua

gravitational acceleration

botiing heat transfer coefficient
velocity stip ratio

mass Flow rate

gas velocity number

Tiquid velocity number

pressure

dynamic head

helical insert pitch-to-diameter ratio

blanket thermal power

heat flux in blanket coolant tubes

critical heat flux in the blanket coolant tubes

pianket fue) power deasity

totgl pressure ratio across heiium comnressor

torperature
fluid velocity
fluig superficial velocity

helium compressor inlet power
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a = veold fraction

Y = He specific heat ratio

L = coolant tube pitch in the blanket

Ty = jintercooler effectiveness for He compressor

n = He compressor fsentropic efficiency

A = flow parameter, see Figure 4

u £ viscosity

Il = density

w = surface tension

¥ = He quality (ratio of He/total mass flow)

M = potassium quality (fraction of patassium mass flgw in the vapor state)
¥ = flow parameter, sce Fiqure 4

Subscripts

q = gas (He)

L3 = Yiauid {potassium}

X = potassium

n = (n=inteqer) station number defined in Figure 1
59 = superfictal gas

8¢ = superficial lfquid
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MIRROR ACACTOR WITH SPHERICAL BLANKET
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