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A Two-Phase-Flow Cooling Concept fo_r_Fusjfon 

Reactor Blankets 

0. J . Bender and H. A, Hoffman 

I . 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 conceptual design studies employing many di f ferent working 

f lu ids have been somewhat discouraging. Each of the coolants studied to 

date seems to have one or more serious drawbacks or d i f f i cu l t i es associated 

with i t . The principal coolants considered to date are derived mainly from 

f ission reactor and space power supply technology: tl:ev include a lka l i 

metals ( l iqu id l i th ium and boi l ing potassium), helium, molten salts such as 

ftibe (l-i^B F.) and water. The positive and negative characteristics of 

each of these coolants have been reviewed recently in References [ l ] and [ 2 1 

in some de ta i l . In addi t ion. Reference [1 ] contains an impressive and sober

ing l i s t of the many constraints and boundary conditions imposed by the 

magnetic fusion reactor environment which the thermal-hydraulics system 

designer must t ry to sat isfy. Me w i l l only br ie f ly summarize some of the 

principal f indinqs to date and then discuss a new two-phase cooling conceot 

which has many of tfte desired characteristics for magnetic fusion reactors. 
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In nrder to nhlain ,i t r f t ium hreedinq rat in qreatcr than unity the 

blanket surrounding the plasma must contain a lame fract ion of l i thium (or 

l ithium compound) and also must have a low structural fract ion on the order 

of S* to I n ' . The low structure fract ion t\ inini;es the undesirable 1^ Mev 

neutron-structure reactions, result ing in oood neutrnn economy in the hlanVet. 

The thermal-hydraulic desiqn is thus restr icted to employing as low a cool

ant pressure as possible, since increasing coolant pressure requires in

creasing the amount of Structure required to maintain the coolant pressure 

vessel ( i . e . , the blanket structure) in teqr i ty . 

In order to have reasonably high thermal eff iciency for the fusion 

powerulant, i t is necessary to run the blanket at hioh peak temperatures 

sonewhere in the ranqe from 900 to l inn K denending on the dps inn goals. M. 

the same time, i t is hfqhly desirable to have as uniform a temnerature *s 

possible throughout the blanket to minimize thermal stresses. 

Liquid l i thium is capable of operatinq at these high temperatures 

and requires only a re lat ive ly small temperature r ise , typ ica l ly less than 

IWC. fo r enerqy absorption and transfer. However, the very larne MHD 

pressure dron [2] occurinq when this l iqu id netal traverses the high magnetic 

f ields enDloyed in these reactor designs results in very hiqh cnnlant Inlet 

oressures. This coolinq scheme would thus require a hiqh structural fract ion 

in the blanket to take the large forces and oossible excessive pumptnq [lower 

requirements as we l l . 

Experience In the desiqn of gas-cooled f ission reactors has shown 

that helium pressured of about 50 atmospheres (5HPa) and He temperature 

rises of about ZOO - 300 °C throuqh the core are required to maintain an 
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acceptably low pumping power. Helium thus violates the low pressure constraint. 

Nonetheless many conceptual design studies have been based on the use of 

helium coolant. The gas cooling schemes require re lat ive ly high coolant out

let temperatures from the hlanket for high thermal efficiency- The use of 

a stainless steel structures l imi ts the peak gas temperature to less than 

about BOO K, so that high temperatures can be obtained only by going to re

fractory metal alloys i f the structural fraction is to be kept acceptably 

low. However, present indications are that at temperatures in excess of 

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

1n the refractory metals M.3]-

Water has been excluded as a possible working f l u i d at high temnerature 

since the pressures would he intolerably high and corrosion problems would be 

unmanageable. These two considerations l im i t modern supercrit ical steam 

power plants to thro t t le steam conditions of about 1200 °F (-\.925 K) and 

500D psi (34 MPa) [ 4 l . Also, water adds the complication of t r i t i um contamina

tion in the form of T_0. 

The flow of f l i be in a magnetic f ie ld results in an WiD pressure drop 

which is much lower than that for the alkal i metals, due to a s igni f icant ly 

lower electr ical conductivity. However, the V X B induced emf In the f l i be 

(due to i t s f i n i t e electr ical conductivity) may cause an unacceptable degree 

of decomposition of the f l i b e , and resultant corrosion of the structure [5] 

In addit ion, the strong magnetic f ields tend tc suppress the turbulence 1n 

the flow, result ing in very poor, near-laminar heat transfer coefficients 

for f l i be . For these reasons f l i he has bec'i considered a poor coolant choice. 

The use of boi l ing potassium has been proposed as a way to circumvent 

many of the above problems, and i t s many advantages are cited in Reference [1"]. 

However, upon closer inspection, several problems with I ts use in magnetic 
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fcsinn reactor, have been ident i f ipd, fine ot the cost severe problems is 

related to magnetic effects. I t was though! i n i t i a l l y that the use of the 

enthalpy of vaporisation of the potassium would result in low enough l iquid 

flow rates .it the inlets to the blanket modules to make the maqnetic pressure 

drops negliqible. However, j more detailed analysis has revealed that the 

pressures required to pump the l iguid potassium across the mannetic f ie ld 

'nto the reactor blanket an' high enouqh to cause serious stress problems 

in ! V inlet --pinons uf r rn ,o» tKMl ' I n , duits ',"">]. 

In an at temp! to take Jilvantane of the i'iany goml features .if hoi I mo. 

p. tasslwMnc luding i ts low-pressure, nigh- temperature capahtl i t IPS, as well 

as the very low temperature orjdient-, pos-iiple in the blanket strut"tun*, a 

new Cwo-phase-flow concept Is proposed m t'ris ti.iper which offers tne promise 

of oveT-ociing the above M"P pruMem, 

.'. Proposed ro«!j ." l Concept 

*"o new two-phase heat transfer Tedium proposed is ,1 - t . ' u r e of 

:"»tassuii" droplets and hi.-hur' which permits blanket operation a*, nigii tempera

ture and low pressure, while maintaining acceptable pumping pone'- requirements, 

molant ducting size, arid blanket structure fractions. 

For this particular study of a Mnh-lempprature, hiqh-e' ' i< lenc, 

miwer pKint. we assumed boi l inq potassium in the blanket .it Hfin t'.f] C to 

reii'iive "u- blanket heit. The potassium vapor is then re< finrJensed Outside the 

• ! jnk h . t , re ie i t inq the fieat '.a a potassiun f«ppinq cycle (which has an upper 



blanket cooling technique also has the advantage of a small f l u id temperature 

change in the blanket ('' 50 D C), re s i t ing in a blanket structure with small 

temperature gradients and therefore re lat ive ly minor thermal stress problems. 

As has been demonstrated in the spacepDwer program, a number of structural materials 

•iuch as Nb-lZr are compatable with high temperature potassium [6 ,7 ] . 

However, transporting the l iquid potassiwn into the blanket retains 

the problem of the MM!) pressure drop. To circumvent this undesirable inter

act ion, we have borrowed from experience gained in the development of two-

phase liquid-metal MHD generators. Mere, i t was learned that in two-phase 

mixtures of l iquid metal and a gas such as nitrogen or helium, the MHD 

interaction between the Flu it* and the 6 f i e ld essential ly ceased for void 

fractions (rat io of helium volume to total f l u i d volume) in excess of about 

fl5t- [3 ,9 ] . This Is due to the fact that at high void f ract ion, the flow can 

be in the form of l i q u i i droplets dispersed in a continuous gas phase with 

the proper choice of gas flow rate and mixing scheme, [n this state, the 

mixture exhibits the electr ical conductivity of the gas phase, which is orders 

of maqnitude lower than the l iquid metal e lectr ical conductivity. The ratio of 

l iquid potassium density to helium density at 900 "C and 60 psia (0.4 tVa) 15 in 

excess of 3000, so that only a small He quali ty {He/total f l u id mass fraction) 

is required. This fact, coupled with the low potassium flow rate mentioned 

above, results in low pumping power for the He flow as well as for the 

potassium flow. 

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

The two-phase f1c. is create'! in the nixer section, where the l iquid potassium 

is injected intc the hplium f low, the potissium undergoing atomization and 

thus taking the form of small l iqu id droplets dispersed in the qas phase [10a]. 

The two-phase mixture is then transnorted into the blanket. We have assumed, 
in our analysis, that there is neqliqible HMD interaction in this mist flow regime. 



>"s " , " !wu-phn*.e Hixturp passes fh»-ouHh. the heat generating region in t>ie hi.in 

the w ' , m i u r 'Irnpieis are vapor*'eg. *n oMain the high heat transfer 

i ' J I ' " u ipr-f. typical ")f "u< leate po11 inn in potassium, the hoi 1 r*r tubes in 

>'io M.inie'. contain twrs'ei *ioli<.il i n ^ r ' s , [ I I , ?? ] These insert', centrifuge 

•he ]!-]'ji-j 'lrn;.le's ogamM t"e tube wa l l , where they undergo boi l ing ind ,ire 

v.ipnn.'od. Th-j', f ie boil ing pro'.i".'. irvnlves transferring heat !|-™« the tube 

w.ill i l irnr.t lv to trie l iqu id , result ing in a high heat transfer mef f fr tent. 

Wilhodt the inserts, the heat would have to he transferred through the nas 

; h.i'.e into fhn Mq'jfd g V o n V i . resulting in ,i lnw heat transfer coefficient 

and therefore ,> c'jn-,i>lerable hi'jher tube wall terneraturc and a larger heat 

transfer area. The penalty paid for enplnying the inserts is a higher pressure 

drop than would occur without the Inserts, since the inserts fncrprtie (he 

•surface ^rea and f lu id velocity. 

The boi ler is designed *o vaporise RO- of the potassium flow, i .e . . thp 

potassium exi t quali ty from the fuel region is O.P.. Data on hoi l inn with 

helical inserts [10,11] indicate that the inserts cannot sustain the high 

boi l ing heat transfer coeff icients much above an RO" quality. 

The flow leaving the blanket Is thus a mixture of "wet" potassium 

vapor ano" helium which should experience no MHO forces. This flow is transported 

to a heat exchanger, where the potassium is recondensed, rejecting the blanket 

heat (plus pumping power) to the potassiun tannine cycle. The condensation af t!ie 

potassium separates the potassium and helium flows, and the two f luids are 

drawn of f separately from the heat exchanger. Also shown in Figure 1 Is a 

separator, which may be required i f there is some carry-over of potassium 

l iquid in the He stream. The iiJiuru is compressed in a multistage compressor, 

the potassium pressure raised in a pump, and the two flows combined in the 

miter before re-entry into the blanket. 
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We also note that the He/liquid metal two-phasr flow technique Is 

amenable to the drsinn of a non-boiling blanket heat transfer loop, I f the 

specific heal capacity of the suh-cooled Mould Is used to remove the blanket 

heat Thus, one could contemplate the use of a He/Li two-phase, mist flow 

worHnq f l u i d , which pprfurms both the heat removal and T- breeding functions 

in the hlanket. 

In summary, for the thermal-hydraulic calculations which follow, we 

have t r ied to select empirical equations for the f r i c t i on and heat transfer 

coeff icients keepinq in mind the following desired flow conditions: 

{1} Mist-annular two-phase flow regime in the i n i t i a l low quali ty 

regions near the inlet which should make the magnetic f i e ld 

effects tiogl ig ib le . 

(;;) 'Jurleate boi l ing heat transfer regime In the submodule flow 

tubes due to the presence of helical Inserts in these tubes. 

Several key questions arise which bear upon the reas1Ml1ty of this 

two-phase flow concept. 

. H i l l the boi l ing hydrodynamics be Influenced by the magnetic f ield? 

. What mass fract ion of helium is required? 

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

changes d i rect ion. I .e . , in bends, j o i n t s , etc7 

At this time, there is not a suf f ic ient data base on this part icular type of 

flow to ascertain with suf f ic ient confidence the feas ib i l i t y of the proposed 

concept. However, in the following discussion we have used some general 

concepts and reasonable extrapolations of two-pnase flow data to determine 

representative characteristics of the potassium-helium mixture. 

The effe. t of a magnetic f i e l d on the boi l ing hydrodynamics in potassium 

is unresolved. The one experimental study of which we have knowledge con-



i lmii ' i i that therp were 0"1y very small effects due ID the niaonelic f i p ) d . [ n ] 

Mu*rt.'¥*?r, this m% 6 no«-fk!wUi<i poul-buUinf; p*peHifeflt. quit? di f ferent 

from Che fusion reactor forced, connective flow with which we im* concerned. 

!n the foilowimj sett ions, we discuss the two-ph,ise flows hydrodynamics and 

H'i> ik ' t . i i ls of the M.inkel Ihpn'Ml-hydrflul k desion. Ifripf descriptions of 

other civ ;ionents of the primary tie.it Transfer loop -mrf the thermal conversion 

system jee then qivon and the 6VP«MH power jiLint iierfan'sartu* is SuiiiMri/ed. 

At t hH '.'OHit, we focus on i*evploi>in.i p.irarett'rs for the two-phase 

inlet flow which w i l l pemit transport o* the cuoUnt into th£ bldRket with 

.1 ne' l l i ' i iMe VHD tnter.K tu>'t. 

.1 •Ivdr-Ci.fynaiMLS i>f the Inlet Flt>w 

'he ju.i lttv "', a»ii void ' r i i t m n , ; j , of J two-phase Mow arc i rUl led 

• .-.i'.Mtinn MOpi 

is density and k is the s l ip -"dtio [ rat io o< gas ^ f l o f i t y to l iuuid 

,) 
i • V (/V, (?) 

t< •"•; Mowing iltscussiun, f ie suhsrrijit •' is use.) tc denote pnussiu'" l idi t id 

i denote* ne1 ium IMS. 

"ne vonceiUjd' hi.tnVi;; .lest',*, if. r'!'*"! '- ' "e •. itis<»i'i*»nt se>tion, 

http://tie.it


Fcjuation (!) can then tip rewritten as 

k • 373(1 (I - .,) 

(3) 

Thus the eiiiitsstitv of helium required far the flew H a function of the s l i p 

ra t io , which \% a complex function of iuny variables. Wallis £lna} indicates 

that the s l ip rat io i \ dependent on i n i t i a l conditions (or i f tce design and 

flow characteristics in the mixer). In addi t ion, downstream of the mixer 

the re^pon^e of the iJroplets to the qas flow is dependent on the drop size [16] , 

i . e . , proportional to drag forces/inert ia forces. However* 1fi keeping with 

the preliminary nature of the present study we w i l l evaluate a representative 

value of the s l ip rat io from existing two-phase flow correlations, real izinq 

that the result w i l l only he M approximation to the value which might be 

•KMeveO m a flow loop designed to minimize interphase Slip [8,93 . 

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

the figure are the qas and l iquid velocity nurohers which are expressed, 

resnectively, as 

M} 

Mere, • is syrfacp tension, g is qravttatfonal acceleration and V is the 

superficial ve loc i ty , defined as 
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where m is the flow rate and A is thp duct cross-sectional area. A1 thnunh the 

flow '<v]i*-e map i'. for horizontal flow, the Author [ H ] state that Mip bounda

ries of the 1 iquid-phase-contimjous and ias-[>nasp-continuf>us rpqions arc 

essentially independent of orientat ion, Fror. »;T ahov relation 1 1,, thp s l ip 

rat io can he o<pressp<l as 

k - ir> (1-.) . ' " ) 
NL . 

fiur desired regime of operation, the ijiis-phasp continuous. Is chararterlzod iiy 

Nfi • HI while from thp two-phase HHD results we rpquire • on the order of D.fiG 

for negligible MHD interact ion. Thu- Fguatlon ( B ) '.hows that this typp of 

flow w i l l exhibit s l ip ratios much larqer thee one. 

The gas-phase-continuous regime is also known as "mist-annular" 

flow. Within this reqime, at low values of HC (low superficial qas velocit ies} 

annular flow occurs with a l iquid f i lm on the wall and a central gas core. 

As the oas velocity increases, some of the l iquid f i lm is entrained in the qas 

core as droplets. Hallfs [10a] has prooosed the following correlation for 

the onset of entrainroent 

V it / ( \ 1/? • ?.ri X 
3 3 I 9\ 
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•yhere i is viscosity. This cr i ter ion for air-water flows at 1 atm and 70 "F 

implies NG ̂  175 . . 100. This value of Nr. corresponds ;.o the lower ^eft-hand 

boundary in Figure ? of the tjas-phase-contlnuous renlme for low NL. At higher 

values of NG, the fraction of the flow that is entrained is a function of NL, 

as shown qual i tat ively In F^tjurp 3. I t has been found that no matter how 

larqe NG, some of the l iquid w i l l always remain on the tube wall as a f i lm , 

and this explains the low entrapment fractions for low NL. However, as NL 

is increase, the mass flow of l iquid in the f i lm remains about the same, and 

the increased flow occurs as droplets in the qas ohase. For high enough NL. 

the nass flow in the wall f i lm 1s small compared to the ent-a1ned mass flow and 

i.hu5 i t can be assumed that essentially i l l of the Mquid is entrained. 

Due to the complex nature of entralnment flows, the entrainmont fraction 

has not yet been successfully correlated. He thus select representative 

values of the flow parameters for the Ho/K mixture from air-water data, since 

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

ilYOBOOYNAMIC PROPERTY DATA 

Table I 

Air-water 
1 atrn., 20 °C 

H e , k [ 1 4 . 1 5 ] 
4 atJn., 900 "C 

n t (kg/m 3) 1000 638 

o q (kg/m 3) 

i i , (N-s/mZ) 

1.15 .171 o q (kg/m 3) 

i i , (N-s/mZ) 9.8 11 10"* 1.4 X l O - ' 

n (N/m) 

l.B X 1 0 ' 5 5.0 X 10" 5 

n (N/m) 1.2 X 10" 4 5.7 X I D ' * 



Mir i»u' *.»i*. uiuli'f i unsMf'Mt ni«, kO p̂ !»•(<• ciKrolniwiit t\f (iat4«iu<ii in lie is the 

li", mul .>; .'r'rtt 1i") "null' rind wi> M'U'it the tollowirin [idrrtmetPt-5 bast'i! on dir-wdter 

.1.,!,, t l » . "» ) . 

Hi; M50 , 

M • S . 

Mm| tn.t |n-n,n't't / «l.»t.i in \ ih le I , thesi' values of the velocity nuimers yield 

y ,-M- t i» -, .pi 5 VM - ^ % ('..'•, 

,.i(<s!*:..'.Hm of i.jj,t!n>ii {$} into C'5 'rives an impress son fnr t>V 

l , . t l i f» j ' . .1 ' i i fn t i i i " of I'n- v. ' locilv numtifr',. 

( " : : ) " 1 ' 

..»n t ' - i . riot>, - r ii 'ti-i-t thi> (Jiirtnouth corrpt,it inn f ind ] 

t.iU '.iii*,i* Khun i t re-.rt'SPnU, 

1-t. l ' 1 - , ^ ) . ! ( ! - ,» 

CD" 
t)'" 

file:///ihle
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and [) is the duct diameter. However, equation 0? ) fi««t be used with ;aution 

since f t is based on data from atr-water flows with a .naxiimiBi &f 28% en t rap

ment, V * • 2.S. V J •• 1, and o • ?,5 cm. Equation (11) may be rewritten as: 

1-3.1(1-.) 3.1(1-,.) \ " <i / 

From detai ls of the blanket dosign described In the subsequent section, we 

determined D = f M m and thus Equation (11) yields 

a - O.fll , 

and from Equation (8) 

k - 23, 

and v * * 0.71. v * = 0.43. This value of the void fract ion is approximately 

t'n* ^aine as the value in the two-phase l iquid metal MHD flows that resulted 

in .1 rti'couplfnq between the flow and the B f i e ld [-i«- 0.B5), and thus provides 

support for the flow parameters and correlations we have chosen to model the 

flow. As * basis of comparison, correlations from other investigators for 

the void fraction were evaluated for our flow parameter and these results are 

presented in Table 2. 



. [L 5J-_LL°1 ] ; n?* 

' I 10e ] , n.85 

The aqr*>ement br-fween tm* /.iri,w» ro r re l a t inns can DP seen to he qui te fiiio't 

for hnf'i i and t-, con*, trferi'iq the r e s t r i c t ed nature of mosf of 'tin <nrrf>!,it inn-,. 

The key objec l ivr in thi5 new twn-ph,ise flow concept H tti eliminate 1 thr 

MHO pressure drop at the i n l e t . The data of References ft and 9 indicate that 

for cjur c l i m a t e d value of 'i "- . 8 1 , tie are vsry close fn aecomplKMnsj thin 

nhjpctive ( I . e . the p t e r t r i e a l conductivity should he npq l iq ib te ) , Other data 

on twn-phase NaK/Nj flow, in a magnetic f ie ld t?7.?B] seem to indicate thai a 

somewhat Mnher . may be required. For the experiments of Rpfs. [??,?fl]> flow 

(Mr4fl*te^ w r c f|G ^ 400-6WJ a i l d I ) L ^ 5 _ | Q _ i t w a < i f f ) l j n „ t n a t (II the mixture e tec-

frlr . i l conductivity was rpduced by a factor nf ?Ad - 100 below that of pure NaK 

for t • 0 .05 , and (2) the pressure droo was a factor of ? - 3 Greater, at B=0.n 

I>sla. than with fl»0. Comparing theso r e su l t s to the prevent flow desfqn, we 

note that the veloci ty numbers in the experiment are s imi la r to those chosen 

Tyr the hlanket desiqn. A s iqn i f ican t reduction in the l iquid sa&tal conductivity 

did occur in the experiments, although there was s t i l l some residual MHO (filer-

•K Hon. Thus H« conclude that our concept is conceptually co r rec t , hut 

http://frlr.il
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!..<• • i ;»«* pi-el immjrir ti.tturo of our model some refinement may be required 

i " ft>i' , *>, Mr (if vetoi tty n«,mhers to reduce the HHD pressure drop to a n«q 1 f«] 1 b 1« 

••' t n m 4 'MM-W the .(ocstion flf the two-phase flow behavior In the 

t'i{'i* t.i-n.i^ 'N'fi ', tho ' in t . --<•«] imp map of Farukhi jnrt Parker [?n] Is used 

I-..;- r i.jur-i- <n ' I , , , omr.Mn.tl*^ arc dimensional with English Fnqlneerlng 

M«<fs M'i«.) ,,se.1 riM-pt for , FiMtuattntj tho flow quantities based on the 

>.,< if*..ten, , , t( i M ; . i ! f t . ! <tNiw>, w<* GM.MH 

r. / ' • 1 fi I Ifl 4 , 

r, ;i • «.?•> i i n 2 , 

which appears <ts the point « in Figure 4. The flow map indicates that 

mm-4nnul.ir flow should ho sustained in the piping bends, hut expei*imefttal 

ver i f icat ion of this for the part icular bend radi i of a specific design is 

fe l t ID he necessary. 

3.2 He,ljuj» Pumping Power 

Another consideration, which relates to the economic feas ib i l i t y of 

this two-phase concept, is the pumping power requirement for the helium. To 

assess the helium pumping power, we have assumed the use of two compressors 

with an mtercooler, A process diagr-vs far the He compression is shown 1n 

Figure 5. The numbers on the diagram correspond to the stat ion numbers 

Shuwn in Flliure 1. 
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T'w ioni|>r..-,%Mir' 1 in iu", ' ; fr>wn 0" *,-> ,, (hiw i.nr.prev.ur) i', rti-.t rltu'd I'/ 

wht'i'O . is tin- Mlt 'Ofi i . h.-Jt r.it io jrid • 1'. iht* c imi|in-<,<ior ncnlrnjnc i-f f ie H'tn y . 

A s im i l j r i>,|i,.itM)» deSLr-iht"; tfu> hiijh cort|>iv\sor f r w ' l>" to "?' . The I r i t i - -

•., .1 • 'b - (If.) 

T!!t> i iPP'prp'.sor input fowt"" i*.' 

( I M 

[ • • • • • • • ! 



where f H tiff ined t. 

U) CO' 1 ' - ' 

to place the putnpin*; power in perspective, i t is a typical procedure to 

normal m> If to the blanket thermal povfer. 

V •-' "': 

1 ' h K iz the imU«iu<n boi l ing enthalpy rite in the blanket, the He ecmtribu-

l i t j ' i u neqlujibH'. Thus, 

"III 

V S rp [jT^l-r,)] 

"0 "v.iluate Equation (20), we take component performance figures from Reference 

?!. - n,(W, •,. • 0.38, For the helium ( - 6/3, c = 5165 J/kg"K. and T = 

l i .M f. (ml) CI. Tor potassium .'.h * 1.51 X If) 6 J/kg (65fi Btu/lbm) for an 

*;n* i ' * i t qunl i ty from the blanket at 900 "'C. The pumpino. to thermal power 

r.i» nj is plotted iff f igure 6 a; $ function of He quality »nd pressure ra t io . 

Tyn iMl ly , <jdi-coole1 fisslnr, reactor; have a pumping to thereat 

power rat io of 1 - 4 *. I f *n- fps t r i c t the operation of gur blanket flow 

loop to this ranfte of values, the Hp pressure rat io mi.'t he less than about 2, 

An Interesting P*HtH>atHi to tue f j d e is the OOssiblluy of ln-

j * ' i t in i j softp •>A>'f>\lr<t-\«iv\<i SfOt«!',st;iBi iSrojjh-ts into the He inlet flow to 

thi- 'T)i";jri",','ir. ',ui'i4' i f I hi- r ii"i|)rcssor nowPr U aliSOrhP'! hy thP l 'Ou"! SmtasSS urn, 

'i-,u) t trn| ir> i via II IT '>•!•[„.,,,(.,,,. . i . . , . ,)r,l Mi.,-, ,i i . "W'"t numf (••'! (lOWPr . 
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"•r HMIH' ,1 ' , ! ." . i ' i ' - . . ] -r t i l ' , p^pi-r wis p.irf cif tilt1 i on' 1'ftml 1 

'!»•*, !*|o ft* ,1 n i r rnr f u*. MX' *-,.,,, tur "*w> rp,u *nr T.f". A Yin.Yam] coi l In D1""-

viffo t»I***»*iwi cnnf tflffltent m .1 <-M'jrve!'c « p l l . Ihe Market h,is the shaitf* af 

.1 sphpn r* f ',N>11 t.h,,f resin>*. Inside tfir r-vnnt»t col ls as shown In f i ' lurp i 

Thf? blanlPt I-. - I iv i ' l ' " ! ^ r t h . . t l l / '-'to K, ).,.-••. Mi i f l '.(.-:-..»i l ' . , <jr .f]d„ !»•',. 

with i ts own coolant ilur.ttp-i. 

Thp plasms prfsduto*. 1?/^ MH of fii'.ft.f' tiowpr f|1vina .1 f i r s t wall 

neutrnft loading of l.'i MW/«' , aci fl blanket Pnprqy BHiHip! icaUcin of I >6g 

ylplds t??(] MW 0 ' thpnwil nowpr In the h1a"lf*'t. The btanfcpt power is used 

to produC potassium /apor at ?f.O C on thp sprnndar, S H P of the hpat 

e^chanqpr (shown in flrjure 1), thr ftSO "C vapor hoinn used In thp turbines 

of si {inUsstym topping cycle. 
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•1 < •M'.i-^ft t ion thrniKjjh ,j hWmfcet moduli' is shown in f igure 8. The 

two-fihrt".? flow i'. transported into the blanket in a common io le t p ler^s, 

J i u n N i t e d to the '.uhnxirfulcs where the potassium is vaporized {to 80* 

JJM.II i tv ) one] th"*i collci.H'fl from th» suhmodules and transported out of the 

HanKH. thi> Market "iu<*K contained in tans in the submodulps. 1s a mixture 

of bcry 11 luifi and lithium beryl U to {Li,Pe1.) to provide energy 0Hi1t?,Jicatian 

and t r i t ium breeding. The fuH cans are designed with axial coolant passages 

nhnh con (,i in f ic ' ical inserts JS shown in Figure fl. 

IN- the''l-«!iynom'f conditions around the loop are summarized In Table 

4 'b,t%r'd oo ta lc ik i tmns to be described in the next sections), and were 

determined based on the constraints nf the P-M '\ vafior in the potassium tormjftg 

cytlp and 3 m,\i inum MiinU't fuel temperature of 1000 rC. The total blanket 

requires ,i flow of 4.? X 1(1 kg/hr of potassium and 1.1 X 10 kg/hr of 

helium, lising the He qual i ty of 0.026 determined previously. The helium 

compressor, operating through a. pressure rat io of 1,31 * has an input power 

requirement of ?7 MW. or 1,6-' of the blanket thermal power. 

http://jjm.iI


Ili,-imMv»a^H Suit* V j r M M f j t'of the 

tlUnket rhemwl Iran-ipur! Loop 

1 J").' > U' i.'-T -1 



4.? Hlanket lhcnn.it De'.fjn 

J hi* drsitpt of ibi' s«tmd»?{> f«(>! cm a/id the un*t ce l l useo* for the 

tln'fduit . ina lysc *rc -.SMiw't tn fMjuri' '3, For th i s analysis the j)re'.fcm.i' of the 

nc wd*. ii('i|lfct(*ri ' .hU" the teltiiif-dttii'if chanrjo in the blanket and the He mass 

• m a i b n (?.(,"} are s ^ ' l . 

The tif.jtnj[i-itit]i«i'ti m-.it i,i-iic. j t i on prof i le can he appro*imaipd by an 

•MxiK 

(21) 

f ' i* ' ts the fut'l power density a\ the front of the fuel reqion {f i r s t 

• <»«.; i i; tht- a*ial coordinate ftWi>9 the coolant tube t<*twar{] through the 

region- far uur bUnU't <lcst<jfi, q"* ; 23 w/cm , « * 3.06 m~ and the 

ti. of the fuel region is L ' n,« m, 

'hi- i n i t i a l variriMes to hG 'Jeterrriiitd in the thermal analysis ire 

niftl.it t lube ilijmeiiT, d , fifift coolant tube p i t ch , ' The constraints 

»w* ).-,«'in <.rt* 0 1 the *uet l£i"perMore nust not e*£feo" !Q00 X, (2! the 

f lu . Must not c«((.'<•(! the c r i t i c a l heat flu*, and {3} the pressure 

•>u-.r in- '-n,))1 enough in result in a pressure r a t io across the compressor 

'r>,- ',„(.<• .iia'N'!t»r and tsttrh „ere :}i>termi«erf t»? JOS^ins a heat baUnte 

•tie tfieni.il i ...iiluctu.n iyiu.it ion to t'ic unit cpl! '.oGwn *n figure 9. *he 

- a : , o " IKIMVI ty of the sin'r-rt-o f'e fuel was. assume') to he 1/? of that for 

,. »n. »'..'.r '••) ,r ciunt fti' viir!1,; antf a aotassw^ "i,)ss f1u« of 1 * 

i •.-<• M- ' ! ' „ r / w - ( t M was uicrf which is typical of the values ustuS 

n<< h o t ! in-j f i i t i S ' . ' u r !".,f. w i t n h i>Hf*1 i t . S P f t s I U , 1 ? 1 . '*W l iOi l l fW 

f r . i i t . f e f C J l - f l C i e n t was Cd'f ulrt t e l f r o i " t»>r- t O r r < * U t » W ( I ' l 

http://lhcnn.it
http://niftl.it
http://tfieni.il
http://iyiu.it


.0016 (P/d),, (1 " « . ' ' 

Hero. (p/'d). 's l'n> nol i * pitch-to-diampter r a t i u , and ir- is the wall hen 

f l u . ( t l tu /hr - f t ). Tne symbol a denote*, the radial acceleration of the 

flow induced by the nellcat insert. 

gd f 

(1 -*K) ^ 

(p/d). {1 .) 
w.iich is expressed in q's ( I . e . , multiples of the gravitational acceleration). 
I T the absence of any date, the effect of the magnetic f i e l d on the wall 
f i lm [created by the inserts centrifuging the l iqu id drops against the wall) 
was neglected. A potassium exi t quality of 80" was used, as the correlation 
f i l ia t ion (2?), is on ' " va'ir l Ue^.o^ t ' l is ou.il Mty . Tor *itqher g u a ' i y , f iore i i 
not '.:iou"i l l i u i i l in i.": !">•• lo •T.'rL.-in • n jn^inir i r . "•"'- ~T VI? : "* " T " 
the heat transfer coeff icient decreases sig-Hficantly. 

The analysis resulted in the dimensions 

d f c = 0.70 cm, 

4 t " 3.90 cm, 

with (p/d). = 9 and a total heat transfer area for the blanket of about 
2 " 3800 m . The peak fuel temperature occurs at the In let (z « o ) . and the 

radial temperature prof i le is plotted fnr this position in Figure 10. The 
fuel center temperature of TCI3 °C was judged suf f ic ient ly close to the specified 
value of 1000 "C. given the uncertainties In the fuel conductivity and bo i l 
ing heat transfer coeff ic ient. 

http://ou.il
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The c r i t i c a l value of the heat f lux Is that value where a vapor f i lm 

forms on the wall and the heat transfer coeff ic ient drops drast ica l ly below 

that for nucleate boi l ing (often result ing in "burn-out"). The c r i t i c a l 

heat f lux for boi l ing potassium with helical inserts Is given by the correla

tion [11] , 

% ' (1 * V / 4 x 106 Btu/hr-ft2 (2*) 

where y R 1s the potassium qual i ty . For the present design, q" / g" y 0.4 at 

the in le t (gr y 125 w/cm ) and th is rat io decreased monotonically to the 

exi t where i t had the value of about 0.07. The design heat f lux was judged 

to be suf f ic ient ly below the burn-out value. 

In our present design, we have used the twisted inserts in the fuel 

coolant tubes. However, this design choice is not essential to the use of 

the two-phase (He/K) coolant concept. Without the Inserts, a heat transfer 

coeff ic ient lower than that given by Equation (22) would result as the heat 

transfer would occur through the gas component of the f low. Thus without the 

inserts d. and fi. would have to be re-evaluated to give a lower heat f lux 

and thus a larger volume fract ion of coolant and structure In the blanket. 

4.3 Pressure Drop In the. Primary Loog 

Around thr p^tmary heat transfer loop, three dif ferent types of flows 

occur. F i rs t , the two-phase He/K l iqu id flow from ihe mixer to the fuel 

coolant tune Inlet In the blanket; second, the bol l lnq with Inserts In the 

fuel coolant tubes; ant) th t rd , the Up - no* poUtstum quali ty flnw from the 
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fuel coolant tube outlet to the heat exchanger. 

The in le t Me - K l iqu id flow pressure drop was evaluated from the 

data of Reference 23, where f t was found that for high-NS, hfgh-entrainment, 

flows the pressure drop is approximately twice the pressure drop that would 

be calculated i f the l iqu id were not present. This re lat ion is shown in 

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

>d • 2 ( i "is} • , ? 5 ) 

Using HG = 500, we obtain a dynamic head cf 0.18 psi (1.21 kPa) and a pressure 

drop for this in le t flow of 1.2 psi (8.3 kPa). from the values of NG, NL and 

the mass flow rates, a l l the inlet ducting si;es can be evaluated. The re

quired in let flow area is only 0.13 m per module (1/16 of total f low), 

the in le t duct diameter is 0.4 m and the in le t plenum width (see Figure 8} 

is t p L 1 = 0.03 m. 

The boi l ing pressure drop in the fuel has two components, one due 

to acceleration and one due to f r i c t i o n . In the calculation of the pressure 

drop, the He must be included since the He volume flow rate is equal to 

approximately 30*' of the potassium vapor volume flow rate exi l ing from the 

fuel region. 

The acceleration pressure drop is simply the difference in dynamic 

hoad between inlet jnd out let . To treat a l l three components of the flow 

(tie, K l iqu id , K vaoor). the homogenlous model [?4] was used to define an 

average f l u i d density and resulted in an acceleration pressure drop of 

1.2 psi 3-3 kPa}. 
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The fractional pressure drop was calculated with the homogeneous 

model [24 ] , using a density based on an average potassium quali ty (through the 

length of the tube) of *. • 0.30. The result ing average density was used In 

the f r i c t lona l pressure drop model for adiabatic flow fn a tube with a 

helical insert, f i l l These assumptions yielded a f r l c t iona l pressure drop 

of 6.1 psl (42.1 kPa), and thus a pressure drop In the fuel of 7.3 psi (50.3 kPa). 

As can be seen 1n Table 4, the potassium temperature shows the unusual feature 

of decreasing through the blanket. This is due to the fact that the inlet 

flow is an almost saturated l iqu id and the flow undergoes a pressure drop 

through the blanket during heat addit ion. This process is i l lus t ra te^ In 

Figure 12. 

The space available for outlet ducting from the blanket dictated a 

dynamic head of 0.85 psi (5.86 fcPa), which was evaluated using the Mart lnel l l 

two-phase adiabatic flow model [24 ] , and accounted for a l l three components 

of the flow. The result ing out let plenum flow passage height was t p , 0 » 0.12 m 

(see Figure 8) . The out let duct diameter, using the co-axial scheme shown In 

Figure 8,was 1.12 m. The pressure drop for this portion of the flow, from 

fuel out let to heat exchanger i n l e t , was estimated to be 3.0 psi (20.7 kPa). 

The result ing pressures at various points in the cycle are summarized in 

Table 4. 

Although we were admittedly optimistic about the number of head 

losses in the In le t /out le t ducting, the modest 1.6*' ra t io of Me pumping 

power to blanket thermal power implied that the In let /out let ductini pressure 

drop ( wMeh is ^' of the total) could he slnni f i c in t l v Umar than estfnatP-< 

without incurring excessive pumping power requirements. 
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5- Conclusions 

A new two-phase flow concept for magnetically confined fusion reactors 

has been proposed to overcome the MHO pressure drops at the in le t of a b o i l 

ing potassium cooling system. Preliminary calculations Indicate that the 

addition of about 2.6* of helium mass flow to the l iqu id potassium in let flow 

can create an annular-mist flow where the magnetic f i e l d effects are 

neglfqible. Farthemsre the overall loop pressure drop for the helium Is 

about 23' resulting in a rat io of helium pumping power to thermal power of 

only 1,62. While we can conclude that the concept looks promising on the 

basis of this preliminary study, several aspects of the thermal-hydraulic 

correlations used require experimental ver i f i ca t ion . 

"HtteMiM tn i iimipjny " ' piiMJucI 
fum<c .toes IIOI imply jppim,il or 
MiimuMemltlaa: tt! the pt<«J<i«i ky 
Ilir[ ' i! ivcillt>o[('.>liloimjo[ ihv't 'S 
I iwisy KfuMrJi ft Deirliipiiteni 
Atht»ni<>tf«ttufi * " the e>.lii«iin ut 
nlliFrv i l i j l iruy he \uiUl'le " 
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crosi sectional arM of duct 

radial f l u id acceleration due to twisted Insert 

UP specific hMt 

rfuit diameter 

couldRt tube diais*ter in the blanket 

rannlim f . h t U m 1 « U T , ff - t j l ^ t t ) 

m*si f l u * 

gravitat ional acceleration 

boi l ing heat transfer coeff ic ient 

velocity s l i p rat io 

mass flow rate 

gas velocity number 

l iqu id velocity number 

pressure 

dynamic head 

hel ical insert pttch-to-diameter rat io 

blanket tnormal power 

heat f lux in blanket coolant tubes 

c r i t i c a l heat f lux In the blanket coolant tubes 

eianket fuel power density 

t tui i l pressure ratfo across helium compressor 

temperature 

f l u id velocity 

f l u id superf icial velocity 

helium compressor in let power 
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a = void fraction 

Y = He specific heat rat io 

t. ~ coolant tube pitch in the blanket 

r f. = ifitercooier effectiveness for He compressor 

n ~ He compressor isentropfc eff iciency 

A = flow parameter, see Figure 4 

u £ viscosity 

D = dens i ty 

u * surface tensidfi 

y - He quali ty ( rat io of l ie/ total mass flow) 

v K

 a potassium qual i ty ( f ract ion o f potassium mass flow in the vapor state) 

t * flow parameter, see Figyre 4 

Subscripts 

9 - gas (He) 

t « I t f l i i id (potassium) 

K a potassium 

n » (n-inteoer) station number defined in Fiijure 1 

sg - superficial gas 

si » superf icial l iqu id 
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