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i f  * 

FueP-srtlt volumes external t o  the core of a ms%ten-salt reaetar are calculated 

fer EL system i n  whfch the fue l  salt circulates  through the Core and prlmary excshager 

by free convection, 

the core top range from 5 t o  26 f-be 

are a seesnd molten salt a d  helium. 

with either coolant, 

%e first combinatfon permits s t e m  genesatlon at 850 psist, gOO'F, 

is selected for a. closed gas turbine cycle with an 1100 P turbine l n l e t  temperature. 

Speeiffe: power (thermal h / % g  255) fs found t o  be about gOS Brcs/kg, bawed on f n i t i a l ,  

elcan. eoncaPtions and a 60 p4w (thermal) output. 

estimated fo r  a forced convec.t;fon system of the same ra t ing ,  

In the calculation of these vslmes, the exchanges heights above 

Coolants consfdereil for the primary exchanger 

External fuel  holdup fs fsmd t o  be the mame 

Two sets sf t emfna l  temperatures are selected fop %he helium, 

The second set 
0 

A specific power of 1275 W/kg is 



1. 

Intro&uct.bon 

h e  of the problems of a cercula t ing- l iq~d-%uel  reactor i s  the provision sf 

re l iable ,  long-lived fuel  cfreulatfng pumps. 

system in whfch the f u e l  i s  eircu1ated through the primary exchanger and reactor 

This problem 2s elimfmted fo r  a 

core by natural  convection. The advantages of omitting the ci rculat ing pmp arid 

i t s  attendant problems of maintenance and replacement m e  purchased a t  the prtca 

sf increased fuel-salt volume in? the pr fmry  exchanger and in the convection 

risers. There are applications f o r  a reactor syetenrm i n  which the premium placed 

on re l iab i l i ty  and ease of maintenance could mke the convection ay~tem attraetfve. 

me puqosti sf t h i s  report  i s  t o  investigate a, free-convection reactor system i n  

oraer $6 afford a basis for assessing i t s  merits. 

Selection 0% Weastor Cond$t.%ons 

A schemtfc representation of the reactor and primary heat exchanger I s  shown 

fn P%gure (1). 

enters  the bottom of the  reactor sphere and leaves through the top. 

of the fuel salt enterfng the heat exchanger I s  specified t o  be 1225'F, a temperatwe 

which availsble corrosion information in&cates is consistent with long-term lffe 

The fuel salt returned t o  the core a f t e r  coolfng Zn the heat exchanger 

The temperature 

for  the system. 

t5 consider selection of stem turbine conditions of conventional plants. 

Wit& t h i s  temperature and a thermal output of 60 I&, ft is possible 

Thus tern- 

peratwe cond%tbons 1n the f lu ids  passing through the primary exchanger have been 



-w, selected t o  permit generation of 850 psis, 

%hese stem conditions would give EE generator output of about 22 MW (37% efficiency) e 

stem, For a thermal output of 60 BW 

me 1225'~ maximum salt temperature apso al~ows considemtion of a cissea gas 

turbine cycle using helium at 8 turbine i n l e t  temperature of 1 1 0 0 " ~ ~  

perature and the postulate4 cycle parmeters summarized in B b l e  I* the turbfne 

output would be about 19 PBS (30.8$ efficiency).  

 or this  t e m -  

The fmportaraee of cleeirable nuclear properties for  the fuel salt takes precedence 

over the thermal propertfee Sm the selection of' a fue l  salt,  

of lithim and bepy%lim fluoride salts fs selected, POP such mixtwes the viscosi ty  

For this reason a Hl%xtwe 

ha$ been selected as giving a reasonable combination of these two properties. The 

pert inent  physfeal properties of t h l s  salt are veri in Table 1s. 

Calculated Performance - Helium 
m e m l  eff3efency 
Helfm temperature a t  salt exchanger i n l e t  

reases 2*l$ f o r  each 
percentage point increase i n  - 

P 

* A%t&ment of' the helium compressor and turbine eff ic iencies  postulated %n .*,' Table a: has ye t  t o  be demonstrated, 
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:... 
@H The secmndary fluid in the ptimry exchanger ia limited by cmpatibilfty con- 

sideration~ w ts efther 8 gas or a mo%%en salt. Bsth possib%lftfes are treated, 

In %he esse sf the molten salt cooling %-he heat frm the reszetsr would be tmne- 

ferred from %he fuel salt, ts the coolant salt, to soam, to ws,ter. A sitils,r 

system is deser%bed in Wefekeme 1, Good empatibflity tith the fuel salt an& Pow 

fusPsn tempera%ure (tj50°F) are the pr$nellpe31P remmnlp for sePeetian of Hxture 8k 

Unit kleat c city, B%u/lbbQF 
Therms.1 con&uetfti%y, Btu/hr-ft-OF 
lknsity, lb/f?? (t - *If) 
V%smsi%y, Pb/hr-ftp EOOO'F: 

I2OO"F: 
Fusfsn temperature, "F 

The use of a gas 8s a caolant offers %he advmtage that, fn the case of a 

stem eyczle B it would be the only fltid intemediate between the fuel s&t and 

the stem, '33 the case of the gas turbine czy@le there would be no fluid inter- 

mediate between %he workfng fluid and fuel salt, The use of gas rather than salt 

alss elfmfnates heaters far the coolant salt and sodfm circuits and decreases the 

numlser of" drain tank8 required for the syrstem. Cases suitable as a ~oc4ant are 

hyclrsgen, helium %end nitrogen. Eeliwn is apecif~eally considered in the fcallowfng 

because sf it8 goodt heat transfer properties and nuclear and ehetisal inertness. 

Ry&rsgen wcmld be preferable from the pin% of' view of heat transfer and pm-ping 

'"Z 



w considerations, while -nitrogen, due t o  its hf er ms%ecular wef , would be attrac- 

t i v e  for use with a gas turbine cycle. 

helium seqxi~e the  use of a large number of compressor and turbine stages. 

The Pow mPecuPar we%&t;s of hyckogen and 

Nftrogen 

would offer the  advantage of using presently-developed conpressor and, turbine ecger%qylaent. 

O p t i m w r ~ n  Riser Conditions 

The hydrostatic differef i t ia l  head causfng the fuel-salt flow is proport iomi 

to the product sf the: temperature change of the fuel salt and the height of the 

exchanger above the reactor ,  The pressure drop available t o  the exchanger is the 

'nydrostatic head mfnus f r i c t i o n a l  losses occurring i n  the r i s e r  pipes. 

s ional  losses deerease rapidly with increasing r i s e r  diameter, but a t  the expense 

of an 2neressect salt holdup voltme i n  the riser. 

tempratwe change are both fixed, then, for  the attalrment, of a speefffed pressuse 

drop available t o  t h e  exchanger2 there  is one combination of riser dfmeter arid 

height of exchanger f o r  wh-lch the sal t  volume i n  the riser system w f l i  be a m i n i m u m ,  

The existence of t h i s  niriimwn is  i l l u s t r a t e d  f n  Figure (21, i n  which the variation 

of salt volme I r a  the riser arid of r t s e r  diameter are shown as st func.t,fon of exchacger 

height. Table I11 6imrmarPzes a s e t  of optimm rfser cor.rl9tions used i n  this report, 

Ffgure (2) and m b l e  IV are based on the riser f r i c t i o n  data given in !Table 111. 

These €'pic- 

If the fuel-salt  mass rata and 

The f r i c t i o n a l  losses i n  the riser are found t o  be determined primarily by the 

expansion and contraction losses  and are insensi t ive t o  w a l l  f r i c t ion .  

ment of a sjngle r-Lser by two s e t s  of risers having an equal. height and t o t a l  cross 

sect ional  area w - i l l  make essent ia l ly  the same pressure drop available t o  the exchanger 

a t  t h e  sane r i s e r  holdup volume. This fact can be of use i n  decreasing the mechanical 

Thus replace- 

rig;fsafty of the piping and fndica,%es t h a t  the nee of two exahangers with separate 

P%aers i n  place of one WlIl not require an increase6 fuel holdup volume i n  the risers. 



5 .  

Table IIIo 

Expansion plus contraction. lose 

on enterfng and l e s v b g  core 

on entering and leav5mg exchanger headers 
E.$ 3% 

1.5 f t  

Equfvalent length sf pips added for bend-loss allowance 8 f% 

Flow f r i c t i o n  factor 8 002 

‘48 
HgrdEroststIc head f o r  flow 

Sa l t  voBme fra  riser 

Part, Load Operation 

uen eore-x%ser-exchanges systeln the  flow rate of the fue l  salt i s  

ned i n  term of the difference i n  fuel salt temperature f n  the two lege 

of the rfser and the flow friction charaetefist ie sf the  system- The prt  load 

operation of a Gven system f a  shown i n  ~ f g u r e  (3) .  

the average of the core i n l e t  and ex f t  temperatures i s  effeetfvely a constant in -  

FOS the molten salt reactor 



Temperature ehan~e of fuel. 
ml%, "F 

Exehmger height, ft ;.. 
Salt volume In risers, ft3 

Diameter of riser, ft 

Pressure drop acrom 
exchmger, lb/ft* 

Salt velocity in r%ser, ft/sec 

200 260 290 

5 10 20 

65 79.5 105.5 

1.78 x.656 l-537 

6 x3*4 27.8 

1.5 x.74 2.02 

225 22s 

5 I.8 

55 68 

1.602 a.525 

704 15.6 

1.64 

225 

20 

89 

II.8418 

g1.B 

2.10 

25Q 

5 

48 

1.497 

8.8 

1.69 

c-3 250 

10 20 

58.5 77 

l.S1 1.318 

17.8 y5.0 

l-go 2461 

m . 



7. 

Salt-Cooled Eeat  Exchanger 

The temrtnal temperatures selected fo r  the coolant salt a re  875°F at i n l e t  

These two temperatures remain m- t o  the primary elashanger and 1025°F a t  exi t .  

changed for a l l  salt-cooled exchanger efesigns consfdered. 

temperature fs 25'F above the fusion temperature of the fue l  salt  and 235°F above 

The 875°F entrance 

the fusion temperature of the coolant salt. €lea% transfer  dtzta used i n  the ca l -  

carPatdons a re  given f n  Table 17. 

Fuel sale 
Nusselt modulus for fuel salt* 
Friction factor  64/Re 
Entrance and exdt losses f o r  salt, velocity heads 

4,s 

1.5 
Thermal resfstance per mi6 tube length 

Coolant Salt 
Bmm&l. resistance per mft tube len@h* 

me-1 conauctmty ,  ~ t u / / h ~ - f t - ' ~  
Wall %hbchess, in .  

Exchanger Tubes 

'Plaeml resistance per un i t  length: 
0.42 %ne I D  tubes 
0,634 in. 119 tubes 

0.80272 
8 .os189 

* Graetz modulus is less than 5.0 for a l l  designs. 

* Thfs value is estimated attainable without excessive pressure loss by 
approprfate shell-side baffl ing.  (Dsubling th f s  resistance would in- 
crease the over-all  resistance by only ll'$.) 

~ 

Figures (4) and ( 5 )  sumarbze the r e su l t s  of exchanger calculations. In- 

spection of these figures shows that increasing the height of the exchanger above 

the reactor has no effect on the t o t a l  length of exchanger tubing required and 

'...,& 



thus no e f fec t  on %he fue l -sa l t  volume wlthin the exchanger tubes; however, in -  

creasing the exchanger hei t leads t o  &n incressed length of the elpethanger and 
*%& 

a 8eerease i n  the number ob tubes i n  the exchanger. Thus the  tube bundle &%meter 

i s  &ecreased and, consequently, the volume of fue l  salt contained i n  the exchanger 

header, 

increase ~ 5 t h  fncreasing exchanger height. 

salt  volume i n  the risers, 

parameter rather  than the tube diameter, then an increase in exchanger hef 

wsuEd lead t o  a decrease f n  t o t a l  holdup volume and a snaller d i a e t e r  tube* 

However, the net r e su l t  cpn salt volume external t o  the reactor i s  a s l igh t  

lllnfs increase is due t o  the %nereased 

If the number of exchanger tubes were the eonstant 

Decreasing %he Internal  4 i a e t e r  of the exchanger tubes from 0.634 to 0,42 in. 

produces, for  a IO ft height of the exchanger, about a 23% decrease in external 

holdup volume, but a t  the expense of a 2,3-fobd increase in the number of tubes. 

Variation of the fiel-sa~t temperature b o p  over t h e  range fron 200 to 250'~ pro- 

duces a rela-kf-vely &nor effect on the exchanger dleaf@~ns~ 

The Pow t h e m %  resistance of the coolant salt re la t ive  t o  tha t  of the 

Pm%narPy-flowirag fuel salt resu l t s  i n  a small temperature difference between 

the exchanger shell and tubes. Thus %hemal s t resses  due t o  df f fe ren t fa l  expan- 

sion of tubes and s h e l l  should prove small enough to permit a straight tube design 

despite the ra ther  large temperature &%fference between the two salts, 

Gets-Cooled mehangers for Steam Wcle 

For helium cooling of the primary exchanger, the %eminal  temperatures of 

the helium were fixed a t  850'3' for i n l e t  t o  the exchanger and 1025°F for  out le t .  

The drop i n  fue l - sa l t  temperature wa$ b l d  a t  225'F. The 850°F d n l e t  temperatwe 

fnswes tha t  the fue l  salt w f l l  not freeze in the tubes, and the l025i0F e x i t  tern- 

pera twe fs; consfsten-t with the generation of WOOF s t e m .  me excbnger designs, 



r ized i n  mble VP, are based on the use of O.63bc i n ,  ID tubing 
..& 

wit& copper ffns. D;fmensfons of $he Pinned tubes (Table w1) were aealed-up from 

descrfptions fa Reference 2, from which the flow fract ion and heat transfer data 

were also obtafned. 

Wfth a single-pass cross flow exchanger, the salt f2owabng fn the row of tubes 

ffrst contacted by the entertng helium would leave the exchanges a t  a csnsfclerably 

resfstance is &irec$%y proportional %s the viscosity. Thus %he salt veloefty fn 

in a%% tubes- 

with the result that a single-pass ems8 flow exchanger fs mccepla,ble. 

pass exchanger i s  thus requ2sed i f  a cross f l s w  exchanger deet@ is t o  be used, 

coaa~aterflow exchanger h e  the optimum configuration, both from the paint  of vfew 

af ob.t;ainflag uniform flow dbabstribution and ninimlzing the required over-all  conduc- 

The ef fec ts  leading t o  non-uniform salt flow are mutually a 

A mul%i- 

A 

tance sf the exchanges, 

?%e over-all ctimensions ven f o r  the helium-cooled exchanger correspond to 

a three-helium-pass cross flow exehnanger. 

distance traveled by the helium i n  one pas5 (%*e.) distance from front  t o  rear of 

tube array) ,  

The calm labelea '*depth" refers to the 

The "WBdth" re fers  t o  the transverse dimension of the exchangerso 

The fractional pressure loss, AP,/P, l i s t e d  i n  the table  is based on a helium 

The f ract ional  pressure loss i s  bn- pressure leve l  a t  the exchanger o f  100 Praia. 

vessely proportional to the square of the pressure level.  

%ha pressure of the helium were increased t o  200 psfa, the AP/P values slam in 

?hbPe v% would be quartered (dth0u.t; change i n  any other en t r ies  i n  the table), 

Thus, f o r  example, i f  
I 



10. 

He%%m.l 
Re No. 

500 
1000 
2000 
4000 

mta1 TIength A?? TIw3e Salt Frontal Area 
of tubfng T- Depth V0lUKle 

(100 psfs I&?> f-t3 
I?= F-s 

f-t ft I%2 

@,3W .ooo-o758 0264 106 1060 
43,oso .ooo438 .G9 530 
39,200 .0026 0855 izwl 265 
3fQOO 40177 1,582 7903 3-32 

5 rt high: r%ses vol - $5 cm‘ f-b, AP = 7e4 ps%" 
500 552o 8.75 24 185 4x0 
1000 52% 8.22 23 173 194 
2000 z-ii:: 7.84 22 163 102 
4000 7*54 2% 155 54 

: r%mr vob - 68 cu f%, msBlt = 15.6 psf 

500 3MO 12.7 XL7 191 250 
1000 
2000 ;E 

%2*0 rja 179 133 
11.4 15.1 169 69.4 

lisoo 3310 10,g X4.5 16% $02 

20 f-t h%gh: kfser vol - 89 eu ft., AF*apt = 31.8 psf 

500 2660 18.2 11.7 207 175 
1000 2520 17.1 11.1 195 
2cmo 2410 16.3 10.4 186 i??i 
4000 232o 15 04 PO,2 178 25:4 



11. 

Table VII. 

%ntemaP ttrbe d&meter, in, 
Wall thickness, fn. 
Tube terial 
Fin materfal 
Fjbn area/total area 
Pfn thickness, in, 

Tube spacing in plane normal to gas flow, in. 
Tube spacing parallel to flow, in. 
Rest transfer area/W% volume, l/ft 

* Geometrically sitilar to surface W-8.72 (c) in Reference 2, 

0.634 

0.059 
INOR- 
Copper 
O&Y5 

0.0339 
J-*745 
IL.430 
76.2 

rP$e fraction, 

exchanger P s ven 

s, of the plant output used in pump%mg the helfzm thrsu the 

by the equation, 

in wh%@h 7 fs the speciffc heat rate, T the mean gas temperatum (OR), AT 

the temperature change of the gas, 7, the blower efffcieney, and 
?? 

the plant 

C?ff!dXbX?y* Far a blower effi&ency of and plant efffciency of 37$, one obtafns, 

s - 10.7 9 

Thus if 2$ (s = .02) of the generator output is used to blow helium through the 

exchanger, the value of es/F would have to be 0.00187. 

In order to facilitate discussion of the calculated results summarized in 

Table VI9 it is convenient to define the reference heat exchanger descrfbed in 

Table VIIIe 
:... ‘Yd 



12. 

I% %he pressure l eve l  of" the helium were increased from 100 to 200 psia and 

the exchanger alteseil in order to mfnta in  aP/P constant, then $he exchanger %en 

would be relat ively aaeg1dgibl.e a 

If the power expended in pumping the 100 p i a  helium through the  exchanger 

were faacseased from t o  k$ of generator output, $ice., - - - o,oo374), the depth P 
and length of the exchanger would cbnge  t o  0.93 f t  and 61 f t ,  respectively. Come- 

rspcanang ehanges in salt holilup volume, number of tubes and tube length would be 

re la t ive ly  neg l i eb le .  

For a 10 f=t height of the exchanger above the reactor, the calculated salt 

volume external t o  the Core is 172 cu ft for  the reference exchanger. !Phis can 

be compared t o  a fuel-salt  volume of 160 cu ft  f o r  the salt-cooled exchanger of 

the  same height, ufsing exchanger tubes of the  same Internal  diae%er. If $he 

reactor core dtmeter is $&en as 8 ft, corresponding t o  a fue l - sa l t  vo~mie of 



268 cu ft, then these figures %ndl%cate -that gas cooling can be used with a fuel- 

salt volume fncseaae of E cu f t  i n  a t o t a l  uoIme QexcPusive of volume fn expan- 

s ion tank) of 44g cu ft* 

"&+ 

me major uncertainty %n cmparing the external fue l - sa l t  volmes fo r  the 

gas-cooled and salt-cooled exchangers lies i n  the uncertainty i n  the salt volume 

which should be a t t r ibu ted  t o  the exchanger headers. 

3 the header v d m e  hssr been sssmed to be 0,00438 %k 

the salt-cooled and gas-cool,ed exchangerse 

to E x  the heacler vo%me nore accmately. 

For the present calculations 

per 0.634 i n .  I D  $pabe far both 

A more detailed design study is  required 

O f  a Sl@d&P %Ube dfasleteBo $62 the @S-CQO&Sd exch5knger wOU]ld seSU%t 

a decreased fuel-salt holdup vsBme at the expense sf an increased number of 

shorter tubes. The ef fec t  of using a 0,42 in .  PD %ube instead of' the 0,634 in. 

tube used %n the calculations should gasallel the b e h v i s r  previously shown for 

the salt-cooled exehetnger. 

A possible configuration f o r  the three-pass exchanger is shown in FY 

The cesnfigu~ation pePrmdts attachtllent of %he riser pipee t o  the headers with suffi- 

cient. f lex ibfb l ty  to m%n%nnlze t h e m %  stresses agd prcsvfdes a eylfndrical  c ~ n t a % m e n t  

for the pressudzed IteEfm, Use sf two such cylfnders to eontatn the reference 

exchanger would r e su l t  fn 4x0 exchangers, each lg P/2 fL long. If the helium pres- 

sure were Encreased to 200 psia, %he length of each would be reduced t o  12 ft. 

&m-Csaoled &;changers fo r  Ga@ Turbine Cycle 

The h J o r  problem encountered i n  designs of exchangers f o r  use with a gas 

turbine cycle is %he POW % a p e r a t w e  of the helium entering the helium-fkel-salt 

exchanger. 

a temperatwe 174'2' below the fusion temperature of the saltt 

For the cycle parameters given fn Table 1, this temperature is  676%, 

Exploratory esleu- 

t ha t  t h i s  low temperature would freeze %he salt i f  an exchanger 

surfme deracrfbed i n  Table VI1 were used, 



For tinfmm fuel-salt holdup in the exchanges tubes, the optimum saEutian 

ts the problem of ~~&nte%fning a walb surface tenqmature above the freezing pa%n% 

is fsuazd in the use of a counterflow exchanger, in whfeh the gas-sfde the 

resistance decreases fn the direct&on of gas fPow.Sn such a manner that the wall 

temperature dses n&I drop behw a pmXribed vaEuE?o In the case of a Psn~tudi- 

nally finned tube, the gas-side thermal resistance variatfon required could be 

effected by fncrea.sing the fin hef t along the tube until. the fubk fin height 

is attained. Fur %he remafndes of the tube %engthr, the fin height waudd be un- 

changed and the tube wall temperature would %nerease above the prescribed minimum. 

The exchanger caPcuPatSsns psesented fsr %he gas turbine eycPe preeme the use of 

such itn exchanges wi%h a rrafnfmm wpl'll-fuel-salt %nterfa.cXl. temperakture af 

Results of %he exchangers caleuPa%fona are presented %n l7-Qgre (q). The 

abscissa, 9 B is the ratlo of the sum of the GELS and wahlb therm&l reeistsnces 

per unit tube len h tse the fueP-salt them1 resiratame per unit leng%hs, 

@2w'R 83 0 The gas-side them&L resft;%ance is defYned as that which is 
w 

obtazinedstith the unaltered finned tubing. Wing the themb resistame data 

presen%ed in Table V, it is easily shown that the s-&de themab resW&nces 

aoPPespsmd~ng to 0 vaaues Q%D 0*2!!5 and 1°F are o*sogpv8~ and 0.0321 QF-ft-hr ~ Bfs 
mu 

8 IL/2-fs~d Snmease in gas-sfde re&.stanee corresponds to an increase of appmx- 

imtely kO$ in external fuel-salt holdup vobume, number of tubes and Een 

NQ ta are presently available defjbning the heat transfer and fbow frietfcm 

characteristfcs of tube bundles using langUmSmLLy fTnned tubes. 7.%us the 

exchanges designs are inmmpllete, However, the nmber of tubes, tube length and 

%&al external salt vslme can be estimated with rckssnable ia@cumcy ff ft is 

e.ssumed, as seems ILikely, that the same value of 9 exm be realized with Pon@.tu- 

d.l.nally finned tubes as with c%ramferentba.Kky finned tubes. For the stem cycle 









81 SER 

U N C L A S S I F I E D  
O R N L -  L R -  DW6 27943 

/ EXPANSION DOME 

HEAT EXCHANGER 

Fig. 1 .  Schematic of Natura l  Convection Reactor. 
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