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PREFACE 

In September, 1955) a group of men experienced in various scientific 
and engineering fields embarked on the twelve months of study which culminated 
in this report. For nine of. those months, formal classroom and student 
laboratory work occupied their time. At the end of that period, these seven 
students were.presented with a problem in reactor design. They studied it for 
ten weeks, the final period of the school term. 

- This is a summary report of their effort. It must be realized that, in 
so short a time, a study of 'this scope can not be guaranteed complete or free 
of error. This "thesis" is not offered as.a polished engineering report, but 
rather as a record of the work done by the group under the leadership of the 
group leader. It is issued for use by those persons competent to assess the 
uncertainties inherent in the results obtained in terms of the preciseness of 
the technical data and analytical methods employed in the study. In the 
opinion of the students and faculty of ORSORT, the problem has served the 
pedagogical purpose for which it was intended. 

The faculty joins the authors in an expression of appreciation for the 
generous assistance which various members of the Oak Ridge National Laboratory 
gave= In particrdar, the guidance of the group consultants, E. S. Bettis and 
D. A,. Carrison,' 2s gratemy acknowledged. 

Lewis Nelson 

for 

The Faculty of ORSORT 
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9. - 
ABSTRACT 

- * r  
A 

- 

b The reactor i s  a fused s a l t ,  homogeneous, intermediate energy reactori 

- tha t  operates a t  a power densi ty  of 55 watts/cc with an enriched U-235 i n -  

Y 
P - 3  

t ventory of 240 kilograms. The f u e l  bearing fused f luoride s a l t  functions 

as  IIeutron moderator and heat t ransfer  medium. It i s  circu&.tcd tkuugh  the 

multi-pass reactor vessel and t ransfers  the f i s s ion  heat t o  a sodium loop 

withfn the reactor vessel by an annular, U-tube heat exchanger which surrounds 

the central  core. This heat i s  then transferred from t h i s  radioactive sodium 
. - 

loop t o  an intermediate, non-radioactive sodium loop, which i s  used t o  generate 
' 

1 0 0 0 ~ ~  superheated steam a t  1800 psig t o  drive a steam turbine-generator uni t .  

The net thermal plant  efficiency i s  38.2 percent a t  a m a x i m u m  net e l e c t r i c a l  

output of 229 MW. "\ 
-- 
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SUMMARY DESCRIPTION AND CONCLUSIONS 

This report i s  a study of the f eas ib i l i t y  of using a fused s a l t  f u e l  

reactor i n  a cent ra l  s ta t ion  e l ec t r i c  generating plant .  The proposed reactor 

combi~les %he desirable features of various homogeneous and high temperature 

reactor designs. The basic philosophy of the study has been t o  design a 

reactor and power plant  system which couid be b u i l t  using present day tech- 

nology wherever possible; which would be re l iab le ,  safe,  and ef f ic ien t ;  which 

could operate f o r  long periods of time; and which could be maintained wfth a 

minimum of d i f f icu l ty .  The selection of the fue l ,  reactor materials, reactor 

coolants, heat t ransfer  system, steam turbine and associated equipment b . 6  

been made with the above objectives i n  mind, and the resul t ing design appears 

t o  f u l f i l l  these eondftiuns. This study indicates,  however, t ha t  some develop- 
. . 

ment work w f l l  be necessary befope a p l a t  of t h i s  type can be b u i l t  and put 

in to  operatfon. The basi? plant  arrangement presented i n  t h i s  report  i s  not 

intended t o  represent a finished or  optimum design, but it does appear t o  be.  

reasonable and possible and warrants fur ther  study and consideration. 

1.1.0 FUEL 

The plant has been designed t o  u t i l i z e  current technology i n  the develop- 

ment of fused s a l t  fuels .  A reactor experiment has been conducted successfully 

using a solution of sodium, zirconium and uranium fluorides f o r  the f u e l  system. 

This experiment indicated tha t  a fused s a l t  fue l  of t h i s  type has the char- 

ac t e r i s t i c s  required f o r  the homogeneous reactor under consideration. The 

moderating material  i n  the reactor i s  the fluorine i n  the fused s a l t ,  With the 



composition contemplated in thfs design, the number of fluorine atoms ie in- 

sufficient to thermalize the majority of neutrons before fission takes place. 
.. 

As a result, approximately 34 percent of the fissions occur in the intermed%ate #, 

and fast energy ranges. - 

A fused fluoride composition of 43 mol percent ZrF4 and 57 mol percent 
4. 

NaE' was selected as the fuel base to obtain a compromise between a reasonable 

melting point (9320F), corrosion., and the ZrF4 "snow problem". The concen- 

tration of the uranium is low and has little effect on the over-all chapacterPstics 

of the salt, 

UYanium i s added to the salt in the form of (N@)~uF~, Pellets, powder 

or a dissolved solution of the compound can be added during operation to 

replace uranium burn-up and to overcome the build-up of fission product and 

corrosion poisons. Economically, it probably would not be desirable to repro- 

cess fuel to remove the solid fission products in order to minimize the amount 

of uranium which must be added to override the effect of these poisons. 
,- 

1.2.0 m m 1 m  

Fused salts are extremely corrosive to conventional engineering stpuc- - 

tural materials. It has been shown that alloys containing large percentages 

of nickel are the most corrosion-resistant metals to fused fluoride salts. 

Inconel, nickel-molybdenum alloys and pure nickel were considered as possible 

structural materials for the reactor. 
- 

It has been shown that the chromium in Inconel diffuses from the metal- 

at a fairly substantial rate and, therefore, Inconel does not appear to be a - s: 

satisfactory structural material for a long life reactor. 

Nickel-molybdenum alloys have been shown to have excellent corrosion 

'resistance to fused fluorides. A series of these alloys is being developed 



in an attempt to obtain a strong, fabricable material for use,in high tem- 

perature fused salt reactors. It appears that this development program wfll 
- 

@ ' be successful, but at the time this report was prepared, the exact properties 

- and fabricability of these new alloys were not sufficiently established to 

b, 
presuppose a satisfactory reactor design. 

The amount of available data on the corrosi~e of pime nfckcl in fused 

fluorides is limited; however, these data indicate little or no corrosion or 

mass transfer. On this basis, it appears that nickel has the corrosion resis- 
I 

tant properties for long reactor life. Unfortunately, at the operating 

temperatures contemplated, the strength characteristics of nickel are inadequate, 

and the nickel must 'be strengthened by suitable structural ma-terials. There- 

fore, to present a design using present day technology, nickel clad stainless 

steel was selected as the most suitable structural material for the reactor 

in this study. 

Becauee of the limited experimental data available, there is still some 
I- 

question as to the uuitability of nickel to resist corrosion to the degree 

- 
desired, The use of nickel cald stainless steel also poses fabricating and 

f nspection problems. 

1.3.0 REACTOR 

The reactor is a homogeneous circulating fuel reactor with the primary 

heat exchangers an integral part of the reactor vessel. The heat exchangers 
- 

are located in a baffled annulus surrounding the seven-foot diameter cylin- 

. - drical core. Fuel flows upward through the core, through the U-tube heat 

exchengers, and through an annular downcomer at the periphery of the vessel. 

Eight vertical axial flow pumps located symmetrically around the top of the 
w 

vessel maintain the fuel circulation in the reactor. 



18> 

The reactor i s  designed t o  produce 600 MU of heat with f u e l  i n l e t  and 

ou t l e t  temperatures of 1050% and 1200%, respectively. The pumps and the 

en t i r e  reactor vessel, wfth the exception of the top, a re  subgected t o  the 

minimum f u e l  temperature. 

The reactor vessel i s  a sixteen-foot diameter ve r t i ca l  cylfnder wfth a 

dished bottom and protrusions near the top where the f u e l  pumps a re  located, 

The only penetrations i n  the vessel a re  a ser ies  of drain connections i n  the 

bottom; a l l  other f u e l  and coolant l i nes  enter the top of the vessel. The 

heat exchanger baf f les  a re  supported internal ly ,  and the heat exchanger bundles 

a r e  supported from a c i rcu lar  cantilever arrangement extending rad ia l ly  inward 

a t  the  top. 

The heat exchangers and pumps are  arranged t o  p e a t  removal.vertfcally 

from the  reactor.  The layout of the equipment was arranged t o  provide f o r  

replacement of components with a minimum of d i f f i cu l ty ,  since outages f o r  

mafaterruuce should be nnP short  duration. 

Provisions a re  made f o r  the contfnuous removal of xenon, and space f e  

provided, external t o  the reactor,  f o r  the.expansion of fuel .  The reactor 

w i l l  have a negative temperature coefficient of reac t iv i ty  which w i l l  furnish 

the only means of reactor load control. The design average temperature w i l l  

be controlled by the proper addition of uranium t o  the f u e l  solution. 

1.4.0 SODIUM COOUWT SYSTEMS 

The sodium system i s  made up of two independent coolant loops. A heat 

t ransfer  diagram which i l l u s t r a t e s  the temperature drops through these loops 

i s  shown i n  Figure 1.1. The sodium i n  the primary loop flows from twenty- 

four heat exchanger bundles located i n  the reactor veserel t o  a common r ing 

header above the  reactor. Six independent c i r cu i t s  of the primary loop a re  
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aesign as an intermediate reactor. 

€& 

connected t o  the ring header. This division is  used so that piping and pump 

sizes i n  the primary 1- are reasonable and practical. The s ix intermediate 

heat exchangers are located in  shielded compartments surroundins the reactor 

shield. 

There are two intermediate loop clrcufts, each connectea t o  three inter- 

nreaate heat exohangers and one steam generator. Superheated steam fram the 

two steam generators is used t o  drive a steam turbfne. 

1.5.0 S ~ ~ S Y s ~  

Fused sa l t  reactors are especially attractive for central station applf- 

cation because of their  high temperature characteristice. I n  this study, the 

steam turbine and associated equipment have been selected for operation with 

1800 psig and 1000% steam. A 250 tandem compound t r ip le  flow turbi ne will  

be connected to  a 3600 rpm conductor cooled ggnerator. Five closed feedwater 

heaters and a deaerating heater are included i n  'the feed w s b r  WtSng ~ ~ 1 8 .  

A t  rated load, the gross generator output is 245,400 kw, the plant 

auxiliary power requirement i s  16,400 kw, and the net thermal efficiency f 8 

38 -2 percent. 

This design study or a rue& fluoride sau reactor central etation power 

plant has ehmm that the pruposed system i s  technicell feasible. It i e  con- 

sidered that l~uch a plant can be bui l t  1 mum o development work, and 

that the developments would primarily be associated with the reactor. 
- I 

The concept of using a fused fluoride salt as a homogeneous selfroderating - * ~ 
fuel solution has been el~tablished as practical. It has been shown that a large 

fraction of fissions are caused by epithermsl neutrons, which cbMssiffee this  



No completely sat isfactory materials a re  currently available f o r  the con- 

s t ruct ion of the reactor vessel. Nickel clad s ta in less  s t e e l  has many of the - 
,- necessary requfrements, but fabrication and inspection technique~ must be 

- improved. A ser ies  of nickel-molybdep~m alloys a re  i n  the process of develop- 

. ment which appear t o  have excellent corrosion and high temperature strength 

properties. The success of the fused fluoride s a l t  reactor may depend upon 

sat isfactory completion of t h i s  metallurgical development program. 

The high temperature character is t ics  of the fused f luoride s a l t  reac tor .  

make it possible t o  use a high efffcieney steam turbine cycle f o r  the con- 

version of f i s s ion  heat i n t o  e l ec t r i ca l  energy. The net thermal efffcfency 

of the proposed design i s  38.2 percent, m d . i t  i s  possible t o  design f o r  w e n  

a higher efficiency i f  the over-all  p l m t  economfes show t h a t  t h i s  i s  desirable,  

The operation of the reactor i s  re la t ive ly  simple. The reactor power 

f s ~ c o n t r o l l e d  by i t s  negative temperature coefficient of react ivi ty .  Urankum 

w i l l  be added t o  the fused fluoride s a l t  t o  replace f u e l  burn-up and t o  over- - 

r ide  the build-up of f i ss ion  product poisons. Continuous f u e l  reproces'sing 
- 

should not be necessary fo r  extended periods of operation. 

The reactor has been designed t o  bum uranium-235. However, since t h i s  

i s an intermediate reactor,  a number of advantages would r e su l t  i f .  w a n i  m-233 

would be bped duping operation. The production of new fissionable material  

would reduce the f u e l  addition r a t e o  The fue l  bred i n  the reactor could be - 
u t i l i zed  without the neeessPty of employing chemfeal separation techniques. . .  

- 
. The mechanical design features  of the reactor a re  novel. The reactor 

vessel i s  a multi-pass cyl indrical  container. The primary heat exchanger 

.*- 
tube bundles, which a re  located inside the reactor vessel, and the f u e l  c i r -  

culating pumps can be removed f o r  replacement by l i f t i n g  them ve r t i ca l ly  



from t h e i r  supports. The c r i t i c a l  components of the reactor and primary 

sodium coolant c i r cu i t s  can be maintained with a minimum of d i f f icu l ty .  A l l  

components i n  the eystem, with the exception of those inside the reactor 

primary shield,  can be maintained d i rec t ly .  

It i e  the considered opinion of the  authors tha t  the fused e a l t  reactor 

not only ehows great  promise a s  the heat source f o r  a large cent ra l  e tat ion 

power plant ,  but t h a t  it i e  one of the most desirable reactor types f o r  

thf s appli  cation. 



The most. outstandi ng 'advantage of uei rag a fueed s a l t  ae the f u e l  solvent  . 

and heat exchanging medium is  t h a t  i% entablee the attainment of high tempera- 

tures  without high pressures. I n  addition, the advantages inherent i n  homo- 

geneous systems a re  possible; i . e . , no neutron absorbi ng s t ruc tu ra l  materi a 1  

i n  the core proper; poss ib i l i ty  of f i ss ion  product removal, with the important 

gaseous f f  ssi on products (xenon) being especially easy t o  remove; no f u e l  

element fabricstfon; extended periods of operation possible by the periodic 

addition of a fie1 concentrate; and h%gh permissible fue l  burn-up. 

The psr t icu lar  fused s a l t  used shouPd have a reasonable melting point 

and must be s tab le  a t  high temperatures and under h%gh radiation. The 

elemental eonetituents of the s a l t  sholald have small neutron capture cross 

sections. A s  i n  the case of the reactor fn  th f s  study, it may be required 

tha t  the fused s a l t  solvent a l so  serve a8 the neutran moderator. I n  addition 

t o  these specialized requirements, the s a l t  must meet the more general'con- 

siderations of avaflabfl i ty ,  reasonable cost, pemissib%e toxici ty ,  and 

tolerable  corrosiveness, 

A good deal  of theoret ical  a d  experimental work has been, and i s  s t i l l  

being done, by other groups i n  th f s  f i e l d  t o  se l ec t  the conetituento and the 

composition of a fused s a l t  t ha t  bes t  meets the above o r  very s imilar  requip@- 

merate. The r e su l t  of th i e  work indicates the t  a fused s a l t  composed of NaF, 

ZrF4 'and UF4 i s  sat isfactory f o r  use a s  a l iquid fue l  f o r  reactors. A reactor 

has been successfully operated using th i e  f u e l  system. M t e r  considerable 



24, 

I f  te ra ture  research and d i  scusei on wfth Oak R i  dge Nati onal ~ a b o r a t o r y  per- 

somel ,  it was considered tha t  t h i s  par t icu lar  s a l t  system did f u l f i l l  the 

desfgn requirements f o r  the proposed reactor and ale0 tha t  t h i s  was currently 

s t i l l  the  most desirable system. By u t i l i z ing  t h i s  s a l t  system, there was 

immediately available a consfderable mount of experimental information, 

physical properties data,  and prac t ica l  experience necessary f o r  the i n t e l l i -  

gent design of a plant  using such a salt as  the reactor f u e l  solvent, 

2.1.0 COPPOSITION 

Wfthfn the NaF-ZrF4-UF4 system, there remained t o  se lec t  the optimum 

composition of these constituents f o r  t h i s  design study6 Figure 2.1 shows 

an isometric view of the temperature-composition-phase p l o t  f o r  the three 

component .MaF -ZrF4 -UF4 8ystem. Nuclear calculations f ndf cated tha t  the f rac - 
ti on of UF4 required f e small (< 0,2 mol $) , so tha t  f o r  many purposes the 

small s a l t  system may be considered as  a two-component system of NU-ZrF4, 

Figure 2,2 shows a p lo t  of the temperature-eompositfon-pha~e diagram f o r  the 

two -component NaF -ZrFq system. From both the two -component arid three =~mporscnt 

p lo ts ,  it can be observed tha t  there ex i s t  two re la t fve ly  low melting euteetfes 

f n  the low UF4 content region of in t e res t .  These occur a t  about 42 aged 59 

mol $ ZrFq. I n  order t o  obtain the minimum meltf ng point,  i t would be desi rable 

t o  specify the s a l t  t o  be one of these eutectfc  compo~itfons; however, there a re  

other fac tors  tha t  need t o  be considered i n  the compos%tion eeleetfon. 

Operational experience with NaF-ZrF4 fused s a l t  system8 revealed the 

existence of a "snow problem" resul t ing from the  low, but f i n i t e ,  vapor pres- 

sure of ZrF4 a t  operating temperatures. A simplified explanation of t h i s  

phenomenon i s  tha t  ZrF4 vapor w i l l  escape from the fused s a l t  t o  any exis t ing 

gas volume within the fueed salt system. The subsequent sublfmetfon of ZrF4 
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Figure 2.1 Phase Diagram of the Three -Component 
NaF- ZrF4.-UF4 System. 
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Figure 2.2 Phase Diagram of the  Two - Component NaF - Zr  F4 System. 
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crystals on lower temperature surfaces results in the formation of snow-like 

ZrF4 crystals which can build up and accumulate to such an extent that plugging 
- 

.' of tubing or even filling the entire gas volume may result, This most undesir- 

- able phenomenon can be significantly improved by reducing the fraction of ZrF4 

b in the fused salt composition. 

Other factors are in opposition to shifting the fused salt composition 

i n thi s df rection ., For nucletrr consf derati ons , i t i s desi rable to have the 
highest fraction of fluorine atoms possible in the fused salt solvent. .The 

ZrF4 salt constituent has four times as many fluorine atoms for each metal 

atom as the NaF constituent. 'Further, the corrosiveness of the fused selt is 

decreased by increasing the fraction of ZrF4 and decreasing the N U .  These 

factors both suggest having as high a mole percentage of ZrF4 as possible. 

For this design study, the relatively slight effect on corrosion and 

nuclear properties by the small changes in compositfon that are possible were 

considered of lesser consequence than the more aignfficant effect these small 
" 

changes in composition have on the "snow problem". FOP these reasons, then, 

- 
it is desirable to utilfze a fused salt of compositfon close to the lower ZrF4 

content eutecti c (41 mole percent) . 
,, 

An examination of the temperature-compositfon-phase diagrams shows that 

just below the 41 mole $ ZrF4 eutectic, a large increase in melting point 

tehperature results with only a slight decrease in ZrF4 composition. Such a 
- 

decrease would quite probably occur during operation, since the uranium fuel 

.. - concentrate is added as the complex salt (N~F)~uF~. To safeguard against the 

possibility of the fused salt composition falling into this region after a 

period of reactor. operation, it was considered advisable to accept a very 
s 

slightly higher fraction of ZrF4 than the exact eutectic. FOT these considerations, 
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an already standardized composition, Composition No. 34 (Ref, 31) yas there- 

fore selected. 

Camp. number Component Mole $ Weight $ Li qufdiue Temp. 

34 NaF 57.0 24.98 ~OO'C, 932%' 

ZrFq 43.0 75002 

2.2.0 PHYSICAL AND TBEREdAC PROPERPIES 

The physical and thermal properties of t h i s  s a l t  composition are  a s  

follows (Ref . 17) : 

Density: 

3.86 gm/cc a t  room, temperature 

('(gm/cc) = 3.65 - 0.00088 x (OC) +- 546 

e ( l b / f t 3 )  . 228.8 - 0.0305 x ($) * 5$ 

Heat Capaci ty:  

Thermal Condueti v i  ty: 

Viscosity: a 

A'good indication of the probable degree of the  "mow problem" discussed - 
br ie f ly  above i s  given, by the  vapor pressure of ZrF4 Ohat ex i s t s  a t  the  tem- 

perature of operation. Ffgure 2.3 shows the varfatfon af tlm p a r t i a l  pressure .. 

of ZrP4 with temperature f o r  various compositions of the Ha8-ZrF4 system (Ref. 6 ) .  

An interpolation of the plotted data t o  the 43$ ZrF4 composition and extrapola- i 

t ion down t o  the design uperating temperature (1050°1', 565'~) of the fused s a l t  . 
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FIGURE 2.3 PARTIAL PRESSURES OF ZrF, BASED ON ASSUMPTION THAT 

ONLY NaF AND ZrF, EXIST IN VAPOR PHASE 
Figures on plot denote mole per cent ZrF,. 

. Source: BMI - 1064; I1i7apor Pressures of the  Sodium Fluoride - 
Zirconi~up Fluoride Systein ar-d Derived Information", by Karl A. 
Sense, e t .  a l .  



a t  the location of the gas surface shows the p a r t i a l  pressure of ZrF4 t o  be 

l e s s  than 0.01mm mercury. It was the cmsidered opinion ~f peraomel experdenced 
- 

i n  th f s  f i e l d  tha t  a "snow problem" would be vfr tual ly non-exfstent POP ZPP4 

vapor preesuree l e s s  than 0.01 nsn mercury, even f o r  extended perlode of operation 

of the order of years ( ~ e f  . 18) . I n  addf ti on, mechanical applf enees called 

"snow traps" have been developed which prevent plugging of the c r f t f e a l  areas, 

and these, or  sfmflar innovations, could be adapted t o  thfs  design if required. 

2,3.0 NUCLEAR PROPERTIES 

The nuclear characterfstics of the NaF-ZrF4 e a l t  are  not outetanding, how- 

ever, they are tolerable. The abeorptfon croes sectfons, partferalarly of the 

sodim atom.for thermal neutrons, are quite large, Neutron moderation fssl 

primarily performed by the fluorine atom which, with an atomic weight of 19, 

f s rather  poor f n  this reepect . Alternate s a l t s  could be suggested ( f .e ., , B ~ F ~ )  

xf th  superior nuclear properties t o  those of the NeF-ZrF4 s a l t ,  but other con- 

sfderatfons such as corrosfon, vfscosfty, s t ab i l i ty ,  melting pofnt, etc., make 
- 

the selected WaF-WF4 s a l t  the most d e n f ~ a b l e  a t  this time from a8 over41P 

2.4,0 AVAILABILITY AlBD COST 

The avaf lab1 l f t y  and cost of this s a l t  were investigated ( ~ e f .  19) The 

BaF constf tuent i s commercially avaf lable a t  $0~12  per pound. Hafnf um eeparated 

ZrF4 has been produced.by Oak Rfdge National Laboratory from Hf separated ZS14 
- 

a t  a t o t a l  cost of $3.15 per pound. The AaF and ZrF4 s a l t  constituents are 

blended as  powders and then fused i n  a batch procese a t  1500%' t o  f o m  the @om- - .  

position desired. TMe fused e a l t  must then be proceseed t o  remove t race  quantit ies 

of sulfur,  iron, nickel, H20, oxides, chlorides, and other fmpurftfes f o r  corrolsfon . 
purposes . Thf e treatment f s performed a t  1500%' with hydrogen and hydrogen fluo- 

ride' gae. A t  the prearent time, ORNL can produce a hafnium-free, proceeeed 

BaF-ZrF4 fused s a l t  ready f o r  use as  a reactor fue l  solvent f o r  approximately 
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$7.50 per pound. .It i s the consi dered' opi ni on of the responsible Oak Ridge 
' 

National Laboratory personnel that increased capacity and technical develop- 

ments would very probably reduce thi s cost to $5.00 per pound, or lees, 
' 

The nuclear calculations for this progect were based on the assumption 

that the elemental zirconium constituent of the salt is pure, the hafnium 

impurity having been removed. This has the effect of miniml.zfng the urcmitiin 

inventory by decreasing parasitic absorption at the expense of an increase in 

the cost of the salt. 

2.5.0 ADDITION OF URANIUM FUEL 

-The uranium fuel burn-up ie compensated by the periodic addition of a 

uranium concentrate -(NU) 2 U w  From the three constituent phase diagram 

(~igure 2.1), i t i s observed that as the uranium concentrate compound i s dis- 

solved in the composition number 34 salt solvent, only compositions of con- 

sistently lower melting points are formed in the dissolution process. The 

dissolution 8bo11I.d~ therefore, proceed without difficulty. 

The physical addition of the uranium concentrate can be accomplished in 

several ways. The concentrated uranium salt could be added directly to the 

fused salt in the form of pellets. It could be added more or less continuously 

as a puwder, or it could be dissolved in a small, isolated quantity of the 

fused salt solvent in a continuous or batch process and then injected into the 

reactor. The final selection of the preferred method would need to be deter- 

mined by a consideration of the hazards involved and the ease of operation. 

The quantity or rate of fuel concentrate addition is controlled by the 

average temperature of the fused salt in the reactor core (1125'~ design). 

As fuel is burned up, this average temperature would be gradually reduced by 

the reactor's negative temperature coefficient, which keeps the reactor "just 

critical". When this temperature falls below 1125% by some predetermined 



temperature increment, a carefully controlled quantity of fuel concentrate 

would be added or, if this is a continuous process, the rate of addition 
- 

would be increased. The average temperature would thereby be raised a regu- . , , 

lated increment above the average design temperature and the cycle would - 

begin again. 
-. 

2,6.0 FUEL REPROCESSING 

Fissfon products and corr~sion products will accumulate in the fuel soh- 

tion during operation. Additional uranium will have to be added to override 

the poisoning effect of these nuclear poisons if they are allowed to remain in 

the reactor. For this reason, it may be necessary to provide a means of fuel 

reprocessing to remove some of these poisons. 

Xenon has a very low solubility ( N ~ o - ~  moles/cc @ 1 atmos. of xenon) in 

the fused salt fuel solution and will therefore be removed by the off-gas system, 

The gaseous iodine fission product which is the precursor of xenon will also be 

removed by the off-gas system. If this is accomplished before the iodine, wh%ch 
- 

has a 6.7-hour half -life, decays to xenon, the reactor core will operate wi th 

little or no xenon present. - 

Some of the metallic fission products (i .e., Ru, MO) do not form fluoride 

compounds and wfll not dissolve in the fused salt solvent. They will probably 

plate out on the surfaces within the reactor. This has the advantage of placing 

these nuclear poisons ,in regions of low flux. The effect of these plated metals 
- 

on corrosion and heat transfer will require further investigation. 

The least. soluble of ,the fluoride forming fission products is believed to - 

be that of the rare earth, CeF which is soluble up to 3 wt. $.at the tempera- 3 ' 
ture of this design study ( ~ e f  . 32). Approximately one-turd of the fi ssi on 

-4 

products resulting from fission are rare earths., Even by making the pessimistie 
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assumption that all the rare earths must be less than 3 wt. $ in order that 

they will not precipitate, the solubility limit of the rare earth fluorides 

would not be reached for many years of operation (720 years). 

The conclusion that may be derived. from this is that the fused salt 

would need to be reprocessed for other reasons long before there would be ,. 

any possibility of precipitating these fission produets. 

The nuelear poisoning of the dissolved fission products would eventually 

cause the uranium fuel inventory required to attain criticalfty to become 

excessive. A discussion of this effect is given in the chapter on Reactor 

Analysis, Section 4.5, and Appendix C.6 and C.7. 

Although it is expected that improved reprocessing techniques will be 

developed in the near future, present technology would restrict fuel repro- 

cessing to the following method. Contaminated fused salt would be drawn from 

the reactor system and the uranium recovered by the m6 volatility process. 

The uranium-depleted, fiseion product-contaminated fused salt solvent would 

then be discarded to a hot-waste storage system. The salvaged uranium would 

be dissolved in fresh, pure salt and returned to the reactor system. This 

same salt might also provide a convenient solvent for the uranium which must 

be added because of burn-up. 

A possible alternative which might be developed would be to treat the 

uranium-depleted, contaminated salt to remove some of the fission products. 

This would permit re-using the fused ealt, thereby eliminating the consider- 

able expense of replacing the fused salt, and the problem and expense of 

storing the radioactive, contaminated salt. 

This treatment process might possibly be a solvent extraction type pro- 

cess, using fused salts, or it might be accomplished by cooling the salt to 

3ust above its freezing temperature and precipitating some of the fission products. 
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The economically optimum extent of f u e l  processing i s  determined by the 

re la t fve  costs of increased uranium inventory and the coets of processingo 
- 

Based on the currently available processing method outlined above, an economic 
I 

analysis t o  determine the optimum length of processing cycle time -1 made - 

and Is outlined i n  Appendix C .6 and C ,7. Based on the a s e q t i o n s  made i n  

t h i s  analysis,  the reactor should be operated a t  a uranium inventory-fission 

product equilibrium tha t  would replace a l l  the s a l t  i n  the care sy8tem by a 

continuous process over a 19-year period. This means tha t  mle'ss a superior 

method of fue l  reprocessing can be developed, it would be economically des i r -  

able t o  perform no f u e l  reprocessing v i t h  the lffetime of the plant  (20 years). , 
I 



. - 3.0.0 INTRODUCTION 

The magor metallwgieab e<pnss%dera$ion of a fused fluoride reactor i s  the . 
ehofee of a s t m c t u r a l  material  f o r  the reactor vessel  md prPmary heat exehmger 

which w i l l  r e s i s t  eorrosfon, be fabricable, and have sat isfeetory strength pro- 

per tfes  a t  elevated temperatures, The nuclear chareeterfstfes of the s t ruc tura l  

materials in t h i s  reactor a re  not c r i t i c a l .  Materials problems associated with 

the  sodium coolant system and the  steam power plant a re  important, but previous 

experience i s  available; therefore, t he  design of these systems introduces no 

serious problems. 

3.1.0 REACTOR STRUCTURAL MATERIALS 

The power plant design presented i n  t h i s  study i s  proposed for  central  

s ta t ion  e l ec t r i c  generation, and it would be desirable t o  have a reactor which - 

would have an operating l i f e  equal t o  the 20 o r  30-year l i f e  expected from the  
- 

steam plant equipment. Present technology i s  not suff ic ient ly  advanced t o  in-  

dicate tha t  such an extended operating time can be obtained from fused,f luoride 

reactors, but it i s  mandatory tha t  a material be obtained which w i l l  r e s i s t  f luo- 

r ide  salt corrosion at elevated'temperatures t o  the extent tha t  these reactors 

can be considered fo r  t h i s  type of operation. 

A homgeneous reactor of the contemplated design does not have as many 

.b . - materials problems as  other types of reactors. The f u e l  i s  in solution and 

i s  se l f  -moderating, and there a re  no f u e l  fabricating, cladding or moderating 

a. 
material problems. The reactor vessel i s  a low pressure container .and does not 

.have t o  be designed f o r  high pressure operation. Since there a r e  no s t ruc tura l  



materials in the high neutron flux region of the reactor, the effect of the 

nuclear characteristics of these materials on neutron economy is of secondary 

interest, 

Fused salts, however, are considerably more corrosive on materials than 

many other reactor fluids. Experiments have shown that nickel base alloys have 

the best corrosion resistance to fused fluorides, Inconel, nickel-molybdenum 

alloys and pure ni ckei have been considered as possi'ble structural nsate~fals for 

this reactor designo 

3.2.0 SODIUM SYSTEM MATERIArS 

Selection f o r  the materials f o r  the sodium system w a s  based on the follow- 

ing considerations : 

1. Abil i ty  t o  r e s i s t  corrosion and mass t ransfer  i n  high temperature 
sodium. 

2. Adequate mechanical properties at elevated temperature's f o r  
extended period. 

3.  Stab i l i t y  under high radiat ion f i e l d s  at elevated temperatures for  
extended period. 

4. Fabricabi l i ty  into the required shapes. 

5. Weldability. 

6. Reasonable neutron absorption cross section. 

7. ' ~ v a i l a b i l i t ~  and' cost. 

A t  the  pkesent time, the aus ten i t ic  s ta in less  s t e e l  alloys more nearly 

sa t i s fy  these requirements than other materials, except these alloys have a 

re la t ive ly  high .neutron absorption cross sect ion. However, 'since i n  t h i s  

design th6 'heat  'exchangers carrying:. the sodium are outside the central  .core 

and i n  a '  low . f lux region, t h i s  i s  of l i t t l e  consequence. 

, .. . . . .  a ..: . . . . 
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, 
There are three types of stainless steels, &ely, Types 304, 316 and 347, 

which have been previously used in sodium systems wfth satisfactory results. ' 

There remains the problem of selecting the type that not only has the best 

mechanical properties at the elevated temperature under consideration, but also. 

the type most readily weldable with no cracking of the weld and no embrittle- 

ment after long-life high temperature service. 

llhe material chosen to contain the sodium in this reactor system was 

Type 304-L stainless steel (Q.o~$ maxfmum carbon c'ontent) . Although the three 
types of austenftie stainless steels show acceptable resistance to corrosion in 

sodium up to 100oO~, columbium stabblized Type 347 has been generally favored. 

However, investigation at the Knolls Atomic Power Laboratory showed that Type 

304 stafnless steel is equally resistant to corrosion from sodium as Type 347 

and that it has good strength propertfes and contains less strategic materials. 

No mass transport diffi culti es have been encountered up to 1200°F', whf ch is 

Bigher than the sodium operating temperatures contemplated in this design.: 

Sf nee the austenf ti c staf nless 'steels. appeal. reasonably corrosi on resi s - 
tant, namely, Types 304> -316 and 347, the strength versus ducti lity at elevated 

temperatures should be given considerable weight in selecting the material. 

Type 304 stainless steel causes only slight loss in room temperature ductility 

due to carbi de precipi tati on (~ef . 56), whereas Type 316 stainless steel, 
under the same conditions and treatment, indicates rather severe decrease in 

room temperature ductility. j 

Table ~ . 2  lists some of the pertinent properties of Types 304, 316 and 
\ 

347 stainless steels at elevated temperatures. Therefore, from mechani cal 

properti es consi derati on, Type 304 appears to be the superi or. 
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Since there wi l l  be many welds i n  the sodium piping and components, the 

corrosf on. e f fec t  of sodium on welded Joints must be considered. The corrosi on 

resistance of welded 18-8 s ta in less  s t ee l s  is affected because of chromium 

carbide precipi ta t ion a t  the  grain boundaries i n  the heat affected zone, The 

formation of chromium depletes the surrourading area of chromium and thus the  

area loses  i t s  corrosion res i s tmce .  The precipi ta t ion of carbides can be pre- 

vented by: (1) reducing carbon content below 0.03 percent; (2)  using columbium 

o r  other elements which form stable  carbides with the carbon present; (3)  cool- 

ing the heat affected zone quickly through the  c r i t i c a l  range ( 1  t o  1-1/2 

seconds from 1500% t o  9009) ;  or  (4)  heating t o  above 1750'~ following welding 

so a s  t o  redissolve chromium carbide, followed by rapid cooling t o  r e t a in  them. 

Unti 1 recently the use of (2)  above t o  prevent the precipi ta t ion of carbides 

had been considered the superior method; however, i n  recent years, the use of 

Type 347 weldments i n  thick sections fo r  high temperature-long-time service has 

resul ted i n  c r ~ r k t n g  during welding and embrittlement during service. It has 

been found tha t  columbium f r e e  alloys do not become embrittled) even when Ghey 
- 

contain normal amounts of f e r r i t e  ( ~ e f .  55). Also, the tendency f o r  cracking 

of the weld metal during welding i s  reduced with the columbium f r e e  alloys.  

To prevent carbide precipi ta t ion,  the use of a low carbon content austenft ic  

s ta in less  s f e e l  appears now t o  be the  be t t e r  method. Rapid coolfng and re-  

heating t o  above 1750% a r e  not p rac t i ca l  methods f o r  projects  of this scope. 
-. 

The material  which bes t  meets the above requirements i s  Type 304-L. Therefore, 

Type 304-L d a i n l e s s  s t e e l  was selected as  the s t ruc tu ra l  material  f o r  the . 
sodium systems. 

3.3.0 STEAM SYSTEM MATERIALS 

Since the temperatures and ~ r e s s u r e $  of the steam system f o r  t h i s  design 

study are  consistent with those of large conventional steam power plants  today, 



the selection of materials f o r  the steam ana water systems presents no pa r t i -  

cular problems. The main steam l i n e  piping would be fabricated from standard - 

Cr-Mo al loy s t e e l  pipe, ASTM Spec. A-335, Grade P-11 o r  P-22. The higher 

Q pressure boi ler  feed water, condensate, and extraction l ines  would be fabr i -  

cated from seamless carbon s t e e l  pipe, ASW Spec. A-53, Grade B, Other 

miscellaneous l ines  would be fabricated from standard seamless carbon s t e c l  

pipe. A l l  valves would be fabricated f romthe  same material a s  tha t  of the 

piping i n  which they are located. 



CHAPTER 4. 

REACTOR ANALYSIS 

4.0.0 INTRODUCTION 

The nuclear characteristics of.this fused salt wburner" reactor are 

relatively flexible and ape not restricted by the stringent requirements 

of breeding. In addition, the high solubility of UF4 in the NaF-ZrF4 fused 

salt system aLlows considerable variation in uragium, concentration which 

provides a wide latitude for compromise between nuclear and engineering 

considerations, 

The basic reactor design consists of a vertical cylindrical core sur- 

rounded by primary heat exchanger tube bundles. The nuclear requirements 

of the 'reactor determine an optimum core diameter for minimum fuel inventoryo 

The core dimensions selected represent a compromise between these cons%derat%onso 

In order to proceed with the nuclear calculations, a preliminary arrange- 

ment of the reactor vessel was selected. This section of the r e y u r t  dcsoribe~ 

the readtor analysis calculati ons that were performed to determine the optimum 
- 

core size and fuel concentration and other nuclear requirements. A summary of 

the results is included in Table 4.10 

4.1.0 CRITICAL SIZE AND FUEL CONCENTRATION 

A ' preli &nary cri ti calf ty calculati on was made by W . K. Ergen, Oak Ri dge 
National Laboratory (~ef. 29), for a reactor similar to that of this project 

ueing a bare sphere, Fermf Age apppaxlmation. The optimum size and fuel con- 

centration for minimum fuel investment calculated by this'method was 136 em 

(4-1/2 feet) in rgdius with a fuel concentrati on of 0~0208 gm/cc of uranium-23!jo 

The fused salt used in these calculations was a 50-50 mole percent composition 

of NaF and ZrFq with the urani um dissolved as UP4. 



The reactor contains no moderating material  other than the fused s a l t  

i t s e l f ,  The atom having the smallest mass and exis t ing i n  greatest  abund- - 

ante i n  the fused s a l t  t o  be used i n  t h i s  reactor i s  fluorine.  Fluorine, 

- then, f s largely responsible f o r  the moderatfng characteri  s t i  cs  of the fused 

s a l t .  With an atomic weight of 19, f luorine i s  a re la t ive ly  poor moderator - 

compared wPth the l igh te r  elements usually used as  neutron moderators. It 

was suspected, and l a t e r  caleulatfons heve ahown, t ha t  t h i s  reactor was not 

a thermal reactor,  but t ha t  a high percentage of f i ss ions  would occur from 

epithermal neutrons. 

Hand calculations fo r  a bare sphere with three energy groups indicated 

tha t  approximately 50 percent of the f i ss ions  would involve epfthermal neutrons. 

With these preliminary hand calculations as  background, a se r i e s  of three 

energy group, three geometry region ( 3 ~ 3 ~ )  calculations were performed on t h e ,  

Oak Ridge Nati onal Laboratory d i  g i  t a l  computer (ORACLE) . 
The energy group l i m i t s  were selected f o r  reasons given i n  Appendsx C . 1 .  - 

The intermediate group extends from 0.5 ev t o  100,ev. The . fas t ,group . extends . 

- 
from 100 ev t o  2 mev. The cent ra l  core of the reactor i s  region 1; the 1-inch 

. ' t h i c k  baf f le  surrounding the core i s  region 2; and the heat exchanger and 
I 

downcomer volumes are  homogenized f o r  region 3. 

The physical properties and nuclear parameters were based on a s a l t  of 

composition 43 mole percent ZrFq and 57 mole percent NaF (section 2 .loo) 

The f u e l  f s highly enriched uranium-235 (over 90$ U-235). The f a s t  and i n -  

- 
.) . t emedia te  energy group nuclear cross sections were obtained from the "eypmsh 

code" (Ref . 27). Thermal cross sections were obtained from BNL-325 (Ref. 30). 

The detai led data and calculations f o r  the code input a r e  given i n  Appendix C ,  

I n  order t o  minimize the number of computer calculations., i t .was,decfded 

t o  vary only the radius of the  cent ra l  core and the f u e l  concentration. Other 



parameters such as  the height of the reactor and the thickness of the heat 

exchanger were held .constant. Since previous estimates indicated a 4-112 f t  

radius core t o  be optimum, a 1C-ft core height was chosen t o  provide com- 

pa t ib le  arrwgement with t h i s  core radius and the heat exchangers. The heat - 

exchangers contain a considerable amount of fue l ,  acting somewhat as  a 

r e f l ec to r  t o  the central  core, which makes it desirable t o  have a central  

core height larger  than the cent ra l  core diameter. Calculations were per- 

formed with central  core radi i of 3, 3-1/2, 4, k-1./2, and 5 f e e t ,  For each . 

radius, celculatfons were made f o r  f u e l  concentrations of 0.005, 0.010, 0.020 

and 0,030 gm/cc of enri  ched urani urn. 

The above in fomat i  on and the data i n  Table C .2 were coded ( ~ e f  . 28) f o r  

the  electroni  c computer (ORACLE). The electroni c computer calculated the 

multi p l i c a t i  on constant ( k) f o r  each radius and f u e l  concentration ( ~ i  gure 4.1) . 
From these data, the optimum s ize  and f u e l  concentration were determined (d i s -  

cussed i n  Section 4.3.0) as a 3-1/2 foot  central  core radius and 0.0088 gm/ec 

of enriched uranium-235. A re-evaluation of the height of the central  core 
- 

i s  probably desi.rable i n  l i g h t  of the smaller cent ra l  core radius. I n  the 

f i n a l  design, the height i s  shown t o  be '8 fee t ,  which i s  probably a more com- 

pa t ib le  figure.  A concave head and bottom are  used t o  obtain this reduction 

i n  hei  ght and t o  d i r ec t  the fused s a l t  flow (see Figure 5.9) ., However, the 

nuclear, heat t ransfer ,  and other calculations were not revised t o  r e f l ec t  

t h i s  change. 
. . 

I n  order t o  check the inaccuracy introduced by using the 1-inch thick - 

s ta in less  s t e e l  and nickel baf f le  p l a t e  a s  a diffusing medium (region 2) ,  

two check calculations were made. One calculation considered the ba f f l e  a s  

an absorbing "shell".between the cent ra l  core and the heat exchanger regions, 

and the other eliminated the ba f f l e  p l a t e  e ~ t i r e l y .  The multiplication 
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constants (k) and flux plots obtained by the three methods of treating the 

baffle plate were almost fdenti cal  a able c .3). It was therefore inferred 

that using the baffle plate as-a region did not in itself introduce any 

". 
I appreciable error. 

-r 4,2.0 NEUTRON FLUX 

The electronic computer (OMCLE) calculated the neutron flux distr9bution 

for each encrgy group as a Functi on of radiw (FA gure 4.3) 

~t 600 MW total power, the fast neutron flux is approximately 1.2 x 1015 

2 neutrons/cm sec o , the i ntermediate neutron flux is approximately 6 x 10 14 

neutrons/cm2 sec., and the thermal neutron flux f s approximately 1,6 x 10 14 

2 neutrons/cm sec ., (Appendix c .4) . These values, coupled with the fi 88% on 
88.croes section for each group, show the fissions to be distributed among the 

1 
.>A 8 .  _ I. 

n :three energy groups as follows: 9 percent in the fast group; 27 percent fn 

the intermediate group; and 64 percent fn the thermal group ( ~ ~ ~ e n d i x  C . 5 )  . 
1 

Thin means that this reactor fa what - f B often termed an "f ntermedf ateu reactor* 3 
A nuclear calculation was prepared to uti lf ze the 30 energy group "Eye- .-., - - 

8 L' 

_..='-,,. 3* .- 
882dwaah" code on the UlOCVAC digital computer. Unfortunately, the results of 

thfs calculation were not avaflable to be included in this report, but should 

be shortly thereafter (~ef. 40). The results from this more detailed ealcu- 

lation will serve as a check on the 3 3 R  code calculation results. Also, and 

the original reason this alternate calculation was prepared, the 30 energy 

groups will provfde a much better indfcation of the neutron flux energy spec- 

. -  trum in this reactor. Thfs is of particular interest for the high neutron 

energies, to better establish the possibility of utilizfng thfs reactor a$ a 

large flux source of high energy neutrons for purposes of radiation damage 

research. 





The c r i t i cab  uranium concentration fo r  each cent ra l  cope radius was - 

i .  determined by the resu l t s  of the three group, three region calculations. 

- 
The c r i t i c a l  uranium coneentratfon decreases with ara increase i n  the .cent ra1  

.- core radfus. The volume obviously increases w%th an increase i n  the cent ra l  

core radius. The combined ef fec t  r e su l t s  in a minimum uranium inventory I #  

requfred f o r  criticality a t  some value of cent ra l  core radius. This var iat ion 

. 
of c r i  ti c a l  mass (uranium f n v e n t o ~ ~ )  with cent ra l  corq radius i s shown i n  

Figure 4.2, 

For 600 MW rat ing,  the heat exchanger volume, and thus the f u e l  volume 

%n the heat exchanger and downeomer, w i l l  remain nearly constant. The fused 

s a l t  solvent inventory i s  decreased by a deerease i n  cent ra l  core radius. 

Therefore, the central  core radius was chosen s l f  ghtly smaller (3-1/2 f e e t )  

than tha t  f o r  the minimum f u e l  f ~ a v e ~ t o ~  indicated ( ~ i  gure 4.2), i n order t o  

allow some ef fec t  of the decreased s a l t  inventory. The t o t a l  uranium-235 

f u e l  inventory i n  the en t i r e  f u e l  system fo r  the hot,  clean c r i t i c a l  condition 

i s  approxf mately '240 kg. 

4.4.0 FUEL BURN -UP 

The f u e l  bum-up a t  600 MW w i l l  be about 780 grams of uranium-235 a day. 

The f u e l  would be added 0w.a temperature regulation basis  t o  maintain an average 

operating temperature of 1125%'. 

. - Highly enriched uranim-235 is the ffssfonable f u e l  u t i l i zed  i n  this 

.design study. The f a c t  t ha t  a large fract ion of ffssfons is  caused by e m -  

thermal neutrons suggests t h a t  It may be desirable t o  use uranium-233 as the 
Y 

f i ssi onable f u e l  instead of uranf um-235 ,o Uranf um-233 has a uni f o m l y  low 



value f o r  the r a t i o  of capture-to-fission cross section (oC ) of 0.1 over 

a l l  neutron energies. .This.means t h a t  a considerably smaller portion of 

non-ff s s i  oning neutron absol-ptions occurs i n  uranium-233 than in uranium-235, 

par t icu lar ly  f o r  neutrons in the intermediate energy range. The advantages 

tha t  would be eained by using urmim-233 fuel ,  i f  available,  a re  tha t  

the u~anfum inventory required would be the energy release f o r  the 

uranium burned-up would be greater.  

4.6.0 FISSION PRODUCT POISONING 

Fission products and corrosion products w i l l  acemulate i n  the f u e l  solu- 

t ion  and w f l l  add considerable nuclear poison t o  the core. This w f l l  require 

an increase i n  the uranium f u e l  inventory and could become a s ignif icant  

economic consfderation. 

An ev8lmtfon of the probable magnitude of t h i s  e f fec t  was made, and i s  

outlfned i n  Appendix C .6. 

Based on the reference source u t i l i zed  i n  this analysis ( ~ e f .  33 and 34) , 
and the a s s ~ t i o n s  and approximations made t o  adapt the data of t h i s  re fer -  

ence t o  thf s design study, the foblowing ef fec ts  of f i s s f  on product build-up 

a r e  predicted. The nuclear poisoning of the  non-gaseous f i s s ion  products 

only (no corrosion products) ~311 asymptotically approach a negative. reac t iv i ty  

of about.0.1 during the fifetime .of the reactor. I f  eorrosfon should be appre- 

ciable,  the relatfvely high absorption cross section of the nickel atom could 

apprecfably change the r a t e  and magnitude of t h i s  poison build-up. 

From F i  gure 4.1, i t e m  be seen tha t  a negative reactfvi  t y  of 0.1 would 

require an increase i n  uranium concentration from 0.0088 gm/cc t o  about 

0.0115 gm/cc t o  overrf de this , .poi  son and mai n ts in  crf ti calf ty .  Thjls i s a 

31 percent increase i n  urani urn ,inventory from 240 kg .to 314 kgo 
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Some form of fue l  reprocessing could reduce the uranium required t o  over- 

come the poi sons. Thi s possibi l i t y  was inves t i  gated (section 2.6.0., Appendix 

C .6 and C .7), and i t was determined tha t  it would not be economical t o  provide 

f o r  f u e l  reprocessing a s  limited by current technology. 

The increase i n  uranium invent0 , t o  override f i s s ion  product-poisoning 

would then progress gradually ov d the l i f e  of the reactor,  being added a s  

required along with the uranium added f o r  bum-out. 

4.7.0 TEMPERATURE COEFFICIENT OF REACTIVITY 

The temperature coefficient of reac t iv i ty  of the reactor was not calcu- 

la ted,  but i s  believed t o  be suf f ic ien t ly  negative f o r  the reactor t o  be 

s table .  This i s  based on the f a c t  t ha t  a reactor using a similar fused s a l t  

f u e l  has been operated, and t h i s  reactor had a negative temperature coefficient 

of reac t iv i ty  of approximately 5 x loe5 ~ k / k  per  F ( ~ e f .  39), P O  1009). The 

f a c t  t ha t  t h i s  f u e l  has a desirable temperature coeff ic ient  of reac t iv i ty  i s  

a l so  indicated by the slope of the curves i n  Figure 4.1. 

4.8.0 DECAY HEATING 

The decay heating of a reactor during shutdown i s  dependent upon the 

amount of negative reac t iv i ty  fngected in to  the reactor and the delayed neu- 

trons and gamma decay ra te .  I n  a reactor with control rods, a considerable 

amount of poison can be inserted very quickly. I n  the fused s a l t  reactor,  

however, no control rods a re  present, and the amount of negative r eac t iv i ty  

achieved depends upon the magnitude of the temperature r i s e  above the average 

operating temperature. 

I n  the event of complete loss  of pumping power, the reactor must be shut 

down and the decay heat removed. 1s it i s  assumed tha t  no heat i s  removed arid 

the temperature i s  allowed t o  r i s e ,  the power generation would decrease rapidly, 
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and the reactor period would l eve l  off t o  an &-second period i n  a f ract ion 

of a minute. A t  t h i s  time, the power generation of the reactor would be re -  

duced t o  a few percent of operating power. The temperature r i s e  under these 

conditions may be several hundred degrees within the f i r s t  minute. This 

condition of rapid temperature r i s e  i s  undesirable, i f  not intolerable.  Imme- 

d ia te ly  following the loss  of pumping power, some heat would be radiated from 

the reactor vessel; some heat would be removed by the reactor vessel surface 

cooling; and some would be removed by the momentum of the sodium i n  the primary 

loop. 

A detailed calculation of the flow character is t ics  of the primary and 

intermediate sodium loops a f t e r  l o s s  of pumping power was not made; however, 

a simplified calculation showed tha t  the i n e r t i a  of the fused s a l t  i n  the 

reactor ,  and the sodium coolant i n  the primary and intermediate loops i s  

suf f ic ien t  t o  maintain the flows i n  the turbulent range f o r  approximately 

one minute. T h i s  would be adequate t o  carry away a considerable amount of 

decay heat and l i m i t  the  fused s a l t  temperature t o  a safe  value. 
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TABLE 4.1 

SUMMARY OF REACTOR ANALYSIS DATA 

-c. 

lo D'imensions of reactor central core: 
t - 

Radius - 3 112 feet 
. -. 

Height - ealekLations based on 10 feet 
2. Critical fuel concentration: 

0,0088 grams/cc (for 11o.L clean crf ti eal) 

3. Power density: 

4. Flux and fissions for each energy group: 

Flux 

Fast (100 ev to 2 mev) 1.24 x lo15 neutlcc-see 

Ff ssi ons 

Intermediate (0.5 ev to 100 w) 5.96 x 1014 neut/ee-see 

Themal (up to 0.5) 1.62 x 1014 neut/cc-sec 
- 

5. Fuel Inventory: 

240 kg (for hot, clean crf ti eal condi tion) 

314 kg ( for hot, fissi on product eontami nated condi ti on) 

6. Fuel Burn-up: 

780 grams/day at 600 MW 

7. Temperature coefficient of reactivity: 

Not calculated, but reasonable assurance that it is satisfactory. 



CHAPTER 5. 

REACTOR AND PRIMARY HEAT EXCHANGER DESIGN 

5.0.0 INTRODUCTION 

The basic design of the reactor consists of a vertical cylindrfcal .. 

pressure tight vessel to contain the homogeneous circulating fuel. The 

size of the reactor depends on the nuclear characterLstics of the fuel and 

the method of removing the heat from the circulating fuel system, Critical 

size and fuel concentreti on calculati ons have been di scussed f n Chapter 4, 

based on the design concept of using primary heat exchangers internal to 

the reactor vessel. Several arrangements were considered prior to the 

selection of the internal arrangement and reasons for this decision are dis- 

cussed in the subseauent sections. 

5.1.0 PRIMARY' HEAT EXCHANGER 

The-function of the primary heat exchanger is to transfer the heat from 

the circulating fuel to the primary sodium coolant loop. .The design of the 

9 exchanger is based on a heat removal rate of 2.048 x 10 BTU/B~ for both Biaes 

of the exchanger with &xed .mean fuel temperatures of 1200% entering and 

1050~~ leaving, and mixed mean sodium coolant temperatures of. 1000%' entering 

and 1150'3' leaving the exchanger. The mfnfmum fuel temperature has been arbi- 

trarily set at 10509, approximately 100% above the fuel melting point to 

allow a temperature drop of 50°F' for fuel processing and an additional 50%' 

for cold spots in the system before reaching the solidifi~ation temperature. 

The upper fuel temperature was set at 1 2 0 0 ~ ~ ~  which was considered the maximum 

allowable for tolerable corrosion and mass transfer rates for a long life power 

reactor. -The sodium. coolant temperatures were ehosen to obtain a practical 



log mean temperature difference across the  heat exchanger which assures reason- 

able  flows and heat exchanger surfaces. These temperatures provide su f f i c i en t  

margin above the  f u e l  melting temperature t o  prevent operational d i f f i c u l t i e s  ' 

from possible cold spots caused by poor-distribution i n  the flow pa t te rn  

through the heat exchanger and reactor.  

5.1.1 Internal. vs. External Arrangement 

I n  determining a p rac t i ca l  arrangement f o r  the  reactor  and primary heat 

exchanger, the  followfng two bas i  c design concepts were considered: ( 1 )  Use 

of i n t e rna l  primary heat exchmigers wfth associated piping and pumping equip- 

ment i n t eg ra l  with the reactor .  Ibn t h i s  design, the  f u e l  remains i n  the  

reactor  vessel  and the heat i s  t ransferred from the  f u e l  c i rcu la t ing  i n t e r -  
\ . ' . :C.' 

s a l l y  t o  the  sodium coolant piped insf de the reactor  vessel .  (2) Use of .. ' :'ti. 
, . . .  

external  primary heat exchangers through which the f u e l  i s  continuously c i r -  . ., 

culated outside the reactor  with piping and.pumping equipment adgacent t o ,  . 

'I! 
. ,. 

but  external  t o ,  the  core vessel .  Each arrangement o f f e r s  ce r t a in  advantages .Xc 
4 .  

;i 
and dieadvantages, and the f i n a l  se lect ion depends on an extensive evaluation .' !.?I, 

. t j . . ,  . - 1  
of the economic operation and design f ac to r s  involved, and t h e i r  e f f e c t - o n  the 

design charac te r i s t ics  of the  reactor  and system. 

The important advantages of the  i n t e rna l  primary heat exchanger arrange- 

ment over the  external  arrangement are: 

1. Lower f u e l  holdup because exterhal  f u e l  piping eliini'nerted. 

2 .  More compact arrangement r e s u l t f n g . i n  reduktion of requirements f o r  . 
sh i  elding,  p i  ping, containment j buflding and services  ( i . e . , crane 
handli ng equipment, e t c  . ) . 

3 .  Less pumping power because of reduced piping f r i c t i o n  losses.  

4. Provisions f o r  e l e c t r i c a l l y  heating the f u e l  containment vessel  and 
f u e l  piping simplified.  
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These advantages must, i n  a complete economic and f e a s i b i l i t y  study, 

overbalance the following apparent dfsadvantages: 

1. Dif f icu l t ies  i n  maintaining and.replacfng heat exchanger tube bundles. 

2 Structural  problems i n supporting i ntegral  tube bundles. 

3 .  Higher radioactive sodium loop caused by the higher f lux  bevel inside 
the reactor increasing the des i r ab i l i t y  of an extra  sodium loop. 

4. Problems i n  fabrication of the larger  reactor vessel  and complexity 
of heat exchanger tube layout. . . . 

5 .  Diff icu l t ies  i n  locating leaks and i so la t ing  the defective tube bundle, 

Time did not p e a t  a eomplete analysis of t h i s  prohPem. However, based 

on prelfminary studies,  it 'was eonclu&ed t h a t  a design employing tn t e rna l  heat 

exchangers and pumps could be developed which would r e su l t  %n an eeonomfcal and 

p rac t i ca l  arrangement f o r  a high parer  reactor. Therefore, the design of a n  

i n t e rna l  arrangement was pursued from the outset of this study. 

5.1.2 In terna l  Arrangement 

Several schemes fo r  the arrangement of the fraternal prfmary heat exchangers 

were considered and a re  schematically shown on Figures 5.1 and 5.2. IQ a l l  the 

schemes proposed, the fequfrement of counter-flow heat exchange was followed in 

order t o  minimize tube surface and t o  obtafn the bes t  heat exchanger character- 

i s t i  cs possible. .. 

A. Separate U ~ e r  and Lower Header and Single Pass Arrangement ( ~ i g .  5e1) 

The tube bundle8,are located i n  an annular space around the core section 

with baf f les  t o  d i r ec t  the f u e l  f l o w  down through the  exchanger on the outside 

of the tubes The sodfum coolant i s through the tubes. The tube bundles t e r -  

minate i n  concentric toroidal 'headers,  wfth the coolant ou t l e t  header located 

a t  the top of the reactor vessel and the coolant i n l e t  header located a t  the 
. . 

bottom. This arrangement imposes several apparent disadvantages. 



1. To obtain adequate heat transfer surface using practical tube sizes 
and a reasonable number of straight tubes would require tube lengths 
considerably longer than the aptinmu length dictated by the nuclear 
requirementr for the reactor core size. 

2. Use of a lower header would necessitate many large penetrations i n  
the bottom section of the reactor vessel, which i s  under~irable and 
should be avoided if porsible. 

3. This arrangement require8 pumping the high temperature fuel, which 
tends to  deereaee pump l i f e  because of increased corrosion rate a t  
the higher temperatures. 

Othe* design difficulties inherent i n  this arrangement are thermal stress 

and expansion problems betveen the two headers of the exchangers, and the large 

number of tube-to-header welds required t o  pennit a practical length. 

To overcame these dfsa8vantages, Scheme I1 was devised and is the basis 

for the f ina l  derign. 

B e  Combined Header and Two-Pass Arrangement 5.2) 

The tube bundle8 consist of U-tubes with the coolant inlet  and outlet 

heaaera located aunularly and concentrically a t  the top of the reactor vessel. 

The tube sheets have the shape of truncated circular sectors. The fuel makes 

two passer on the outside of the tubes, with the flow directed by canceritric 

baffles into the suction of the fuel circulating pumps which are located on 

the tap outer periphery of the reactor vesselo 

5.1.3 Basic Design Criteria 

In establishing the design, certain cr t tcr ia  were followed t o  take advan- 

- b g e  of the preeent state of development of guPPpe, materials and heat exchangers. 

1. The p q s  would be poritioped vertically and located symetrically a t  
the top of the reactor and would pump cold fuel. This would minlmlze 
real problemrr and provide coawenience i n  arrangement. Pumps mruld 
be sized practically. 

2. Annular vertical U-tube heat exchanger bundler would be c o ~ i d e r e d  
w i t h  duplex tubing, with 304 stainless r tee l  as the structural 
material and clad with type "Ln nickel on the outside t o  reaist  
the corrosive fuel, Type 304 SS ~rovides compatibiUty with the 
rest  of the BJa coolant circuit 
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3. The flow pattern through the reactor and heat exchanger would tend 
t o  aDBintain the circulation of the fuel  i n  the event of complete 
loss of pumping power. 

4. The heat exchanger tube bundles would be sized to  minimize fue l  
holdup sn8 the number of tubes vhile maintaining practical fue l  
and sodium coolant velocities fo r  reasonable f r ic t ion pressure 
drops and heat transfer coefficients. This requirement necesri- 
tated a parametric study for  the primary heat exchanger. 

3.1.4 Parametric Study 

A parametric study was performed for  the primary heat exchanger ~ A O  deter- 

mine the optimum tube size and number of tubes for  the required duty. The 

study was based on varying tube outside diameters with different ligaments 

(minimum distance between outside diameter of adjacent tubes) fo r  a nzanber 

of cases, ut i l izing the following design conditions: 

Heat exchanged 2.048 x 109 ~ t u / h r  

F'uel i n l e t  temerature &!;,t *- 
Fuel outlet temperature 

Sodium coolant i n l e t  temperature 1000% 

Sodium coolant outlet temperature ~ 5 0 % '  ;,-,> 
"... .,; - .. 1 . - 1 - 1 .  &&:-,*;-: 

Tube material: duplex tube, Type ALSL, 304 stainless steel (.06 C max) -e ,. , . - 9 ,. ,+ 
clad wi.th Type wLa 4 c k e l  ~ L V L  

Tube thickness: t o t a l  0.065, SS 0.042 in., li 0.023 in. 

Fuel properties based on: 50 mol BeF - 50 mol $ 2194 

Justification for  the selection of these design conditions has been dia- 

cussed previously. Tube Piizes of 112 in, ,  518 in., 314 in.  OD each with 

ligaments of 1/4 in., 3/16 in., and 118 in. were studied, using a staggered 

arrangement with triangular pitches of tubes i n  bundles. For the purpose of 

t h i s  investigation, average values were used for  the physical and thermal pro- 

pert ies of the fuel,  sodium end structural materials. This simplification was 

considered valid over the temperature ranges involved, The complete derivation 



, of the formulae f o r  the study i s  outlined i n  Appendix D; however, i n  the 

development of the expressi ons , the f ollowfng bas i  c. e q d t i o n s .  were used f o r  
- 

i establishing the applicable heat t ransfer  coefficients.  

- To simplify the study, the in t e rna l  heat generation i n  the circulat ing 

-- f u e l  and sodium caused by delayed neutrons and gauima heating was neglected. 

Therefore, i f  a uniform wall heat f lux  i s  assumed, the  Martjlnellf and Lyan 

eqmtlon ( ~ e r .  15,  p. 73) i s appli  cable f o r  determination of the sodiuq 

coolant tube s ide fi lm coefficient,,  

To establ ish the s h e l l  s ide f i l m  coefficient fo r  the fue l ,  the Dittus-Boelter 

relationship (Ref. 6 ,  p. 219) was used, 

Evaluation of Reylzcrlds nmibers f o r  the various parameters studied indicated 

values i n  the range of 1000 t o  4200 on %he she l l  side. For a tube s ide  calcu- 
- 

la t fon,  Reynolds nwnbers of t h i s  order of magnitude would indicate tha t  the 

flow was i n  the t rans i t ion  range between laminar and turbulent flow. Kern 

(Ref. 20, p. 137) indicates t h a t  f o r  baffled heat exchangers, there i s  no a s -  

continuity i n  flow a t  Reynolds numbers' near 2100, such a s  occurs with: tube , . 

side f low,  and tha t  the character of the flow on the s h e l l  s ide cannot be - 

evaluated on the basis  of the Reynolds number only. Further, t h i s  reference 

- .. indicates tha t  a t  Reynolds numbers a s  l o w  a s  100, f u l l y  turbulent flow can be 

developed on the s h e l l  s ide ,o f  a baffled heat exchanger. The equation given , I 

. by Kern (Ref . 20, p. 137) f o r  s h e l l  s ide f i l m  coeff icients  gives values con- 

siderably larger  than obtained from the Mttus-Boelter re lat ion.  Therefore, 



use of the Dittus-Boelter equation resu l t s  i n  consematfve values f o r  deefgn, 

even though the baff l ing geometry i s  mlaaown. - 

Calculation of the tube wall reeieternce was based on averaging t h e m e l  * 

conductivity of the tube a t  the hot and cold mixed mean sod3m coolant temperatures. - 

The over-all heat t ransfer  coeff ic ient  weas obtained by combining, the indiuri- . -. 

dual resistances f o r  the duplex tubes and fi lm coeff icients  based on external. 

tube surf ace, 

The required heat transfeP surface was determined by uefng the  equation f o r  

constant over-all heat t ransfer  coeff ic ient  (u,) a d  counter flow adiabatic 

heat exchange between f u e l  and sodi uns ( ~ e f  . 6, p. 190) , 

q = uo so (Ato1) ( 5.4) 

For t h i s  study, the f u e l  and sodium flowe, the  l s g e r i t b i e  mean temperature 
- 

difference, mtl the quantity of heat exchanged a r e  fixed by the design eonditioaas, 

It i e  possible by proper arrangement of these equations in conJunetion w%th %he - 

one dimensional steady s t a t e  continuity equletfon, 

t o  develop simultaneous equations f o r  the dependent variable,  the over-811 heat I 
t ransfer  coefficient (uo) with approprdate constm$s (C) ae fmctiona of the - 

number of tubes ( N )  and length of tubes (L). 

The two equations developed i n  Appendix D a r e  then, 



and 

U o I L n C  

where the C O s  a re  independent constants 

I = nmber of tubes 

L = length of tubes 

R = e m  of the inadividml duplex tube resietebsces 

For an asesmed length (L) , these equations are  then two simultaneow 

equations i n  two mknoms which can be solved graphically by plot t ing the 

over-all heat t ransfer  coeffi  c i  ent (uo) against assumed values of 18 f o r  each 

case of tube diameter and ligament under conaideretion. For the equation8 t o  
. . 

i ,\ 
' : .:I 

be sa t i s f ied ,  there exists  only one value of M which is determined by the in-  
. .> 

tersection of the curves of the.two equationre. The required number of tub.es., . . . ,  

(PJ) t o  give the necessary heat t ransfer  f o r  each tube s ize  and various l igamets  . 

, . 
is shown on Figures 5.3, 5.4 and 5.5. , :<<, I ., .,, . 

'3:' 
\ .. 

The pressure drops f o r  both she l l  arad tube side of the exkhasger can be .%? 
.,,% 6,: ,; . .. . (i, 

determined from the Farming f r i c t ion  pressure drop fopmula, once the required 

number of tubes f o r  a p a r t i  cular tube sf ze and ligament i s established. 

The f r f  ctf  on factor  f was d e t e d n e d  from Moody8s chart (Ref . 16, 

F i  go 15) f o r  smooth pipe. The constant 2,O i n  the above expreasf on allowe 

f o r  f n l e t  , outlet ,  and U-bend losses f n the respective circuits (Ref . 16, p. 21 

e t  sequi). The additional f l u i d  pressure loss  across the tube bundle supports 

on the she l l  side was not included since f t s  method of determfnatfon i s  highly 

empirical and depends on part icular  tube layout and design, and, i n  addition, 

it was considered tha t  i t s  contribution would not e f fec t  the selection of tube. 

s i ze  and spacing. 



A summary of the resu l t s  of the parametric study i s shown i n F i  w r e s  5.6 

and 5.7 and Table 5.1. These graphs ;hov cross p lo t s  f o r  the number of tubes, 
. : 

heat t ransfer  surfsc&, f u e l  holdup volume and t o t a l  ' f luid pump power as  a 

function of tube ligament r a t i o  ( I f  gament t o  tube OD) f o r  the valu!s of N, ae 

determined from Figures 5039 5.4 and 5.5. 
\ 

Examfnation of the regsults of this study indicates tha t  f o r  minimum f u e l  

holdup, reasonable pumaping requirements and a p rac t i ca l  tube arrangement, the 

eelection of approximately 14,600 5/8-inch OD U-tubes with 118-inch U g a e n t  

(0.20 tube I f  gament r a t i o )  , and an eff  ecttve length of 20 f e e t  r e su l t s  i n the  ~ 
m e &  serviceable and practical primary heat exchanger design. I n  determining I 
%he opt%mm bube sf ze, it i s  deaf rable t o  minimize the  number. of tubes consis- 

tent with reasonable pressure drops and h e 1  holdup volume. The fewer the 

number of tubes, the l e s s  %he probabf l i t y  of tube o r  tube-to-tube sheet fafBures. 

5.1.5 Design Consf derattons 

To determine the prsc t icabiUty  of such a U-tube design i n  annulerr con- 

cent r ic  s e e t i  one wtth a 3-foot, 7-inch Pmer core radius, a tube bundle layout 

study was made using approzimately 15,000 5/8-inch OD tubes arranged on. a 
- 

9/4-fnch staggered equflaterkl t r iangular  pitch. The r e su l t  of the study 

Pndieeted t h a t  such an arrangement was feasible  and i e shown i n  F i  gure 5.8. 

It was f i n a l l y  concluded tha t  t o  provide additional margin. i n  the design f o r  I 
contkngencf es ,  24 tube bundles, each with 650 tubes t o  carry, or  a t o t a l  of 

15,600 tubes with an .effective tube length of  21. f e e t  would be specf f i  ed f o r  

the primary heat exchanger. 
- - , ~  

h e  t o  the difference i n  areas caused by the concentrig sections, some ~ 
crossing over of the tubes %s necessary t o  re ta in  the same tube density on 

both s ides  of the tube bundle. Although t h i s  increases the fabricat ion and 
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Figure 5.7 Primary Heat Exchanger Parametric Study 
Snmmary - Variation of Pump Power, Fuel 

~ u b e  Ligament Ratio (~iganmntfib OD) - 



Physical properties u8ed for study: 

Type ALSL - 304 Stainleas Steel Type "Ln 
Nickel ( -06 C Max) 

SODIUM - 
Abmluteviscoeity 190 lb/hr-ft /C 0.53lb/hr-ft 
Density 209 lb /cuf t  (= 51 lb/cu f t  
Conductivity k 1.5BTU/hr-ft-?F k 3 6 . 2 ~ ~ ~ / h r - f t - O ~  k 1 2 . 9 ~ ~ ~ / h r - f t - %  k 33.5~TU/hr-ft-% 
Specific Heat C, 0 .285 BTUllb C, O.3C ~TUllb 

The study covered six arrangementr using 112" 5/8", an8 3/kn duplex tuber with 0.023" clad B i  on outside of 0.042" wall 
type 304 stainlees s tee l  with ~gamenta of 1/1", 3/16", a d  118'. 

Reactor heat load - 600 Mw Temperature - Fuel 12009 in le t  - 1050%' outlet 6 Flow rate - fuel 48.0 x 10 lb/hr 
Soaium lOOO* inlet - 1150°F outlet sodium 45.7 x lo6 lb/hr 

Tube OD (in.) 

Ligament (in.) 

Tube Ligament Ratio 

no. of tubes required with 20 f t  60,000 32,500 18,000 50,000 26,000 14,600 46,200 22,200 13,200 
effective length 

Velocity - Fuel outside tubes, ft/sec 0.50 1.3 3.6 0.50 1.3 3 a4 0.46 1.3 3-2 
S&um i n  tubera, ft/sec 5.6 10.3 18.6 3-7 7.2 12.5 2.6 5 04 9 a 0  

Reynolds So. - Fuel 1310 2310 4150 1200 2350 4000 1070 40% 
sodi~m C O O ~ ~ I I ~  5 . 9 5 ~ 0 ~  1.10~105 l.g8fl05 5.34a04 1.025r105 i.78a05 4.6a04 ? g o 4  ie61r105 

Over-all heat trensf er  coefficient - 260 485 885 252 492 865 220 470 820 
~ ! C ~ / h r - e ~  f t  

Heat trensfer surface 

Preerure drop - Fuel, psi 
Sodium, psi 

Pumping horsepower - Fuel, hp 1.8 14.9 134 2.2 14.9 130 2.2 14.0 102 
Sodium, hp 163 468 1430 59 00 195 552 24.0 91.0 234 

'pow1 hp 165 483 1564 61.2 210 682 26.2 105 336 

Fuel holdup i n  tube bundle, cu f t  2420 967 



NOTES: 
I TUBES IN AREAS A, AND A, ARE 

A CONVENTIONAL U-TUBE BUNDLE. 

FIG. 5.8- PRIMARY HEAT EXCHANGER 2. TUBES I N  AREA B l  ARE ONE LEG 

TUBE LAYOUT OF A U-TUBE BUNDLE WHICH DIVIDES 
AND CROSSES OVER BELOW THE 

TUBE BUNDLE CONTAINS 650 TUBES. BUNDLE A,-A, INTO AREAS B,. 
24 BUNDLES REQUIRED 



assembly problems, the heat transfer , ,,- characterfptica-are - improved. Since the 

phys iu l  crossing of the tubes occurs i n  the lovhr portion of the bundle, the 

1 fuel flow pattern through this section will be irregular, improving the mixing 

of the fuel as it passer through the exchanger. 

In  order t o  obtain ?equate cross sectional area for weldfng the tubes 

to the tube eheets , it was i n i t i a l l y  planned t o  increase the patch from 314" 

to  718" and extend the tube sheet radfally outward over the tube bundle to  

obtain the addftional area; hawever, -. an a c t e l  layout of this arrangembnt in- 
L - 

+ 

dicated that the outer radfus of the &%e she@% became exceeafve aBd therefore 

this plan was abandoned. To solve this dffftculty, the following various alter-  

nates were proposed: (1) place the tube sheets a t  angles from 45' to  90' to  

obtain the required-additional area, This method of arrangement offers the 

dfeadvaatage of imposing severe stresses on the tubes a t  the bead where the 

tube enters normal to  the tube sheet. (2) Allow the fuel to  flow inside the 

exchanger . - -  tubes and the sodfun coolant outside with the tube sheet positioned 
B$- I. 7, , 
L-- . - . 

%n- the vertical. This arrangement offers some advantages such as  reduetlora f n 

the required heat transfer surface because of the larger over-all heat tranefer 

coefficient brought about by the fuel film coefficient, the main resistance to  

heat flow in  the system, being increased with the fuel inside the tubes. The 

aifficult ies involved i n  draining the tube bundle completely and problems in 

successfully cladding an8 inspecting the inside of the tubes ruled this arrange- 

ment out. (3) Finally, it was concluded that the most expedfent solution to  

the problem would be t o  swage the tubes t o  112~ OD size just before the tubes 

enter the sheet, maintaining the 314" pitch the f u l l  length of the tube. T h i s  

allows a spacing of 114" .between the tubes on the tube sheet with 518" OD tubee, 

which is  considered enough fo'r a succesefulwelding procedure, No difficulty 

is  anticipated in  the swaging of the duplex tubes. 



The final exchanger design consists of 24 U-tube bundles with 650 tubes 

positioned vertically in the reactor vessel, each with an effective length - 
of 21 ft. The size of the duplex tubee suggested is 5/aW OD wOth .042" type 

304 stainless steel wall clad with .023 type wLw nickel. Approximately a 

total of 20 tube spacers and support plates will be required in order to in- 

sure proper tube spacing and support. An arrangement e t h  the tube rpaeera 

staggered on 12" centers w i l l  result in a practical configuration. The tubes 

will. be swaged to 1/2" OD as they enter the tube sheet, 

The method for a w i n g  the individual heat exchanger assemblies ir 

discussed in Section 5.2.3.b 

2.2.0 RENTOR VESSEL 

The reactor, shown schematically on Figurer 5.9 and 5.10, is basically 

a vertical cylindrfeal vessel with an over-all height of approximately 13 ft 

and a mfnfmum diameter of 16 ft for most of its height . The diameter in- 
- creases to 20 ft at the top of the vessel to allow for the installation of 

eight equally spaced fuel circulatPng P\BPPS. In order to reduce fuelholdqp, 
+ 

the minimum diameter is maintained for the height of the vessel, exuept at 

the location where the fuel circulating purmps are posieioned. At these loca- 

tforae, the vessel flares into protuberances to provide the necessary flow 

area for the pump discharge transitional sections. An annular plenum chamber 

to serve as a suction header is located at the top of the vessel fUrect1.y 

below the pump base plate. This distributes and peraita flow to all pun@ 

inlets in the went of por~sible failure of any single pump. 

Both the bottom and top of the reactor vessel are concave hGPlispheroidia1 

sections to minimize fuel holdup, to allow for more edective length of the 

heat exchanger, and to improve the flow characteristics of the fuel into and 
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FIG: 5.1 1-  PRESSURIZER, GAS REMOVAL, AND EXPANSION SYSTEM 



out of the  cen t ra l  core section. Use of the  concave sections reduces the need 

f o r  i n t e rna l  baf f l ing  and perforated p l a t e s  t o  d i s t r i bu te  th'e f l u i d  flow, 
- 

V To minimize neutron leakage a t  the  top and bottom o f t h e  reactor ,  graphite 

- blocks a r e  packed i n t o  the' concaved sections t o  serve a s  a neutron r e f l ec to r ,  

w A s ide stream of the primary sodium coolant i s  used t o  remove the  heat  caused 

by the gamma and neutron interact ions  i n  the graphite. Similar provisions 

could be uade f o r  cooling the reactor  s h e l l  i f  fu r ther  inves t iga t i  on indf cates  

t ha t  the  gamma heating i n  the  reactor s h e l l  i s  excessive. 

5.2.1 s h e l l  Design 

Since the fused s a l t  i n  the  reactor has a very,low vapor pressure a t  the  

operating temperature ( .01 mm ~ g ) ,  the  system i s  pressurized with helium.at  a: 

pressure of only 10 p s i  (see  Section .5.2.5) . Because of t h i s  low pressure, 

the  s h e l l  thickness required f o r  the  vessel  i s  r e l a t i ve ly  t h in  a s  compared t o  

most other types of high temperature reactors.  By using a design pressure of 

50 p s i  i n  the vessel ,  maximum temperature of 1250% of the  fue l ,  Type 304 - 

s t a in l e s s  s t e e l  a s  the  s t ruc tu ra l  material ,  .md a jo in t  e f f i  ciency of' 80$~ .  a : 
- 

she l l . th fckness  of 1.8 inch i s  required f o r  the  reactor vessel .  This was 

obtained by applyfng the AS#E formula f o r  cyl indr ical  she l l s  l i s t e d  i n  Unffred. 

Pressure Vessel Code ( ~ e f .  35, p. ,113). To allow an addi t ional  margin of 

safety ,  the  s h e l l  thickness of the vessel  i s  designed f o r  2 inches and f s  

f a b r i  cated from Type 304 L s t a in l e s s  s t e e l  with 0.03 -c maximum. 
- 

The choice of Type 304 L s ta in less '  ra ther  than Type 347 was made since 

- - it has been demonstrated t h a t  the  poss ib i l i t y  o f ' i nc ip i en t  craeking 'a t  the  

weld joint  i s  l e s s  probable with Type 304 L. The weldabil i ty.  of Type -304 L -. 

.. compares favorably with Type 347 a s  lpng a s  the  carbon. content i s  l imi t ed  t o  : 

0.03 maximum. 
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The vessel i s clad with approxlmstely 0.20 inch of type "Lqq nickel a t  a l l  

points which are  f n  contact with the  fused f luoride s a l t  t o  prevent corro- 

siora, It should be noted tha t  in establishing tkfe thickness of %he vessel, 

no increase in strength was allowed f o r  the nickel cladding. This i s  in 

accordance with the ASME boi le r  cade. The sides and bottom of the vessel 

w i l l  be fabricated from 2-inch p la t e  fn to  sections tha t  w i l l  be welded to -  

gether t o  make the complete vessel,  The asseably of the top of the vessel 

i s  more complex since the heat exchangers a re  s e a l  welded onto etroaetural 

members and the top cover section. 

5.2.2 Internal  Arrangement 

The in terna l  arrangement of the reactor vessel consists of three prin- 

cfpal components : the central  eore 'sectf on where most f i ssi onf ng takes place; 

the primary heat exchangers i n  which the heat of f i s s ion  i s  removed; and %he 

fuel 'circUlat%ng punaps which provide the necessary head t o  maintain esnt%nusas 

efrculat ion of the fuel .  By referr ing t o  Figure 5.9, the f u e l  efrculation path 

em. be followed. 

Fuel flows upward thmugb the '7-foot diameter cyEfndrfea1 core, outward 

radfa l ly  a t  the top, and down t h r o w  the f i r s t  pass of the U-tube heat 

exchangers which a re  located i n  the baffled m u l u s  surroundiamg the  core. The 

f u e l  reverses i t s  direct ion st the bottom of the heat exchangers and flows up- 

ward th~ough the  second,pass of the heat exchangers, A t  the top of the  second 

pass, the f u e l  flows rad ia l ly  outward again t o  eight  a x i a l  flow pumps located 

sylgnaetrdcally around the upper periphery of the reactor vessel. These pumapis 

foree the f u e l  damward through am annular daranccamer which su+romds %he en t i r e  

vesse& ' A t  ' the bottom of the downcomer, the f u e l  flows redi  a l l y  i nward and 

.back fn to  the central. ireactor eore t o  repeat thkt ePrcuft. 
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The in terna l  baff l ing i s  718-inch Type 304 stainless s t e e l  base p la t e  

clad on both sf des with 1116-inch minimum thickness Type "L" nickel. The 

inner and outer baf f les  of the heat exchanger a re  connected t o  the  reactor 

vessel through fraternal stmcturalmembers, not shown on the diagrams. The 

center b a f f 1 e . i ~  welded t o  each primary heat exchanger tube sheet channel and 

i s  supported t a t  the bottom by the radial-.support p la tes  of the heat exchanger 

b u n d l ~ .  Leakage and streaming of the f u e l  between the hot and bold legs o f ,  

the heat exchanger bundles i s  minimized by ueing a tongue and groove arrange-, 

ment a t  the points where the center baff l ing ends between adJa,eent.tube 

bundles. I n  addition, special  in te rna l  baffLing i s  requiped t o  prevent fbsl 

streaming between bundles i n  the.voids caused by the r ad ia l  s t ruc tura l  members 

a t  the top of the vessel which support the heat exchangers, Perforat%os& a re  

provided a t  the bottom of the U-bend 'of the baf f l ing  t o  permit complete drain- 

age of the fue l ,  ana a t  the vofd spaces around the f u e l  pump discharge trans%- 

t iona l  sections t o  avoid overheating i n  thiP8 stagnant volme,  

Eight fue l  drain and f i l l  l i nes  a re  provided a t  the bottom of the vessel 

m d  a re  connected t o . t h e  fue l  dump system through let-down.valves and safety 

devf ces . . . 

5 ., 2.3 S t rue t u r a l  Arrangement , . . . . . 

The reactor vessel i s  supported by eight ve r t i ca l  members embedded i n  

the concrete f loo r  of the containment vessel. These members a re  welded t o  . 

the outer s t ruc tura l  r ing beam which a c t s  as  the main support member f o r  

the reactor vessel. Twenty-four equally.spaced beams extend radia l ly  inward 

from the outer r ing beam and are  i n  turn welded,to an inner concentPfc.ring 

beam. The resul t ing design i s  a ~ i r c u l a r . c a n t f l e v e r  functional arrangement 

similar i n  appearance t o  a large wheel with 24 spokes between the hub and r i m .  



The primary heat exchangers a re  lo'cated between these r ad la l  members, The heat 

exchangers a re  sea l  welded individually by r ad ia l  and concentric sea l  s t r ip s .  - 

The rad ia l  s e a l  s t r i p s  a re  located on each s ide of the heat exchanger channels b* 

and a r e  welded to  the rad i  a 1  beams running between the hea t .  exchangere. The - 

concentric sea l  s t r i p s  a re  located a t  tihe fmer and outer periphery of the heat a 

exchanger channels and a r e  welded t o  the concentric r ing beams t o  complete the 

closure, These s e a l  s t r i p s  a re  a l so  designed t o  res t ra in  the heat exchangers 

from the upward force caused by the buoyant effect  of the fused e a l t  on the 

tube bundles. 

This design i s  unique i n  tha t  it u t i l i z e s  the  i n l e t  and ou t l e t  channels 

of the primary heat exchanger a s  an i n t eg ra l  p a r t  of the reactor  vessel,  

Fwthemore,  the primary heat exchangers can be removed by remotely cut t ing . . 

out the s e a l  rings of any par t icu lar  bundle and l i f t i n g  the en t i r e  bundle 

out ve r t i ca l ly  a f t e r  the primary coobmt piping has been cut awayo 

5.2.4 Fuel C i  r cu la t i  ng Pumps 

The f u e l  c i rculat ing pumps have several apeefal requirerncnts tha t  m l m t  

be s a t i s f i e d  fo r  a prac t ica l  design. These requirements a re  a s  follows: 

(1) absolute leak t ightness,  since any leakage of the highly radioactive f u e l  

would contaminate the area and would eventually cause a shutdown; (2)  opere- 

t i ona l  r e l i a b i l i t y  with minimum maintenance f o r  uninterrupted, continuous 

semice , . s ince  a l l  maintenance must be accomplished remotely once the reactor 

has been operated; (3)  be eas i ly  replaceable a s  8 uni t  since plant  shutdown 

i s  pequired f o r  access; (4)  v e r t i c a l  i n s t a l l a t ion  f o r  complete removal of 

pump in terna ls  wfthout,necessitating complete drainage of the fuel;  and 

( 5) reasonable cost. 

I n  se1ecting.a design fof the f u e l  c i rculat ing pump tha t  would reason- 

ably f i t  the above requfrements, two typee were consfdered suf f ic ien t ly  



developed t o  warrant i nvesti  g a t i  on f o r  t h i  s applf c a t i  on: .( 1 )  the t o t a l l y  

enclosed o r  camed rotor  pump; and (2 )  conventional motor drive coupled t o  - 
'2 the pump by shafting tha t  has special  provision f o r  frozen seals  t o  pre- 

- 
vent leakage, 

The camed rotor  pump me% many of these requirements; however, such a 

pump has not been f u l l y  developed t o  operdte with fused saLt a$ temperfi-ture~ 

in the required range of 1 0 0 0 ~ ~  t o  1300%. The bearings of a canned ro tor  , 

pulnsp a r e  generally lubricated by the f l u i d  being pumped and cooled by a 

secondary coolant. Application of a canned ro tor  pump t o  a fused s a l t  system 

would necessitate tha t  the rotor ,  consequently the e l e c t r i c a l  i n s d a t i o n ,  ., ? 

. . .. ., 
operate a t  temperatures considerably i n  excess of those now considered prac- 

. . . . 
r '  

t i c a l .  Coolant passages would require ,judicious design t o  avoid freeze-upa , . 

i n  the coolant c i r cu i t .  Further, the cost of development and fabricatiort'would 

be considerable f o r  materials sui table  t o  r e s i s t  the corrosiveness of the fl6o- 

ride ~alt. For these.reasons, t h i s  type of pump was regeeted. A ve r t i ca l  pwmp - . ,. - . ., . .. 

coupled t o  a conventional motor drive with special  adaptations of freeze sea ls  
- 

and hydraulic, piston-type, self-lubrfcatfng bearings was selected a s  more 

sui table  f o r  t h i s  application. 

Calculations indicated tha t  the t o t a l  f u e l  flow i s  32,000 gpm. This 

requires a t o t a l  dynamic pump head of 11 f t o r  15 psi .  This load i s  distri- 

buted among eight pumps, on the basis  tha t  t h i s  number resulted i n  a - 

syaanaetrical arrangement i n  conJunetion with the 24 primary heat exchangers,' : 

- 
and a lso  tha t  f a i lu re  of one of eight pumps would not seriously reduce the 

kapaci t y  of the plant.  Further, the impeller sf ze f o r  a 4000 gpm pump i s 

A. reasonable and f i t s  i n t o  the chosen pump location. The required'drive motor 

r a t i  ng f o r  each pump' uni t of 60' hp i s  p rac t i  cal .  A value of 60 percent was 

used fo r  the p h p '  efficiency i n  the  design which i s  considered conservative 

f o r  ax ia l  flow pumps. 



To determine the pump c lass i f ica t ion ,  the spectf ic  speed was obtained 

f rom the following expressi on ( ~ e f  , 21, p . 296) , 

where Me i s  the specif ic  speed, M i e  the revolutions per inafnute of the 

pump sha f t ,  GPM i s  the capacity i n  gallons per minute, and H i s  the t o t a l  

dynamic head of the  pump i n  f ee t .  

Application of the above expression when considering a pump speed of 

1750 q m  r e su l t s  i n  a specif ic  speed of approximately 18,000, which i s  i n  

the ax ia l  flow pump range. Use of an ax ia l  flow pump simplif%es the arrange- 

ment of the pump discharge nozzle and t rans i t iona l  pfecea since volute 

d i f fuser  sections a re  not required and, therefore,  both suction and discharge 

can be axial .  

I n  order t o  reduce the poss ib i l i t y  of cavi tat ion f o r  the top suction 

pump design, it was decided t o  provide a pressurizer f o r  the fue l  i n  the 

reactor vessel. The pressurizer w i l l  maintain the f l u i d  l eve l  several f e e t  

above the pump suction. 

The. location of .the pump i n , t h e  reactor vessel  i s  c r i t i c a l  since the 

meaxtmum shaf t  overhang tolerable  i s of the  order of 18 inches. For th%s 

reason,. the  pumping element i s located a s  near t o  the  top of the vessel as  

flow permits. A new development i n  pmp'bearfngs, called the hydraulic, 

piston-type bearing, permits the bearing t o  operate i n  the f l u i d  and i s  lub- 

r icated by the f l u i d  being pumped. This design would have application i n  

a the.pump ins t a l l a t ion  proposed, as it i s  epeeially designed f o r  high tempera- 

tu re  corrosive f luids .  To prevent leakage, a freeze sea l  i s  proposed. . 

Essent ial ly ,  this consists of a . sec t ion  of the pump shaf t  where cooling co i l s  



freeze the f u e l  around the shaft ,  thereby,preventing f lu id  leakage, These 

seals  have been developed and a re  considered pract ical .  

I n  order t o  prevent backflow through a pump which has been shut .down, a 

cheek valve i s  required a t  each p m ~  discharge. The check valve i s  h e a t e d  

En the pump discharge downcomer and arrmged so tha t  it can be removed when 

the pump internabs a re  wfthdrawn, !?!he check value m e t  o f fe r  a ~ n i m m , r e s i s -  

t m c e  t o  flow eo t ha t  natural  c i rculat ion w i l l  not be restricted on complete 

e l ee t r i ea l  f a i lu re  of the pump motor drives. 

The ehoiee of sui table  materials f o r  the pump %n&emaSt.s %e l imited a t  , 

the present time t o  Ineonel. Experiments ( ~ e f  , 57) have been perf omed ~ 5 t h  

an Hneonel pump operating i n  a forced eireulatfon Imp wAth f luoride f u e l  

No. 30 a% a e d d  operating tempyrature of ~ 5 0 %  and w%th a maximum loop tern- 

perature of" 1 5 5 0 ~ ~ .  The pump was sueeessflliely operated f ~ s  over 8000 hours, 

when an e l ee t r i ea l  power f a t lu re  forced a shutdown and r e s t a r t  was prevented 

by a pfpe break, It was con~.f.rlered tha t  the pump was capable of operation , 

f o r  many more hours wfthout meehanicsl fa i lure .  !!?he pump was equipped with 

a eonventfonal sea l  of s i l v e r  impregnated graphftar sgefnst t o o l  s t e e l  and 

with c o m e r c f a l b a l l  bearings, This s e a l  and bearing arrangement is di f ferent  

from tha t  proposed above, On inspeetion of the pump impeller, it was eon- 

eluded tha t  the e f fec t  of corrosion and mass t ransfer  on the pump materials 

was negligible. On the basis  of t h i s  experience, the use of Ineoael f o r  pump 

intepnals i s  considered sat isfactory f o r  the design and operating conditions 

planned f o r  the fue l  cireulatfng pumps f o r  t h i s  desigg studyo 

A summary of the specifications f o r  the f u e l  efreuhPating pumps i s  given 

i n  Table 5.2.. 



TABLE 5.2 

SPECIFICATIONS FOR FUEL CIRCULATING PUMPS, ( 8) 

Type -Verti eal -Axial flow 

Capaei ty 

Temperature of salt entering pump 

Total dynamic pressure head 

Speed - Constant 
Pump horsepower 

Motor horsepower 

Impeller outside diameter 

Hub diameter 

Materials - Trim 
Seal 

B eari ng 

4000 gpm 

10509 

15 psi 

1800 Ppm 

56 hp 

60 hp 

10 in. 

5 in. 

Ineonel 

Freeze Type 

Hydraulic Pfston Type 



5.2.5 Pressurizer Gas Removal and E I C ~ ~ S ~  on System 

The reactor vessel is pressurized to s maximum pressure of 10 psi. The 

pressure is limited to this value to keep the design pressure bebow 50 psi in - 

the reactor vessel. Helium is used to pressurize the system because of its 

negligible solubility and fnertnesa in the fu.eL scrlu330~1.. Pure helium does 

not become radioactive and therefore can be vented c3freet;l.y to the atmosphere.. 

The pressurizer syitem is required for several famrportmk reasons: 

1) To mai ntai n a posf ti ve flooded sucti on head on the f'uel\ef rculatf ng 
papa to prevent pump csvitatisw and vapor binding. 

2) To provide gas pressure for the fi ssion product gas removal system. 

3 )  To minimize the possibi Uty-of the "snow pr~blem" described in 
Chapter 2. 

4) To reduce the tendency for formation of ff ssf on product gas voids 
in the circulating fuel. 

5) To ~rovide a free 'surface for release of the fissi on product gases 
whfch will accumulate in the helium volume st the top of the pres- . 
surizer vessel. 

6 )  To serve as a surge tank for changes in the fuel volume. 

The pressurizers shown on Figure 5.11 cansfst of eight eomected chambers, 

adequately sized to accomodate the expansion and contraction of the fuel flthfd 

caused by the variation in density between the solidification temperature md 

1300~~. .Above the free supface in the pressurizer, additional volume f s avail- 

ab1.e for collection of the fissio.n product gases which are. scavenged to the 

off-gas system. A pipe comectioan is provided between each fuel pump at the 

highest elevation of the reactor vessel' for connecting to the top of the 

pressurfzer vessel for gas removal. To provide contfnaous circulation of the . 

low temperature fuel through the pressurizer, the return line is connected 

frtom the bottom of the preeswizer to a connection at each fuel pu& suction, 



go. 
5.2.6 Effect of Volume Heat Source 

Baffles.and flow dividers a re  located d thf ra  the  reactor vessel t o  

d i r ec t  the flow of the fused s a l t  fue l  through the heat exchmgers, pumps, 

downcomer, and back t o  the cent ra l  core. These baf f les  a re  positioned so 

t ha t  they a r e  i n  d i r ec t  contact w%th a volume Beat source on both sides. 

I n i t f a l l y ,  this created some coneem because of the possibiPity of develop- 

ing excessive temperatures and thermal s t resses  i n  metal t ha t  f s  fn  eontact 

with a volume heat source, References 42, 43 and 4.4 analyze t h i s  phenomenon 

' i n  . . considerable de ta i l ,  and indicate tha t  the magnitude of the e f fec t  i s  a . . 
. . 

f&c.tion of the re la t ive  values of neutron f lux and coolant velocity and 

t h e i r  dis t r ibut ion over the flow area. An authori ta t ive source wars consulted 

on thf s problem, a s  i t applies t o  t h i s  desi  gn study ( ~ e f . .  45). It was con- 

cluded tha t  the neutron f lux  and velocity prof i les  i n  t h i s  reactor are such 

tha t  the temperature r i s e  %n the baffles due t o  the volume heat souree.effect 

would be. negugible .  - 



I 
SODIUM AND STEAM POWER SYSTElrlS 

- 

- 6.0.0 INTRODUCTION 

b The ultimate use of the reactor heat is the generation of useable power 

I for distribution to the consumer. In order to accoatplieh this safely, eeonomi- 

I cally, and vith a maximum flexibility of control, it was necessary toinvestigate 

this portion of the plant in detail. This chapter includes the primry loop, 

I intermediate loop, the steam generators, the sodium piping, the steam cycle 

&d auxili ary power requirements. Other f tems of interest included are the 

intermediate heat exchangers, the steam cycle, a plant heat balance and.the 

plant efficfency. 

6,1.0 , 'PRIMARY SODIUM COOLANT LOOP ' 

The heat of fission in the circulating fuged fluoride ealt fuel can be 

transferred to the steam system fop the turbine unit by several alternate - 

I . '  
schemes. The acceptance of a scheme depends on the lim9tatfon that under all 

I conditions of operation, the heat exchange media minimum temperature will 

I always maintain the minimum fuel temperature in excess of the melting point 

I to prevent local solidification. The minimum temperature of the reactor has 

I been set at 1050%, for reasons di scussed in Chapter 5, whereas the boi ler 

feed water temperature is set at 450'~ by the steam turbine cycle design, - 

resulting. fn a temperature difference of 600%.  his large temperature dif- 

ference must be held nearly constant over the entire load range.in order to 

I maintain the system design temperatures which, in so doing, creates difficult 

I - problems in controlling the heat t~ansfer rates. 



6.1.1 Schemes for Removi ng Heat from Reactor 

The possible schemes for transferring the heat from the fuel are dis- 

cussed below. 

A,  Di reet Heat Transfer by Boi ling Water 

It is possible to circulate the fuel external to the reactor directly 

through a once-through superheater'md stem generator without interposing 

addttional loops in the system. The fuel would undoubtedly flow on the out- 

side of the tubes and the steam insfde in the heat exchanges. The following 

are several apparent disadvantages which make direct heat transfer unacceptable. 

1. Large Fuel Holdup - The over-all heat transfer coefficient would be 
lower than if transferred to mother fluid. This results because the tubes' 

f n the heat exchanger have to be thick, wfth probably double walls for added 

safety, to withstand the high pressure steam and also because the film heat 

transfer coefficient for the superheated stem is low, A low over-all heat 

transfer requires more heat transfer area and therefore a bigger heat exchanger, 

whf ch results i n larger fuel holdup reqfremerl t s  . 
2, Reduced Safety - The larger the heat exchanger and the higher the 

pressure, the greater probabflity. of a leak. Any leak would be from the high 

pressure water system into the law pressure, but high temperature fused salt. 

Such a leak would cause a violent reaction, increasing the hazards of plant 

operation and containment. 

3; Radioactive Steam - The fuel wfll activate the steam, which increases 
the problems in maintenance, shielding, and designing the turbine and feed 

systems completely leaktight. 

4. Decomposition of the Steam - Due to the high radiation field, de- 
composition of the steam results, which requires an extensive 02-I32 

recombi nati on system, 



5.  FUgh Thermal Stresses  - Because of the large over-all  temperature 

drops, excessive tube w a l l  s t resses  w i l l  resu l t .  

6. Heat. Exchanger Desi gn Problems - Because of the large temperature 

difference between the cold legs of the heat exchanger, the e f fec t  of film 

boiling must be considered i n  the design with the resul t ing problems of 

fns t ab i l i  t y  . 
B . Bent Transfer t o  Liqui d Metal 

I n  order t o  avoid the disadvantages of d i r ec t  heat t ransfer ,  the use of 

a l iquid metal f o r  a primary coolant was considered. ' The l iquid metal coolant 

w i l l  flow i ns i  de the tubes and the f u e l  bn the outs i  de of the tubes, and the 

heat exchanger w i l l  be in te rna l  t o  the reactor vessel.  Because of the high . . .  

thermal conductivity of the l iquid metal and l o w  vapor pressure, the heat 

exchangers w i l l  be much smaller, therefore decreasing holdup. Safety features  

w i l l  be improved; decomposition and t h e m 1  s t r e s s  problems w i l l  be reduced, 
. ~ 

Furthermore, existing,deefgn information c m  be used with confidence i n  deter- . 

mining the required h e a t ' t r m s f e r  surface an'd the poss ib i l i t y  of operational 

i n s t a b i l i t y  no longer e f i s t s .  

6.1.2 Choice of Coolant 

I n  makfng the selection fo r  the  primary coolant, the properties of several 

metals such a s  mercury, sodium, bismuth and NaK were considered. The general 

requirements f o r  a coolant, exclusive of nuclear requirements, a re  tha t  the 

density, t h e m 1  conductivity and heat capacity should be high, whereas the 

viscosi ty ,  melting point and vapor pressure should be a s  low a s  possible. I n  

addition, the coolant should have a high degree of wetting a b i l i t y ,  negligible 

toxic i ty  and, most important, should not expand upon freezing. 



Combining these properties f o r  an over-all  comparison, sodium proved t o  

be the  most desirable  coolant f o r  the  primary loop f o r  the  following, several  

reasons : 

1 )  Lowest pumping power required f o r  a given r a t e  of heat removal. 

2) Supepi or  heat t r ans fe r  proper t ies  , r e s u l t i  ng i n the smallest 
equipment sf zes , 

3) Contractfon upon sohi df f i  c a t i  on. 

4)  Superior neutron economy. Since the f u e l  primary heat exchanger i s  
in t e rna l  t o  the  reactor ,  it i s  important t o  keep neutron absorption 
losses  t o  a minimumn The coolant a l so  a c t s  a s  a r e f l ec to r  ' to  reduce 
neutpon leakage from the reactor  core. 

5 )  Complete s t ab i  1% t y  under high i r r ad i  a t i on -  f i eld.  

A discuseion.of these requirements i s  extended i n  Section 6.2.2 of t h i s  

report ,  Ira the presentation of the  arguments f o r  and against  an immediate 

heat '  exchanger, 

6.1.3 Sodium Coolant Activation 

A s  a r e su l t  of the  primary sodfum coolant flowing through the primary 

heat exchangers i n  the  reactor  vessel ,  the sodium w i l l  become very radio- 

actfve.  When the  sodi um coolant captures a neutron, radi  oactfve sodf m-24 

i s  formed and w i l l  build up i n  the  coolant system t o  an equilibrium value 

which depends upon the pa r t i cu l a r  design and f lux  l e v e l  of the  reactor.  The 

radioisotope sodium-24 has a h a l f - l i f e  of approximately 1 5  hours, and emits 

be ta  pa r t i c l e s  and two hard gamma-ray photons of an energy of 1.38 and 

2.75 mev ( ~ e f .  8, p. 525). The sodium act ivat ion imposes many l imita t ions  

on the freedom of the  design of the  p lan t  since it a f f ec t s  shielding, p lan t  

layout,  maintenance, servicing,  and personnel accessibi l9ty  t o  the  radio- 

a c t i  ve areas.  



Impurities i n  the sodium cause long-lived radioactive contaminants and 

t h e i r  e f fec t  must be considered i n  the over-all  design, i n  par t icu lar  when - 

+ draining the system i n  preparation f o r  access t o  the shielded compartments. 

- Care must be taken t o  assure a l l  such containments a re  completely flushed. 

S- 
Some of the plant  layout and design problems considered because of t h i s  a c t i -  

vation a re  discussed i n  sections 6.7.7 and 7.3.0. 

An. epgroximate value f o r  the l eve l  o r  ac t iv i ty  i n  the primary coolant 

sodium can be determined by applyfng the f o l l m n g  expression when the exposure 

time i s much longer than the mean sodim-24 half -1i f e ( ~ e f  . 15, p . 398) . 

~a~~ a c t i v i t y  i n  primary coolant = 9 z a ;  curies 
3.7 x 10 

- Neutron thermal f lux  per cm2 sec 

E a - Sodium thermal macroscopic cross section cmd' 

V - Total volume of sodium i n  primary exchanger 

. Considering only the ac.,tivities from the thema1 f lux  aiid using an average 

f lux  i n  the sodium i n  the primary heat exchanger of 0.8 x lo* per an2-sec, 
- 

obtained from the ORACLE calculations,  gives an act ivat ion of 1.46 x 10 
6 

curies of %he radioactive sodium. When this act ivat ion i s  di luted by the 

3 approxiplately 2000 f t  of sodlum i n  the primary system, the resul tant  a c t i v i t y  

i s  0.0258 curies per cc. 

Since t h i s  i s  considerable ac t iv i ty ,  it i s  necessary tha t  a l l  heat - 

exchangers, pumps and piping containing the primapy sodium coolant be ade- 

.i - I ,  quately shielded t o  protect  operating personnel. 

6.2.0 INTERMEDIATE SODIUM COOLANT LOOP 

It i s  possible t o  t ransfer  the heat d i rec t ly  from the primary loop t o  

generate steam o r  t o  interpose an intermediate loop between the primary and 



steam portion of the  system. Several excellent discuseions of the advantages 

and disadvantages of using an Lntemediate c i r cu i t  a re  given i n  the l i t e r a t u r e  - 

( ~ e f .  7, 15, 25). The primary basis  f o r  any such sePectPon must be i n  terns  -c' 

- 
of the economics, safety,  relisbfl.ity and operation of the system. 

0 .t. 

In order t o  make the decision t o  include such a loop $n the system, the 

following advantages and disadvantages of using aua intermediate loop were 

eonsi dered: 

Advantages 

1, Decreased thermal s t r e s s  problemg i n  the steam genepators. 

2. Increased f l e x i b i l i t y  of the system f o r  p a r t i a l  load opepation. 

3.  sepa&ation of the hest  t r m s f e r  loop from the e t e m  loop 
i n  case of a leak. 

4 ,  Simpler maintenance of the s t e m  loop outside of the ehf elding. 

5 .  Avoidance of the poss ib i l i t y  of fi lm boi l ing by decreased A t  i n  
the bof l e r  , 

6. Reduced shief ding probheme . 
7. Reduced poss ib i l i ty  of steam decomposi%ion srs a r e su l t  of gmma 

radiation from the primary sod im loop. A s  i s  noted i n  Section 
6,4,1, the presence of oxygen and hydrogen i n  the steam loop would 
be very detrimental from a corrosion standpoint. 

8. L i  ghter reactor constmetion, since the reactor w i l l  not be called 
upon t o  wfthstand the f u l l  steam pressure i n  ease of a leek i n  the 
steam generator portion of the system. 

Disadvantages 

1, Increased piping, pumps and valves f o r  the  fntemedi&te loop. 

2. More heat exchangers. 

3 .  Increased system size.  

4. Larger holdup of heat t ransfer  f l a d .  

5 .  More equipment which may be potent ia l  sources of leaks. 



From the previously mentioned discussions (~ef. 7, 15, 25) and the Ifst- 

ing of the advantages and disadvantages, i t i s apparent that the main advantages 

lie in the areas of safety, reliability and operability, while the principal 

disadvantages lie in the increased cost of having such a loop. Safety and 

reliability must of necessity govern %he design of m y  reactor system or its 

components, and cost, while important, myst be secondary in the desi gn phi lo- 

scpby. On thio badfe, the ehaice was made to include rn intermediate loop in 

the system. 

6.2,2 Chof ce of Coolant Fluid 

The choice of heat transfer fluid to use in the intermediate loop was 

readily narrowed down to one of the liquid metals or a fused salt. Organics 

or aqueous media were eliminated because of the gama radtation and high tem- , 

peratures in this loop. C a m  radiation and high temperatures cause these 

compounds to decompose or df ssociate. Some of 'the variables that were con- 

sidered in choosing the fldd were: 

1. High heat transfer properties at reasonable veloefties 

2. Cost 

3 .  Toxicity 

4. Relative punaping power. POP example, mercury requires from 5 to 
,10 times the pumping power of the alkali metals. 

5 .  Corrosiveness of the fluid in contact with common materials at the 
temperatures of interest.. 

6 .  Tendency to dl ssociate, combine with oxygen or, in general, be 
chemically degraded at operating temperatures and in the gamma 
flux from the primary loop. 

7. In case of a leak, the fluid must be compatible with the sodium 
in the primary c$rcuit and also with the fused salt fuel. 

8 The materials of construction necessary to contain the fluid must 
be compatible with those of the primary loop to prevent the possi- 
bility.of corrosion or mass transfer. 



9 .  The melting point,  heat capacity and thermal conductivity must a l l  
exhibit  reasonable values f o r  a prac t ica l  system. 

10. Handlfng eharaeterfstfcs must be pract ical .  For example, the 
- 

expansion of bismuth on solfdif icatfon creates many extremely .,. 

d i f f i c u l t  problems. - 

.. The boiling point and vapor pressure must be reasonable f o r  th f s  
hfgh temperature application, Mercury, which has good heat t ransfer  .r 
characteri  s t i  cs , has a bof li ng poi nat of 675O~ a t  atmospheri c pres - 
sure, I n  order t o  take advantage of the high heet t ransfer  
eharaeterfstfes of t h i s  material, the system would have t o  be pres- 
surized t o  maintain it in the l iqu id  s t a t e .  

Of the many materials possible, the a lka l i  metals appeared t o  be best 

suf ted f o r  thf s system. A s  i s noted i n  the Reactor Handbook (Ref . 7, p. 773- 

777) , the heat t ransfer ,  where the l iquid metal f s the sole  f luf  d, does not i 

vary appreciably regardless of the fluid. Sodium was selected a s  the l iquid ~ 
metal which f u l f i l l s  more of the requirements l f s t e d  above than any other -~ 

f lu id .  However, t h f s  m a t e ~ f a l  presents one major problem, namely, the 

exothermic sodium - water reaetfon. 

6.2.3 Sodi um-Water I so la t f  on Problem - 

I n  order t o  preclude the poss ib i l f ty  uf eodfm and water contact, . 
- 

systems have been desfgned (Ref. 15) usfng such design de ta i l s  a s  double 
\ 

w a l l  tubes or  a th i rd  f l u i d  t o  separate the sodim and water. A t  present, 

' one system (Ref, 5 )  contemplates the use of s ingle  wall tubes a d  single 

tube sheets t o  separate these f lu ids .  A re la t ive ly  small mock-up of t h i s  

system w i l l  be tes ted i n  the near future and t h i s  t e s t  should provide valuable - 

fnfomation regarding the a b i l i t y  of such a uni t  t o  pun f o r  a period of time, 

comparable t o  central  s ta t ion  steam pract ice,  without leaks. 
- . P- 

AS i s noted i n  Section 6.4.2, it i s possible t o  adequately t r e a t  the 

feed water and t o  properly design a heat exchanger t o  preclude almost en t i re ly  'a 

the possibf lf ty  of s t r e s s  corrosion f a i lu re  of the tubes or  tube sheets. On 

the  basis tha t  the previous statement represents the present s t a t e  of boi le r  
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and heat' exchanger practice., then the tube-to-tube sheet joint must be care- 

f u l l y  conkt dered. By. exercising extreme care 'md q~lity', control, unf ts  have 

been b u i l t  f o r  nuclear application's which,, pr ior  t o  service, have been made. , 

leakfree; However j i n  servf ce, the tube-to-tube sheet joint f.8 subgected ' / 

t o  a complex strese pattern and t h e m 1  cycllng. Under these conditions, 

there i s  always the d i  s t i n c t  possibi li t y  'of ' having some tube-to-tube sheet 

welds f a i l .  The other type of poooible f a l l u ~ e  l i e s  f n  the realm of faul ty  

tube material being inadvertently used. To prevent t h i s ,  it i s  necessary to .  

make some, or ' a l l , . t e s t s  such as  radiography, dye penetrant methods, physical 
'>  

t e s t s ,  ultrasoni c inspection, he l l  urn. leak t e s t s  end mass spectrometer, both . . ., 

pr ior  t o  and 'af ter  the tubing i s ' i n s t a l l e d  i n  the  'mitt;. 

6.2.4 * Proposed Design f o r  Sodium-Water Isolation 

Of the potent ial  types of fa i lure  mentioned above, the tube-to-tube 

sheet weld fa i lure  presents an area with the greatest poss ib i l i ty  of occur- i. 

rence i n  service. A s  has been mentioned previously i n  this section, safety * -y 
"; 

% I 

must be a prime consideration i n  t h i s  system. For t h i s  reason, the design 

detai 1 shown i n  Figure 6.1 i s  proposed t o  minimize the ef fec t  of a leak i n  

a tube-to-tube sheet joint. I n  essence, it consists of using single wall 

tubes with double tube sheets. A th in  walled chamber separates the tube, '  - 

sheets and hellirm would be used t o  purge this chamber t o  preclude the possi- 

b i l l t y  of . a  sodium'-to-air reaction, and a lso  t o  a c t  'as a monitor to. 'detect 

a 'leak.. Should a' leak occur a t  e i ther  tube sheet, the heat  t ransfer  f lu ids  

would not mix and the magnitude of the leak would be monitored by the heUumo 

I f  leaks occurred simultaneously a t  both tube 'sheets,. only small volinmes ,of 

materials would be involved and corrective action,, such a s  isolat ion of the 

component, could be in i t ia ted .  



Preliminary work has been ini t ia ted* t o  determine the f e a s i b i l i t y  of 

t h i s  type .of construction. This work consists of a t e s t  section of approx- 

imately 400 112-inch OD tubes on 314-inch pi tch braze welded t o  a 112-inch 

thick tube sheet on both sides of the  tube sheet. Metallurgical and physical 

t e s t s  w i l l  be u t i l i zed  t o  check the in t eg r i ty  of the braze welds. 

A summary of t h i s  t e s t  work up t o  the date of publication of t h i s  report  

i s  given i n  Appendix J, 

6.3.0 INTERMEDIATE HEAT EXCHANGER 

The reasons f o r  placing the intermediate sodium loop and heat exchanger 

i n  the cycle a re  given i n  Section 6.2.1. 

I n  order t o  maintain reasonable equipment s ize ,  s i x  intermediate heat 

exchangers were used and therefore each heater t ransfers  100 Mw of heat from 

the  primary t o  the secondary sodium loop. The heaters a re  of the U-tube type 

t o  minimize thermal s t resses .  

6.3.1 I s o l a t i  on of Radioactive from Non-Radioactive Sodium 

Sincc the i n t ~ m e d i a t e  sodium loop extends beyond the secondary radiation 

shield,  the leakage of radioactive sodium from the primary loop In to  the non- 

~ a d i o a c t i v e  sodium of the intermediate loop through the heat exchanger i s  

intolerable .  It was decided tha t  the intermediate heat exchanger would be 

designed a s  a two-fluid type rather  than the more cost ly  and d i f f i c u l t  t o  

manufacture three-fluid type. The non-radioactive intermediate sodium w i l l  

be pressurized above the radioactive sodium i n  the primary loop. Any leakage 

would then be i n t o  the radioactive sodium rather  than out of it. The i so la t ion  

design, a s  discussed and proposed i n  Sections 6.2.3 and 6.2.4, would be appl i -  

cable and desirable f o r  the intermediate heat exchanger. 

* Work Order issued by W. D .' Manly t o  P. Patr iarca,  dated Ju ly  16, 1956 





6.3.2 Calculations for Intermediate Heat Exchanger 
I i  I . ,  

The calculations for the intermediate heat exchanger design are given 
I 

++ - >:. .J. in  Appendix P and the epecifications are l isted in  Table - I 6,2. , .  - , T,K- ..',-.-'<---; . - k -- ,-$; 1; -#= - 

r , ?  ' -  . ' .J$l-J: '" I .  I'Y* 

The equetionr and methods wed in  determining film boefficients , over';elq b y  ' - \- - ., , ,,;L!t,l 
heat transfer coefficient, heat exchanger area and preeeure drop are given in  

Sections 5.1.4, 6.5.1 and 6.5.2. 

The design of a steam generator for a nuclear system presents several 
L - - ' -  s r -  %..y,; , f$<!fi 

unuetral aspects &en ~ - ~ a r e d  t o  conventional central statOon practice. The 
. 8 -3- 1 

,I I L 

choice between a once-through unit or natural circulatiion bofaer w i t h  ,._ 5 sepa- 1 r 1  . . -- . 
I .  - 

1 .  < 

rate superheater i s  not clearly defined for this app&tiok. ~berefore, in  

order t o  determine the proper selection for this system, both types of steam 

generators were investigated. , ' . . ' ' G 

6.4.1 Once-Throw& Steam Generator 

In principle, the once-throw , ste? % generator represents the simplest 
' ' I  

and most direct method of trsnsferrlng'%he reactor heat to  the ~lteam loop. 
4 

It consists errentially of a number of tubes in  parallelwlth feed water 

entering the t d e u  a t  one end and superheated steam leaving a t  the other. 

The heat transfer fltsid, which i n  thir  case i c r  sodium fram the intermediate 

loop, i r  on the ahell side of the unit  flowing parallel to  the tube axis. 

The feed water f l a w  t o  the uni t  may be adjurrted so that either wet, dry or 

swerheated steam is obtained a t  the exit, dependent on the derign conili- 

tions In  the event that wet stem is produced, it can be dried by use of 

a relatively EIlasrll in-line rteam separator, eliminating the need for a 

steam drum. The principal advantages and disadvantagerr for this type of 

. unit as compared to  the natural circulation boiler with a reparate super- 
I 
r 

heater are as follawe: 
. 



1, Compactness - For a given s e t  of design parameters, the kit 1s 
- moqe compact. . 

i- 

2. Cdst  - .  - Since the requirement f o r  a separate s t e m  ' d m  ' f a  eliminated 
and the mount of interconnectisg piping, tube sheets and she l l s  f e  
reduced, the un i t  i s  inherently l e s s  costly. 

3. Control - - By the re l s t fve ly  simple method of controll ing feed water 
flow t o  the tubes, w%de ranges of load can be achieved. 

4. Arrangement - Since t h i s  type of steam generator does not r e q a r e  a 
steam d m  and intereonneetilag piping t o  a separate superheater, it 

- i s  adaptable and idea l  fo r  a nuclear plant layout. I n  p a r t i c d a r ,  the 
p~oblems of shielding o r  i so la t ion  fo r  reasons of safety a re  Im%nimrm$zed, 
resul t ing 18 simplif%ed arrangements and substmt%aP savings. 

5 .  InternalArrangemen$ - The use of l o w  pressure aodfm on the s h e l l  
side and high pressure water on the tube s ide r e su l t s  in the best  
over-all heat t ransfer  and a low pressure s h e l l  design which i s  
idea l ly  suited t o  t h i s  reactor system. 

Disadvantages . . 

1. .Lack of Water Storage - I n  the event of complete loss  of feed water.. . ., 
flow caused by e l ec t r i ca l  or  mechmice%, f a i lu re  of the feed pump, 

. the once-through uni t  has essent ia l ly  no water storage .and proyision 
m u s t  be made t o  i nswe the immediate. avsi  l a b i l i t y  of an i ladependent" - 

. water supply t o  the uni t  t o  provide means sf decay heat removal f r ~ m  , ,  

the reactor. 
.. . - 

2'. Water Treatment - Experience with high pressure once-through boi le rs  
i n  Europe has demonstrated tha t  the,maJor d i f f i cu l ty  e n c o u n t e ~ e s ~ i n  
these uni t s  has been the i n a b i l i t y  +Q maintain extremely high p u ~ f t y .  
water required f o r  successful operation. According t o  S h q o l a  , , . a . 

- ( ~ e f  . 1 )  , i nvesti  g a t i  ons have 1 ndf cated tha t  the once-through mit  
can be operated succesrsfulhy only if the followflag conditions a re  met:: 

- a.  Solids content of feed l e s s  than 0.5 ppm . . 

b. Oxygen content of feed not t o  exceed approximately 0.006 ppm 
- c. Removal of oxygen formed by the dissociation of steam 

d. The absolute exclusion of chlorides from the system 
e ,  pX control by use of aqueous ~ o n i a  

- 
'., , . 

I t  .is believed tha t  these, conditions can be met when operating the 

plant  ( ~ e f .  1 ) .  

3.  Thermal Stress  - The out le t  .of the evaporating section i s  p a r t i c d a r l y  
subolected t o  conditions tha t  lead t o  s t r e s s  reversals and the possi-  
b i l i t y  of fatigue or  s t r e s s  corrosion f a i l u r e  resul t ing from the 

, intermit tent  heating and cooling of the tube walls by the f ine ly  
dispersed par t ic les  of water i n  the steam a t  t h i s  location. 



4. Flow Instabflit - In forced circulation boiling, the problem of flow 
2, 3, 4) in parallel circuits can endanger the per- 

formance of the unit. If an obstruction or scale builds up in a tube, 
the flow rate in the tube may actually lead to an increasing flow 

- 

resistance due to the increase in the average specific volume of' the b 

tube contents. Ultimately, the tube may become steam bound and become - 
completely ineffective from the standpoint of constituting active heat 
transfer surface. A further effect under these conditions is to de- 
crease the total feed water flow to the unit, which also decreases + 

its ability to perform properly, 

5. Des.ign - The calculation of the heat transfer surface required to 
perform a specified duty KPth a complete change of phase is especially 
difficult in those sections where there are high percentages of steam 
by volume. At present, such calculations represent "educated guessesq', 

- 

and the reliability of such calculation procedures must be validated 
against future tests such as are presently being contemplated by 
APDA (~ef. 5). 

- 

6.4.2 Natural Ci rculati on boi ler4eparate Superheater Steam Generator 

The natural circulation boiler wtth a separate superheater requires more 

basic components than the onee-through unit and, thepefore, represents a more 

complex arrangement for the removal of the reactor heat. Inthe natural circu- 

lation boiler, steam is generated on the shell side and low pressure sod%m 
- 

is on the tube sfdeb The steam-water flow in the boiler is directed by baffles 

which also serve as tube supports. The steam-water mixture flows through the - 

risers to an external steam d m  by natural circulation, As in colaspentionsl 

practice, feed water is introduced into the system at the steam d m  to woid 
- 

the possibility of temperature shock to the steam generator. The feed water 

is heated to saturation by condensing steam in the steam d m  and saturated - 

water is reeirculated to .the boiler by the downcomer system, Saturated steam, - 

mechanically separated in the stem d m ,  is piped to the separate superheater. 
- * 

The principal advantages and disadvantages of the natural circulation 

boiler with a separate superheater, as compared to the on&-through boiler, are: ' 



Advantages 

1. Rel iab i l i ty  - This type of steam generation system has been used i n  
pr inciple  i n  several actual  and proposed reactor ins ta l la t ions .  
Among these a re  the Mark I and Mark I1 STR units ,  the PWR, SIR, SAR, 
HRT, etc .  The r e l i a b i l i t y  has been established under actual  and 
t e s t  conditions of reactor operation. 

2. Design - Design methods a r e  available which enable the designer t o  
predict  the performance of these uni t s  t o  the required degree of 
accuracy f o r  engineering of the system. 

3. Water Storage - This system has an, inherent ly large water storage 
b u i l t  fibtv 1.I; in the ~lteam drums. Thus, i n  the event of a forced 
outage o r  the f a i l u r e  of a feed pump, the  system i s  s t i l l  capable 
of removing heat from the reactor f o r  several hours. I n  addition) 
the e f fec t  of a perturbation of the reactor pa r t  of the system i s  
minfmized on the steam portion of the  system because of the damping 
ef fec t  of the la rge  amount of water storage. 

4. Water Treatment - I n  both t h i s  uni t  and the once-through boi le r ,  
careful control must be exercised i n  t rea t ing  the feed water f o r  
proper operation of the units;  however, f o r  t h i s  uni t ,  the water 
treatment problem i s  l e s s  s t r ingent  than f o r  the once-through 
boi le r  since scaling and.tube plugging a re  not a s  c r f t i c a l .  The 
problem of s t r e s s  eorrosfon prevai ls  i n  both types of uni t  and 
needs t o  be careful ly  considered. 

5. Inherent S t a b i l i t y  - This type of design has established i t s  in -  
herent s t ab i  li t y  under various operational eonditf ons . The tyde 
of in s t ab f l i t y  tha t  occurs i n  forced circulat ion boi l ing does not 
exfs t  i n  the na tura l  c i rculat ion system. 

Disadvantages 

lo Cost - - Because of the necessity f o r  a steam drum, piping from the 
steam drum t o  the superheater, interconnecting piping i n  the steam 
generator, multiple tube sheets, she l l s  and heads, tBfs type of uni t  
f s  more cost ly  than the  once-through uni t ,  

2. Arrangement - The engfneering design requirements of the natural  
cfrculation equipment make it l e s s  adaptable t o  e i the r  shielding 
o r  compartment arrangement i n  a nuclear system.. 

Size - For a given s e t  of design parameters, the na tura l  c i rculat ion 30 - 
system w i l l  occupy more volume than the once-through system. 

4. The natural  c i rculat ion design i s  predicated on the basi  s t h a t  the 
high pressure water i s  on the she l l  s ide,  which subJects the tubes 
t o  collapsfng pressure. This r e su l t s  i n  thicker tubing with an 
attendant increase i n  weight and decrease i n  heat t ransfer  capa- 
b i l i t y  per uni t  volume. 



5 ,  Control - A s  described i n  Section 7.4.0, the control of t h i s  uni t  
presents problems i n  operating the system over wide ranges of load. 
I n  order t o  accomplish the  desired regulation, it i s  necessary t o  
provide e i the r  external regulation o f . t h e  reactor o r  special  opera- - 

t iona l  control of the heat t ransfer  c i r cu i t s .  A 

. I n  a prevf ous sec t i  on of t h i  s report  (6.2), the problem of a possible 
- 

sodium-water reaction has'been discussed and a ten ta t ive  scheme has been pro- & 

posed t o  mfnimfze the poss ib i l i ty  of t h i s  reaction by the use of double tube 

sheets. I n  a l l  of the systems b u i l t  t o  date ( ~ e f .  1 5 ) )  sodium and water have 

been separated by a t  l e a s t  two metal walls, with the one exception of the APDA 
- 

t e s t s  ( ~ e f .  5 ) .  The boi le rs  and superheaters f o r  t h i s  present study have been 

designed on the basis  of using a s ingle  metal w a l l  t o  separate the sodium from 

the water. I n  order t o  indicate  the magnitude of the s i ze  change when two 

metal walls a re  used, the superheater of the na tura l  c i rculat ion bo i l e r  with 

a separate superheater was calculated on two bases. The comparison design 

was f o r  two metal walls Wving perfect t h e m 1  contact (no interface r e s i  stance),  

but not mechanically joined. Each wall  tlaickness was taken a s  being separately 

capable of withstanding the f u l l  desfgn pressure, 

After careful consideration of a l l  the fac tors  involved, it was not possible 

t o  se l ec t  e i ther  the once-through or  natural  c i rculat ion boi le r  with separate 

superheater a s  having an over-all  advantage over the  other, f o r  the proposed - 

application. Therefore, f o r  the purpose of this study, it was considered t h a t  - 

prelfminary designs f o r  both units should be 'developed. The calculation proee- - 
dures used i n  making these designs a re  given below. These designs were made 

on the bas is  tha t  the uni t s  would conform t o  present technology*wherever - 
b + 

possible, and no attempt was made t o  optimize the performance of t h t s  equip- 

ment, a s  t h i s  optimization can be r e a l i s t i c a l l y  done only a f t e r  the  system . 
has been finalized. " 

' .  . .  . . 
. . 



6.5.0 STEAM GENEMTOR CALCULATION PROCEDURESURES 

6.5.1 Heat Transfer 

A, Boilina; 

I n  making such design s tudies ,  it was apparent t h a t  the greatest  d i f f i -  

cul ty  was the inadequacy of the infomation available i n  the f i e l d  of boi l ing 

heat transfer.  Since these uni t s  must operate with large temperature d i f f e r -  

ences between the f lu ids ,  there i s  the adai t ional  problem of the possibf lf ty  

of unstable fi lm boi li ng occurrf ng . The li tera ture  (Ref . 6, 7) indicates that 

a temperature difference of 45%' between the surface causing boi l ing and the 

saturation temperature of the f l u i d  being boiled i s  the maximum value possible 

t o  have nucleate boiling. To a f i r s t  approximation, this temperature d i f f e r -  

ence i s  independent of pressure. When the above-mentioned temperature d i f f e r -  

ence exceeds 4 5 q ,  unstable f i lm boi l ing resu l t s .  A t  the present s t a t e  of 

development, it i s  v i r tua l ly  impossible t o  design engineering equipment with 

any assurance of predicting performance when i n  the unstable film boil ing 

region. I n  Appendix F,  a check calculation was made t o  assure tha t  these 

uni t s  were operating i n  the nucleate boiling range. 

A solution t o  the problem of designing a heat exchanger with variable 

nucleate boi l ing coefficients i s  available (Ref. 8, p. 699). It i s  exceed- 

ingly d i f f i c u l t  t o  u t i l i z e  th i a  f o r  design, since it i s  necessary t o  use 

f t e ra t ive  techniques t o  obtain a single solution. Therefore, an analysis 

was made i n  Appendix F t o  determine a reasonable value of .an average boiling 

plus scale coefficient t o  use f o r  the design of these units.  It i s  t o  be 

noted tha t  the operating temperature differences i n  the uni t s  analyzed were 

l e s s  than the temperature differences i n  t h i s  study. The numerical value of 

the boiling plus scale coefficient was 2000 B T U / ~ ~ / S ~  f t / ~ ,  and since the 



temperature differences i n  the equipment a11 be greater than f o r  the uni t s  

analyzed, t h i s  value i s  conservative f o r  design, This value of 2000 was used 

i n  all cases where there was nucleate boiling. 

B. Tube Resi stance 

The resistance of a tube wall  t o  heat t ransfer  based on the outside 

tube surface i s ,  

where the thermal eonduetivity of the  tube materiel i s  taken t o  be the value 

a t  the  average tube wall temperature, as  given i n  Figure A.1. 

C.  Superheated Steam Resistance 

Colburn (Ref. 9 )  has correlated the heat t ransfer  data on many f lu ids  

and h i s  work (o r  minor modifications) has been the basis  f o r  most of the corre- 

la t ions  f o r  f lu ids  i n  turbulent flow inside tubes. The greatest  d i f f i cu l ty  

i n  using any heat t ransfer  equation l i e s  i n  the correct values of the physical 

properties of the f l u i d  t o  use. I n  order t o  correctly 'apply these equations, 

it i s  necessary t o  use the same properties a s  the correlator  used. A t  times, 

t h i s  i s  d i f f i c u l t  t o  ascer tain,  and i n  these instances, the  designer must 
- 

exercise Judgment i n  the choice of physical properties.  There has been, and 

s t i l l  i s  (Ref. l o ) ,  a great deal of controversy regardfng the properties of 
- 

superheated steam. It i s  the genergl opinion (Ref. 11, 12) tha t  the properti  es 
- 

of steam given i n  Appendix A represent the "best" values avaflable a t  t h i s  time. - .*. 

These values were used i n  a recent i nvestf gat1 on (Ref . 13') of the flow of super- 

heated steam i n  annuli. The recommended equation f o r  the heat t ransfer  

coeff ic ient  when superheated steam i s  flowtng-turbulsntly i n  pipes i s  based 



on the properties i n  Appendix A, and i.8, 

where a l l  properties are evaluated a t  the average bulk temperature. Since 

this i s  based on the inside tube surface, it i s  necessary t o  multiply the 

h from the above equation by the r a t i o  of the inside tube radius t o  the 

outside tube radius t o  base h on the outside tube surface. The resistance 

i s the inverse of h . Equation 6.2 has been plotted i n  convenf ent  form fo r  

both subsaturated water and superheated steam i n  Appendix B ( ~ i g u r e  B .1). 

Thi s form was suggested by D r  i G. E. Tate (Ref . 14). 

D. Sodium Resistance 

a. Sodium flowing inside tubes - I n  the natural  circulation boiler ,  

sodfum i s  on the tube side. In  t h i s  case, the most accepted value of the 

sodium film coefficient i s  given by the Lyon-Martinelli equation, whfch i s  

l f  sted a s  Equation 5.1 i n  Section 5e1.4. It i s  noted tha t  the sodfum coeffi  - 
cients are generally so high as  t o  constitute only a small par t  of the over-all 

resistance of the equipment. 

b. Sodium flowing on the she l l  side - Several corre1,ations have been 

proposed f o r  ca lcula t ing~the  film coefficient when sodium is  fl,&ng turbu- 

lent ly  on the she l l  side of baffled and unbaffled heat exchangers ( ~ e f  . 15, 25). 

Kern (Ref . 20, p . .136) notes the diff icul ty of calcul*ting the heat t ransfer  

coefficient on the she l l  side of a baffled heat, exchanger, even when c-on 

industr ial  heat exchange f luids are used. Kern gives a semi-empirical equation 

of the Colburn type ( ~ e f  . 9) and s t a t es  tha t  " . . . .excellent agreement i s  

obtained i f  the hydraulic radius i's calculated along instead of across the long . .  . . . 

c i s  of the tube....". For the range of Reynolds' numbers involved, Dwyer 



(Ref. 25, p. 78) recommends the  use of the  Lyon-Martinelli equation. This 

was used and a l l  physieal properties were evaluated a t  the average f l u i d  I 
- 

bulk temperature. 

The reciprocal of tbe sum of a l l  the above appltcable ree is tmees  i s  - 

the over-all  coefficient of heat t r m s f e r  f o r  the  equipment. I n  generalp the 
4. 

over-al l  coeff ic ient  of heat t ransfer  w i l l  vary throughout the length of the 

uni t  since it i s  temperature dependent. I n  such cases, Equations 8-17 of 

Reference (6)  should be used t o  determine the surface requlred f o r  a given 

s e t  of design parameters. For t h i s  studyp a constant average value of 

over-all  coefficient of heat t ransfer  was used, sfnee the variat ion of 

f l u i d  properties i s  not great and the e r ror  so incurred %B well within the 

accuracy of the heat t ransfer  correlations used. The surface was then calcu- 

la ted  from Equation 6.4. 

6.5.2 Preesure DP* 

According t o  Reference (15),  "The use of l iqu id  sodim and MaK a s  heat 

t ransfer  media involves - no new problems i n  the application of f l u i d  

Therefore, the calculations of the various pressure drops i n  the equipment 

resolved themselves i n t o  identifying the various resistances involved and 

applyfng known~solutions. Pressure losses due t o  nozzles and intereomecting 

piping a re  not included a s  p a r t  of the eqdpment pressure drop, These losses 

a re  included i n  the piping pressure drops; however, the calculation procedures 

of t h i s  section were used t o  evaluate the piping pressure losses. 

A, Entrance (contraction) Losses (Ref. 16) 

The entrance loss  was taken t o  be independent of Reynolds number A d  

a l so  independent of the r a t i o  of the tube flow area t o  the header flow area. 



Thi s boss i s g i  ven below (EQ. 6.5) , where the. veloci  t y  i s the  average tube 

ve loc i ty  a s  determined from the  one-dimensional, steady s t a t e  cont inui ty  
- 

L r e l a t i on  (EQ. 6,6),  

O P  0.5 V* & ( p s i )  
1 

- B. Exft  Loss (Ref. 16) 

It was assumed t h a t  there  would be no regain in pressure a t  a tpbe - 

e x i t  and the  decrease i n  s t a t i c  pressure a t  the  exi.t would be one velocity 

head, 

A P  1.0 v2 f ( p s i )  
.2gm 

C . F r i  c t f  on ( s f  nale Phase ~nconrpressible) (Ref . 16) 

The f ~ ~ c t i o n  f a s t o r  uocd fn the Friruring equation i s  a function of the  

r e l a t i ve  roughness of the  tubing and the  Reynolds number. The r e l a t i ve  - 

roughness of the  tubing was taken t o  correspond t o  the  smooth pipe curve of 

the  Moody diagram. The f r i c t i o n  f ac to r  was taken d i r e c t l y  from the Moody 
- 

diagram a t  t he  proper Reynolds number, 

- .. Do Fr ic t ion  and Acceleration .(TWO phase) (Ref . 7, p.  69), 

The method of Mart inel l i  and. Nelson was used t o  ca lcu la te  the  f r i c t i o n  

and accelerat ion pressure losses  i n  the  bo i l ing  sect ion of the  once-through 
8 

bof l e r .  



E. Frict ion and Acceleration (s ingle  Phase ~ompressible)  (Ref . 7, p. 69) 

W acceleration and pressure drop f o r  single phase compressible flow 

such a s  occurs i n  the superheater can be calculated from Equation 23 of Refer- .. 
ence (7) page 4651). The preliminary calculations of these pressure losses 

shared t h a t  they were of the order of 3 percent or  l e s s  of the system pressure. + 

Therefore, the arithmetical average density was used and the flow was t reated 

a s  before (section 6.5.2, Subsecti on C )  , neglecting the acceleration pressure 

drop ( ~ e f  . 21, p.  234) 

F,  Bend Losses ( ~ e f .  16) 

The bend loss  pressure drop i s  .known t o  be a function of a t  l e a s t  three 

variables.  These a re  re la t ive  roughness, Reynolds number, and the r a t i o  of 

the radius of bend t o  tube diameter. The value of t h i s  loss  f o r  180' bend 

(Ref .  16) was taken t o  be 112 velocity head, 

Shel l  side pressure $rops.were calculated un the same b ~ o i o  as t.he t.~xh~t 
- 

side pressure. drops above. The equivalent diameter concept (Ref. 6) was used 

based on typical  unit c e l l s  of the tube layout pattern.  No attempt was made 

t o  estimate the effect-  of tube baf f les  on the s h e l l  s ide pressure drops. 

The drum s ize ,  i t s  location above the s t e m  generdtar, and the uni t ' s  - 

a b i l i t y  t o  maintain an adequate c i r cu la t ion  r a t i o  were investigated only from 

a f e a s i b i l i t y  standpoint (Ref. 22). The r e su l t s  only of t h i s  preliminary 
- 

calculation are  tabulated on the equipment data sheet f o r  the natural  circu- 

l a t ion  uni t .  

I n  a l l  instances, a minimum distance of 114 inch was allowed between 

adjacent tubes at the' tube sheets, t o  permit the welding of the tubes i n t o  



t he  tube sheets.  Calcul'ations of the  possible r e l a t i v e  expansion of the  tubes 

and she l l s  of these units. ( ~ e f .  24) indicated t h a t . a  s t r a i g h t  tube exchanger 
- 

.A with fixed tube sheets would not be sui ted f o r  t h i s  application.. Therefore, 

- the  "horse shoe" shaped u n i t  was used f o r  a l l  of these exchangers. 

6,6 .O S-Y OF HEAT E~CHAMGER DATA 
b 

The specif icat ions  f o r  the.primary heat  exchanger, intermediate heat  

exchanger, once-through steam generator, convection bo i l e r ,  s ing le  tube wal l  

- superheater, and double wal l  superheater a r e  included i n  Tables 6.1 through 6.6, 

6, SODIUM PIPING SYSTEMS 
- 

The technology of sodium pfping i s  wel l  e s t a b l i  shed (Ref . 1 5 ) ,  and f t is 

consfdered t h a t  the  piping systems proposed i n  t h i s  study can be designed s a t i s -  

f a c t o ~ f % y .  Rough piping designs and layouts have beea prepared and the  following 

sections brf e f l y  describe the  consf d e r a t i  ons whi ch were used t o  justf  f y  these 

preliminary designs. Certain design c r i t e r i a ,  which a r e  not  shown on the  lay-  

out d~ewtsga o r  i n  the  tabulat ions ,  are a l s o  discussed. - 

6.7.1 Pipe Length and Size  
\ - 

I n  estimating pipe length,  an attempt was made t o  provide a generous 

allowance f o r  expansion loops. Figures 7.2 and 7,3 were used t o  make.reaeon- 

- able  estimates of over-al l  pipe lengths. 

Pipe wall  thickness was chosen on the  bas i s  of commercially avai lable  
- 

pfpe. Since the  sodfum system i s  a low pressure system, Schedule 40 pfpe was 
- 

generally selected.  Pipe diameters were influenced by the- choice of sodfum 

.)_ - veloci  t y .  Since 30 fps  t o  40 f p s  sodium ve loc i ty  i s being consf dered f o r  des i  gn 

purposes (Ref. 15) ,  a l l  pipe s i ze s  were selected so t h a t  the  ve loc i ty  did  not 

exceed 40 fps  and, i n  most cases, the  ve loc i ty  was near the  30 fp s  value. 

Wherever excessive pressure drops were encountered i n  the  i n i t i a l  est imate,  

the  pipe s i ze  was increased. 
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TABLE 6.1 

EQUIlRdElOT FOR SPECIFICATIOB SHEET 

Name of equipment: primary heat exchanger 

Descrfptf on: U-tube bundles 

Service of Unit: fused s a l t  t o  sodium 

Noo of m i t e  required: 24 

Comeeted in: pa ra l l e l  

Surface per unit: 2230 f t 2  

PERFOFWINCE OF ONE UNIT 
Shel l  Side Tube Side 

Fluid circulated fused s a l t  sodf uh 

Total f l u i d  entering, lb/hr 

Temperature fn  1 2 0 0 ~  1000% 

, Temperature out 

Operating pressuPe 10 ' lb/sq in.  125 lb/sq in.  

Velocf t y  317 f t /sec 12.8 f t l s e c  

Pressure drop (not including nozzles) 

Heat exchanged, BTW/~P 

8.5 p s i  9.1 pei  

Log mean temperature difference 50% 

Transfer r a t e  desf gn - . . 815 ~TWlhr-f t2 -9 

* Based on a tube side surface of 2230 f t 2  per bundle 

Tubes: .042 inch w a l l  type ALSL 304 clad with .023 inch type "Ln nickel; 
No. 650; O.D. ,518 inch; I .~.,)195; ~ f f e c t i v e  Length 21 f t ;  Pitch 314 inch 

Tube sheets: s t a t i  onary 

Baffles and tube supports: a s  requfred 

Code requirements: ASME, TEMA and others 

Remarks: shaped f o r  expansion 

,14ATERIAIS 
See Chapter 3 



TABLE 6.2 

EQUIPMENT SPECIFICATION SHEET - 
. Name of equipment: intermediate heat exchanger ' 

- Description: horseshoe shape, fixed tube sheet exchanger 

.t Semi  ce of unf t: sodium-to-sodium 

No. of uni ts  required: 6 

Connected in: p a r a l l e l  

Surface per unit: 1910 f t 2  

Shells per unit:  1 

PERFORMANCE OF ONE UNIT 
Shel l  Side Tube Sf de 

Flui  d c i  rculated sodium sodf m . I. % 

. Total f l u i d  entering, lb/hr 7/62 x 10 6 2.67 x 10 6 

Temperature i n 1150- 675% 

Temperature out 

- Operati ng pressure 

Veloci t y  
- 

Pressure drop (not including nozzles) 

Heat exchanged, B T U / ~ ~  

- 
Log mean temperature difference 

Transfer r a t e  design - 

l000oF ll00OF 

50 lb/sq in .  150 lb/sq i n .  

12.29 f t / s ec  13.73 f t / s ec  

1.61 ps i  9.02 ps i  

3.41 x 10 8 

147% 

1216 ~ T U l h r  -f t2 -OF 

CONSTRUCTION - 
Tubes: No. : 1100 0 .D. :1/2 in .  I .D. : 0.416 in .  Length: 13..3 . f t  Pi  tch: 314 i n. . 

a. - Shel l  (approx. dia.  & length) : horseshoe shape, 30 i n .  d ia . ,  16 f t  developed length 

Tube, sheets: stationary 

Baffles and .tube supports: as  required . . 
! 

Code requirements: ASME; TENA and others 

Remarks: shaped f o r  expansion 

MATERIALS 

See Chapter 3. 



TABLE 6? 3 

EQUIPMEIJT SPECIFICATION SHEET 

Name of equipment: once-through steam generator 

Description: horseshoe shaped, f ixed tube sheet exchanger 

S e m i  ee of uni t: sodium-to-water No. of uni t s  required: 2 

Surface per unf t: 10,600 ft2 Shel ls  per unit: 1 Connected in: p a r a l l e l  

PERFORMANCE OF ONE UMIT 
Shel l  Side Tube Sf de 

.Fluid cf rculated sodf  am water 

Total  f l u i d  entering, lb/hr 

Temperature f n 

Temperature out 

Operati ag pressure 

Velocf t y  

Pressure drop . (not f ncludf ng nozzles) 

Heat exchanged, BTU/hr 

Log me.m temperature difference 

Transfer r a t e  design 

48 p s i  50 psf 

(preheat 178.59 
( evaporatf ng 221.09' 
( superheatf ng 192.59 

( preheat 690 B W / ~ P  -f t2 -9 
( evaporating 700 BTU/hr-ft2-% 
( superheatf ng 300 BTU/hr-f t2 -% 

- 

CONSTRUCTION 

Tubee: Noo 1,620 O.D, 112 in .  I .D .  0.37 in .  Length 5 0 - f t  Pi tch 314 fno - 

Sha l l  (~pprox .  dia,  & length) : 34 i n o  I ,Do 26 f t  - 6 in.  
- 

Tube sheets: s t a t f  onary C 

Baffles  and tube supports: as  required 

Code requirements: ASME, TEMA and others 

Remarks: shaped f o r  expansion 

MATERIhS 

See Chapter 3. 



TABLE 6.4 . 

EQUIPMENT SPECIFICATION SHErm . 

Name of equipment: eonvectf on boi le r  

Description: horseshoe shaped, fixed tube sheet exchanger 

Semi  ee of unit: sodi um-to-water No. of uni t s  required: 2 

Surface per unit: 10,600 it2 Shel ls  per unit:  2 Connection in: p a r a l l e l  

PERFORMANCE OF ONE UNIT 
Shel l  Side Tube Side 

Fluf d cf rculated water' sodi um 

Total f lu id  enterf ng, lb/hr 

F lu i  d vaporf zed water ----- 
Temperature i n  450% 960'~ 

Temperature out 635.8% 675% 

Operating pressure 2000 lb/sq in.  100 lb/sq in. 
. . 

Velocf t y  None 21.9 f t / s ec  

Pressure drop (not i ncluding nozzles) ----- 38.6 psi 

Heat exchanged j ~TlJ/hr 

Log mean temperature difference 13 5Op 

Transfer r a t e  design 480 B T U / ~ ~  -f t2 -% 

CONSTRUCTION 

Tubes: No. 2000 0.D. .75 in .  I.D. .42 in .  Length 28.5 f t  Pitch 1 in.  

Shel l  ( approx. dia. & length) : 47 in .  I .D . 15.8 f t  

Tube sheete; s ta t ionary 

Baffles and tube supports: a s  required 

Code requirements:' ASME, TEMA and others 

Remarks: shaped f o r  expansion 

MATERIALS 

See Chapter 3. 

I 



EQUIPMENT SPECIFICATION SHEGT 
- 

Name of equipment: superheater, s ingle  w a l l  

Description: horseshoe shaped, fixed tube eheet exchanger - 

' S e m i  ce of unit: sodium-to-steam No. of m i t e  required: 2 
? 

Surface per unit: 3520 it2 She118 per mlt: 1 Connection in: p a r a l l e l  

PERFORMANCE OF ONE UNIT 
Shel l  Side Tube Sf de 

sodi wn steam 

Total  f lufd entefing, lb/hr . 8 x 10 6 9.75. x 105 - 

Temperature f n 

Temperature out 9609 l000?? 

Operating pressure 100 1b/sq i n ,  2000 1b/eq in .  

Pressure drop (not fnel.udfng nozzles) UL ps i  44 pref 

Heat exehmged , B W / ~ P  

Log mean temperature difference 

Transfer r a t e  design 500 B T U / ~ P  -f t2 -9 

CONSTRUCTION 

Tubes: No, I275 O.D. .5 1 .Do .37 Length 22.25 Pi teh .75 

Shel l  ( approx . as. & length) : 32 f no I .Do U05 f t 

Tube sheets: s t a t f  owry  

Bafflee and tube supports: as  required 

Code requirements: ASME, TEPgA and others 

Remarks: shaped f o r  expaneion 

See Chapter 3. 



TABLE 6.6 

EQUII?&NT SPECIFICATION SHEET 
- 

Name of equipment: sqe rhea te r ,  double wall 

- Deserfptfon: horseshoe shaped, ffxed tube sheet exchanger 

Semi  ce of uni t: sodium-to-steam No. of uni ts  required: 2 . . 

Surface per unit: 6400 f t 2  Shells per unit: 1 Connection in :  pa ra l l e l  

H E W O M C E  OF ONE UNIT 
Shel l  Sf de Tube Side 

Fluid ef rculated sodf um . steam 

Total f l u i d  entering, lb/hr 8 x 10 6 9.75 x ' i05  

ll00OF Temperature f n  635.8% 

Temperature out 9609  1000% 

- Operating pressure 100 lb/sq in.  ' 1950 lb/sq in .  

Pressure drop (not including nozzles) 

- Heat exchanged B T U / ~ ~  

Log mean temperature difference 

4 ps i  40 ps i  

3.34 x 10 8 - . .  

191% 
2 0 '  

Transfer r a t e  design 275 B ~ ~ / h r - f t  - F 

- 
Tubes: No. 1500. 0 .D. ' .666 I.D. . ~ O O  ' Length 25.75 f t  Pitch .916. 

.so0 370 
- 

Shell  (approx. dia.  & length): 42 in .  I.D. x 14.3 f t  
- 

Tube sheets: stationary 

. - Baffles and tube supports: a s  required 

Code requfrements: ASME, TEMA and others 

Remarks: .shaped fo r  expansion 
6.  

MATERIALS 

See Chapter 3. 



The important piping data, length, s i ze ,  veloci ty  and pressure drop a re  

given i n  Table H . 1  
- 

6.7.2 Pipe Slope 

- I n  layfng out the  sodi rn piping system, a continuoue slope of 518 i nches 
- 

per  foo t  w i l l  be used throughout. The purpose of t h i s  slope i s  t o  f a c i l i t a t e  

charging, venting, draining a d  weishout. Where t raps  o r  pockets a r e  required, 

individual  drain l i nes  w i l l  be provided a t  these locatfons. These drain l i nes  

a r e  not shown Pm the piping Eeyout. A l l  of t he  sodium piping, with the excep- 

t i o n  of the  prtmary heat exchanger tube bundles and a portion of the  feed l i nes ,  

can be drained by gravity* 

6.7.3 ~xpans ion   tanks 

An expansf on tank w i l l  be provf ded i n  each c i  r c u i t  of the  primary and 

intermediate sodfum loops, since t h e i r  design i s  based on a closed loop system. 

The locat ion of the  expansion tanks w i l l  be a t  the highest  point  i n  the c i r -  

cu i t s  and i n  the v i c in i ty  of the  pump suctions t o  take advantage of pressure - 

drop i n  the  system, t o  minimize the cover gas pressure. 
- 

Computations were made t o  d e t e d n e  the  s i z e  of tanks necessary t o  

accomodate the expansf on of a f u l l  system of s o d i m  from a temperature of 

208% t o  1200%. This consi deration ind i  eeted t h a t  tanks approximately 4 f t  

i n  diameter and 5 112 f t  long a r e  required f o r  each c i r cu i t .  To reduce the 

s f ze  of these tanks, provfsione a r e  included f o r  draining sodium back t o  the 

drain  and charge t m k  a s  the  system i s  brought up t o  operating temperature by 

providing an overflow l i n e  near the  top of a 'reasonably sized emansfon tank, 

An electromagnetic pump w i l l  be used i n  t h i s  overflow system t o  add sodium 

t o  the expansion tank during operation t o  maintain a minimum safe  f l u i d  l e v e l  
.. . ,.. . f n:,:the .- system,, ' 



6.7.4 Cold Traps 

Cold t raps a re ' loca ted  i n  the cold leg  of each closed sodium loop and 
- 

on the suction side of the pumps when possible. Either s t a t i c  or  circulebt%lmg 

" cold t raps cvsuld be used, 

6,7.5 valves 

A mfnfmm number of valves a re  shown on the General Piping Layout, 

Figure 7.1, and the design presented i s  considered prac t ica l  and operative; 

however, the f i n a l  philosophy of the  design d ic ta tes  the exact number and 

location s f  valves in the  eodAanm piping. . A  careful  evaluation of the  operating 

and asaaLvhtenance procedures t o  be followed wodd d e t e d n e  the optimum nmber of 

valves and t h e i r  location. 

I n  general, low pressure drop va9ves.wil lbe used, and freeze stem valves 
. . 

wfl l .be  used in preference t o  bellows sealed valves because of the large pipe 

s izes  required, Bellows sealed valves m y  be desirable i n  some locations f o r  

small plpe sfzes. Cheek valves vP l l  requLre no stem seal.. 
. . 

6.7.6 Pressure and I n s t m e r a t  Taps 
. . 

No consfderation was given t o  pressure and instrument taps. since t h i s  

would r e q u i ~ e  going in to  more d e t a i l  than time would permit. 

6,7.7 Drain and Charge Tanks 

Drain and charge tanks will be provided f o r  each c i r c u i t  of the p p i m ~ y  

and intermediate sodium loops, These tanks w i l l  be located below the lowest 

point in the c i r cu i t  so t h a t  draining can be accomplished by using gravity 

ass i s ted  by gas pressure, 

A l l  components of the eodfm system a re  drainable, except the primary 

heat exchangers and portions of the feed l ines  connecting the heat exchanger 

bundles and the r ing headers. It, 1 s consi dered t h a t  the sodium l e v e l  remafnf ng 
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i n  the feed l ines  a f t e r  the system has been drained can be lowered suff ic ient ly ,  

f o r  maintenance pupIpoases, by applying gas pres'swe t o  the upper r ing header t o  - 

force the sodium in to  the lower r ing header, from which it can be drained t o  

t h e  tank. 

Six tanks, approximately 6 f e e t  On diameter and 15 f e e t  long, x f l l  be 

in s t a l l ed  in the primary Boop. These tanks wi l l  be loceted ' in  shielded com- 

partments d i rec t ly  below the intermediate heat exchangere. Valving and other 

provisions wi l l  be included so tha t  a l l  radioactive eodfuna can be drained and 

f luehed with non -radf oeetf ve sodim from the p i  p i  rag, f ntermedi a t e  heat exchangers, - 

and primary loop pumps i n  the intermediate compartments during outages f o r  main- 

tenance work on the above-mentioned csmponents. 

Three tanks, approximately 8 f e e t  i n  diameter and 15 f e e t  long, w i l l  be 

i ns ta l led  i n the i ntemediate  loop ; ~ h e s e  tanks will contain non-radioaeti ve 

sodium and w i l l  be located below the  steam generators outside the reactor con- 

tainment vessel. 

It has been estimated tha t  the t o t a l  sodium volume i n  the primary and 

3 intermediate loops i s  approximately 2000 f t and 1500 it3, respectively. A t  

2 0 8 9 ,  the melting point of sodium, t h i s  volume represents a t o t a l  sodium 

mass of 202,650 pounds which w i l l  be used i n  these two coolant loops. Addi- 

t i o n a l  sodium w i l l  be kept i n  the drain and charge tanks t o  make up f o r  losses 

d u ~ i  ng operaf i on and. t o  reduce the. t h e l s l  shock i niolved ' i n  draining a hot 

system by allowing the cold sodium i n  the tank t o  mix with the hot sodiume 

( ~ o t e : .  The above estimate' of sodium volume i n  the intermedi a t e  loop wae 

made consi der i  ng the  s t r a i  g h t - t h r o w  eteam' generator only. ) 

6.7'08 Cover Gas 
I 

Cover gas, probably puri  f i ed h e l i  m, i s t o  be p ~ o v i  ded 'over the eodi urn 

surfaces i n  the expansion tanks and drain and charge tanks. A gas equalizing 
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line wf ll connect these tanks t o  f a c i l i t a t e  gravity drainage. Valving w i i l  ' 

a lso  be provided i n  t h i s  connecting l i n e  t o  allow gas pressure t o  be dfrected 

%o the expansiori or  d r a f ~  tanks f o r  forced drainage or  charging opera%ions. 

6.7.9 sodium pumps 

Centrifugal pumps dl1 be used f o r  pumping %he large quant i t ies  of sodim 

~ e q u i r e d  i r e  the coolant systems. Six pumps operating with a head of 200 f e e t  

a t  desi grm, flow of 18,550 gpm w i l l  be used f n  the primary loop system. Two pumps 

operating wPth a head of 140 fee t  st a desi  gn flow of 18,350 gpm a re  required 

Paa the intermediate loop. A s  shown i n  Figures 7.1 and 7.3> a spare peenap i s  

t o  be ins ta l led  i n  the intermediate loop. These pumps w i l l  have rated Load 

motor horsepower requfrements of 1335 and 950, respectively, 

It i s  possible tha t  design changes can be made i n  the two coolant ldops 

so tha t  fdent ieal  pumps can be used i n  the primary and intermediate coolant 

loops. Such .fnterchangeabflfty would be desirable from maintenance coneidera- 

ti ono and atocklPng of spare yar'l;~. 

6,7,10 Heating the S a l t  and Sodium Loops f o r  S t a r t u ~  . 

Because of the large quantit ies of fused s a l t  and sodium required f o r  

the various loops, there a re  many problems involved i n  desfgn%ng methods f o r  

preheating the systems, charging the systems and maintaining approxfmately 

design. operatfng temperatures with the reactor subcr i t fca l  during s tar tup 

procedures, The design of the heating accessories i s  based on the ,concepts . 

t h a t  adequate heating capaci t y  wf l l  be included to: (1)  melt the s a l t  mix- 

tu re  and sodium i n  the primary loop; (2)  heat and maintain them a t  a minimum 

temperature of 1050%' while continuously circulated i n  t h e i r  respe6t$ve 
. . 

systems; and (3)  melt the sodium f o r  the lntermedi a t e  loop ,and heat i t t o  

approximately 2 50%. 



A t  the  present time, induction heating i s  the only possible  method of 
\ 

preheating the  primary sodium and s a l t  mixture up t o  105o0I', s ince t h i e  tem- 

perature  i s  above the  temperature range of res is tance heating. The use of 

- 
induction heating with an aus t en i t i c  s t a in l e s s  s t e e l  piping system and reactor  

vesse l  requires high frequencies and i s  qui te  i ne f f i c i en t  ( ~ e f .  15, p. 255). 

U t i l i z ing  this method of preheating would require development work before 

appl i  cation.  

Both system8 w i l l  be charged by using pressurized helium. Extreme care 

must be exercised t o  assure t h a t  a l l  the oxygen has been purged from the system 

p r i o r  t o  charging. 

The followfng procedures were considered a s  possible methods f o r  heating 

the  systems p r io r  t o  i n i t i a l  operation: 

1 )  I n i t i a l l y ,  the  reactor  vessel  i s  in t e rna l ly  heated t o  a t  l e a s t  
250% t o  prevent the  sodium from sol idifying i n  the  primary 

exchanger during the  charging of the  sodium. 

2)  Th'e sodium f o r  the  primary loop i s melted, charged, and then slowly 
brqught up t o  1 0 5 0 ~ ~  by i t s  heating system and f r i  c t ion heat  of the  

i n  the  system, 

3)  The sodium i s  continuously recirculated f o r  a long period u n t i l  it 
i s  determined t h a t  t he  reactor  vessel  in ternal8 have reached a tem- 
perature of a t  l e a s t  l000?F by the  sodium c i rcu la t ing  through the 
primary heat exchangers. 

4) During t h i s  period, the s a l t  mixture i n  the  f u e l  dump tanks i s  
melted and the s a l t  piping system and reactor  vesse l  a r e  heated 
t o  1050q,  i n  preparation f o r  charging. 

5 )  When the complete. s a l t  system has reached a temperature of 10509,  
the  s a l t  i s  charged i n t o  the  reactor  vessel .  

6) The f u e l  c i rcu la t ing  pumps a r e  s t a r t e d  and the f u e l  i s  c i rcu la ted  
i n  preparation f o r  uranium f u e l  addit ion to ' b r fng  the reactor  t o  
the  c r i t i c a l  condition, During t h i s  l a t t e r  operation, the  s a l t  . 
and primary sodium systems a r e  maintained a t  10509  by t h e i r  ind iv i -  
dual heating systeme. 
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7) The intermediate sodium system i s  heated t o  250% and charged when 
c r i t i c a l i t y  i s  reached, and means of heat removal from the reactor 
system i s  necessary. Charging the sodium i n  the intermediate loop 
l a s t ,  keeps the high temperature systems isolated from the steam 
system heat sink f o r  the s tar tup preheating. This reduces the pre.- - ,  

heating requirement f o r  t h i s  intermediate loop, since it w i l l  then 
require only enough heating capacity t o  maintain the metal tempera- 

' 

tures  above the melting point of sodium t o  prevent so l id i f ica t fon  
. . 

durfng charging. 

A conventional regenerative steam cycle was chosen f o r  t h i s  fused salt 

reactor power plant.  I n  th i s  type of cycle, steam i s  extracted from the tu r -  

b i  ne i n va r i  ous stages. of expansf on and i s used. t o  heat feed. water ( ~ e f  . 23). 

This reduces the amount of heat converted t o  work i n  the turbfne, but there 

i s  an even greater reduction i n  the.heat  regected t o  the condenser cooling 

water. This resu l t s  Pn an increase i n  efficiency over tha t  of a cycle with 

no steam extraction for  feed water heating. 

The over-all  heat balance diagram and' the conditions of the working 

f lu ids  a re  shown i n  F i  gure 6.2. The resu l t s  of the heat balance a r e  given 

i n  Table 6.8. 

6.8.1 Steam Turbine and Steam Cycle Heat Balance 

The steam.conditions entering the turbine were s e t  a t  1800 psig and 

1 0 0 0 ~ ~ .  These a r e  standard and conservative. 

The turbine exhaust pressure was s e t  a t  1.5 in .  Hg, which i s  easi ly  

at ta inable  with a reasonable condenser cooling water temperature, It i s  pro- 

bable tha t  i n  most locations the exhaust pressure could be lowered t o  1 in .  

Hg or  l e s s ,  with a resul t ing increase i n  the cycle efficiency. The temperature 

and quantity of cooling water available a re  a major fac tor  i n  determfniug the 

location of a steam plant. I f  a natural  supply of cooling water i s  not avai l -  . , 

able,  it i s  necessary t o  resor t  t o  a cooling tower, with a resul t ing increase 

i n  capi ta l  cost and operating expense. 
.. . 
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The turbfne-generator losses  were fourad by the method deskribed i n  Refer- 

ence 41. I n  order t o  apply t h i s  method, the  type and s i ze  of the  turbine m e t  
- 

be known. I t  was known t ha t  the  s i z e  of the  turbine would be between 200 and . 
250 Mw, m d  from t h i  s it was deei ded tha t  .a 3600 ppm s ing le  shaf t  turbine of - 

I 
! 

the  tandem eompowd t r i p l e  flow type wfth 26-inch l a s t  stage blades w6uld be 
< 

used f o r  t h i s  study. Th i s  type sf turbine has a high pressure seetion and 

three low pressure sections on one shaf t .  A l l  the  steam pasees t h r o w  the  

s ing le  high pressure section and then i s  divided am.ong the three low pressure 

sections.  This ahlows smaller wheel diameters than those of a sfogle low 

pressuTe section.  A detai led eesnom.9.c study would have t o  be made.to ascer ta tn  

whether the  hOgher efficiency of a cross compounded double flaw turbine would 

j u s t i f y . t h e  higher eapi.tal cost ,  Th", st$ would have a high pressure 3600 ppm 

seelion on one shaf t  and two low ppessure seetfons a t  1800 p p m  on another shaf t .  

FOP a stean cyele 5n the 2CG-253 Mw range, it i s  the practfce  t o  have six 

a r  seven feed-water heaters,  wfth the  water leaving the Last heater  and enter-  - 

f ng the  boi l e r  at 4509 ( ~ e f ,  41). S ix  feed-water heaters and a f i n a l  feed 

water temperature of 4509  were assumed f o r  thBs etudy. It $a qaafte possible 
- 

t h a t  a f i n a l  feed wsater te~aaerature in exeese of 450%' wo?~ld be desirable.  A 

deta i led  economfe study would show if the  increase i n  cycle eff ic iency due t o  - 

a seventh feed-water heater Jus t i f i e s  %he addi%lonal expenditure f o r  the heater,  
- 

eantrole,  pipfng and maintenance. The teqera j tu re  r i s e  of the  feed water were 
- 

taken t o  be approximately the sane i n  each heater ,  

The No. 3 heater was made $he open heater in thLs cycle. I n  an open heater,  - .B' 

the feed water, extracted steam, and drains from higher pressure heaters a r e  

mixed and-any dissolved gases a r e  driven out of the  mixture of steam and satura-  

ted water. These gases .are  removed from the  cycle by venting of the  atmosphere. 
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A l l  other feed-water heaters were taken. t o  be of the closed type w3tB no 

e m t a c t  between the feed water-and extracted steam. 

Two pumps were placed i n  the cycle. The hot well  o r  condeneate pump 

takes the condensed eteam from the condenser .hot well  and diecharges it i n t o  

the l o .  3 apen .heater, a f t e r  pasef ng through Woe. 4, 5 and 6 heatere , The 

hot well pump works against the difference i n  pressure, the preesrure drop due 

t o  frfctfon,  asla the df9feit"eaee afi elevation between the.No. 3 heater and con- 

denser. The boi le r  feed-water pump takes the feed water from the No. 3 heater 

and pumpe f t  through Nos. % and 2 heaters %rat0 the  boi le r ,  This pun@ works 

against the pressure difference, f r i c t i o n  drop, and ele+at%on d i f f e ~ e n c e  be- 

tween the bof Ber m d  No. - 3 heatkr . 
6,8 .. 2 Calculatton Procedures 

The method used t o  d e t e r d i e  the output of the 600 Mw reactor power phmt  

is deseribedbePow,, Detailed ceE&uBatfond a r e  given in Appendix Go 

The heat energy converted t o  wo~k a% the turbine wheel m e  found by caBeu- 

Sating the s t e m  flow and enthalpy change between the th ro t t l e ,  extraction 

points m d  condenser ( ~ e f ,  23). The steam flow f e constant betwe;en the . e x t ~ a e -  

tfon points and the work done between extrsaetion points fe gfven by, 

work =  team %Bow Pb x enthalpy change BTU - 
iG= 1.b 

The steam flow aL.the turbine t h r o t t l e  i s  found By a heat balance between 

the 600 Mw heat input from the reactor and the enthalpy difference between the 

steam m d  feed waiter a t  the boi le r  out le t  and inlet. 

t h r o t t l e  steam flow i b  = B W  
I Ti7 A H  BW rn 



I n  order t o  calculate the various extracted steam and water flows i n  

the feed water heating portion of the cycle, it wae necessary t o  make the - 

following assumptions: 

1. The terminal temperature difference i n  the feed-water heaters was 
- 

taken as  shown i n  F i  gure 6.2 ( ~ e f ,  23). This f s the temperature 
difference between the feed water leaving the heater and the con- , 
densed extraction steam leaving the heater and drained i n t o  the 
next lower pressure heater. The open heater (NO. 3) has no t e rn ine l  
temperature difference since the feed water, extracted steam, and 
drains a re  mixed, 

2. The steam pressure i n  a heater was taken t o  be the saturation 
pressure corresponding t o  the heater drain temperature. 

3. No. 3 heater ha8 no d ~ e i n  and the feed water leaving t h i s  heater 
was assumed t o  be saturated. 

4. A pressure drop of 8 percent was assumed between the turbine extrac- 
t ion  points and the feed-water heaters. 

5 .  No enthalpy correction was made f o r  sub cooling. 

6.  It was assumed tha t  there was no heat l o s s  between the reactor and 
boi ler .  This i s  closely approached i n  pract ice by proper insulation 
of the heat exchangers and connecting piping. 

- 
7. The efficiency of pumps and motors was taken t o  be 70 percent and 

95 percent,, respectively ( ~ e f .  41). 

The extracted steam flows required by a l l  heaters,  except heater No. 3, 

were calculated from a heat balance between the heat gained by the feed water- ' 

and the heat given up by the extracted steam and drains from higher pressure 

heaters. For NO. 3 heater, both the extracted steam flow and the entering 
- 

feed. water flow were unknown. These were found from a heat balance and a 
- 

maes balance f o r  the heater.  

I n  order t o  f ind the enthalpy corresponding t o  the preseure a t  the t u r -  - b 

bine extraction points,  a turbine expansion l i n e  w i t h  i t s  end point was needed, 

and t h i s  was found by the method described i n  Reference 41. Figure 0.1 ehaws 

t h i s  pressure-enthalpy relat ion.  
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The amount of work at the turbine wheel, as found above, had to be 

corrected for heat put into the feed water by the condensate pump and boiler. 

feed pump. This heat caused a reduction in the required extraction steam 

flow and 8 correspondfng increase in the turbine steam flow and work output. + 

The heat gained from the pump per pound of feed water was found by, 

Q BW - - work jlrato pump BTU - - work into feed water B W  - 
lb Ib lb 

\ 

The work put into the feed water is found from, 

. i. 

* .  

where P2V2 and Ply1 are the respective producte of the outlet and inlet 

pressure and speeiffe volume, Sfnce the change in speeiffe volume is very 

slf ght, Equation (4)  may be rmftten as9 

The work put into the pump is found from, 

work In = work out BTU - 
effi ci ency lb 

The reduction in extracted steam is found from a heat balance between heat 

from the pump and heat from the extracted steam, 

feed water flow lb x heat from pump BThl - 
w = iG lb 

H of extracted steam BW/lb 
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The tui.bine work gained due t o  the reduction i n  extracted steam is  found 

from Equation ( 6 . 1 0 ) ~  - 

The, corrected work done by the steam a t  the turbine wheel i s ,  therefore, a 

the work as calc.ulated i n i t i a l l y  pl.us the work due t o  the eorrectfon fo r  heat 
- 

gained by the feed water from the hot well and boi le r  feed pumps. i. 

The work a t  the turbine wheel, as  found abcve, muet be corrected f o r  

exhaust losses i n  the steam leaving the l a s t  stage of the turbine and f o r  

mechanical losses i n  the turbine and generator. Theee losses a re  found by . 

the method i n  Reference 41. 

The gross e l ec t r i c  output of the generator i s  equal t o  the wokk a t  the 

turbine wheel minus the turbine and generator losses ,  a s  described above. The 

~ e t h o d  used t o  determine the net plant  output i s  described i n  the next sectlono 

6.8.3 Auxf li ary Power Requirements, Net Plant Output and E f f i  c i  ency 

The method used t o  d e t e d n e  the gross e l ec t r i c  power output of the 

reactor power plant  was described in the previous section. - 

The net  e l ec t r i c  parer output of the  plant  i s  found by deducting from 

'the gross power a l l  auxi l iary power required by the plant.  i 

A Power required by the plant would include a l l  pwps used i n  the cycle, I 

i . e . ,  f u e l  c i rculat ing pumps, sodium pumps, feed water pumps, and the con- 

denser cooling water pump, and t h i s  power can be calculated, Additional 
- 

power f s requf red f o r  other pumps, a i  r compressors, venti  l a t i  ng fans , l i gh t -  
I 

- 

ing, e tc .  This  parer i s  indeterminate 'for t h i s  study and an 'arbf trary ffgure 

of 2.45 #w ( 1  percent of f u l l  load) was assumed. - 



1 , 9 5 5 , 0 0 0  I b l n -  

48,000.0 

I N T E R M E D I A T E  H E A T  
E X C H A I J G E R  

REACTOR P O W E R - 6 0 0 , 0 0 0 K W  ( H E A T )  
GROSS ELECTRIC POWER - 2 4 5 , 4 2 0  KW 
P L A N T  A U X I L I A R Y  P O W E R - 1 6 . 4 0 0 K W  
N E T  E L E C T R I C  POWER - 2 2 9 . 0 2 0  K W  

4 3 0 . 1  h 

GROSS HEAT R A T E  = 600f,"994:03413 = 8 , 3 4 9  9 T U  / K W H  I 
600 OoO 3 4 1 3  : 8 , 9 3 5  B T U / K W H  

N E T  H E A T  R A T E  = 2 4 5 , 4 2 0  - 1 6 , 4 0 0  

2 2 9 . 0 2 0  - 38.2% 
N E T  P L A N T  T H E R M A L  E F F I C I E N C Y  =-- 

6 0 0 . 0 0 0  N O T E :  

(1) B A S E D  ON Z E R O  H E A T  LOSS TO A M B I E N T  

12) TWO HIGH P R E S S U R E  H E A T E R S  AND DEAERATOR H E A T E R S  
Z E R O  T.T.D. O T H E R  H E A T E R S  5 F  T.D. 

( 3 )  E N T H A L P Y  NOT CORRECTED FOR S U B C O O L I N G .  

( 4 )  S T E A M  E X T R A C T I O N  L I N E  P R E S S U R E  D R O P  OF 8 %  
A S S U M E D  F O R  A L L  H E A T E R S .  

F I G . 6 . 2 - H E A T  B A L A N C E  D I A G R A M  FOR 6 0 0 M W  R E A C T O R - S T E A M  P O W E R " P L A N T .  -. :; ... . .  



TABLE 6.7 

SlMMARY OF F'ULL LOAD OPEXATING DATA 

Turbine Throttle Pressure 

Turbine Throttle Temperature 

Turbine Exhaust Pressure 

Steam Flow 

' ~ r o s s  Generator Output 

A u x i l i  ary Power Requi rements: 

Condensate Pumps 

Boiler Feed Pumps 

Condenser Cooling Water Pumps 

Reactor Fuel Pumps 

Pr i  mary Sodium Pumps 

Intermediate Sodium Pumps 

Mlseelianeous 

Total Auxiliary Power 

Auxiliary Parer a s  Percent of Gross Output 

Net Station Output 

Net S t a t i  on Thermal Ef fieieney 

Net Station Heat Rate 

1800 psig 

loo0OF 

1.5 in.  Hg 

1.955 x lo6 lb/hr 

245.42 Mw 



CHAPTER 7. 

POWER PLANT LAYOUT, OPERATfON AND MAINTENANCE 

7.0.0 INTRODUCTION 

In order t o  determine the su i t ab i l i ty  of using a h s e d  fluoride e e l t  

reactor i n  a central s ta t ion  power plant,  it ha8 been necessary t o  consf der 

a l l  eonaponents of the reactor and.power plant system. A p~el iminary piping I 

- layout and drawings of a p~oposed arrangement of' plant eomponenta have been 1 
prepared t o  i l l u s t r a t e  the de ta i l s  of this design.. The ~ e e u l t i n g  parer p l a t  , - 

'deeign i s  feasible  i n  s ize  and arrangement. 

1t wae also neceseary .to consi der the operati ng charaeteri s t i ce ,  maf n- 
. . 

tenence and 'economf cs  . t o  determine whether such ..a plant would be a t t rac t ive  

t o  the power 'f n d u s t ~ .  

7,1 .o . GEIVERAL P I P ~ G  ARFMGEMENT 
. . 

The piping arrang&ent shown i n  Figure 7.1 has been designed t o  - . . .  

be safe, relfable,  and t o  p ~ o v i  de f lexib i  li t y  i n  operati on and maintenance. 
I 

- 
7.1.1 Pfilggpy Loop Pipi ngi 

The twenty-four primary heet exchanger bundles are connected t o  r i ~ g  
\ 

- headers located above and outside the reactor vessel. Six se t s  of primary 

c i rcu i t  l ines  connect the ring headere t o  the intermediate heat exehangere, 
- 

The main purpose of this arrangement i s  t o  provide uniform cooling of the 
- 

reactor i n  ease one or more intermediate heet exchangers are  out of service. 

I The pump fo r  each primary cf reui t  i e  located i n  the intermediate heat 

, exchanger compartment. The pipingpasees through the pkimary shield a t  an 

angle t o  minimize streaming of neutrons and gamma raye, and t o  re ta in  the - 

in tegr i ty  of the shield. 



The s i x  i r a t e m e ~ a t e  heat exchangers are.dfetPfbuted mfformly around 

the primary reaetsr  shield, Thie a-p,e%r%eeBa. arrangement minimizes ~h ie ld fng  
. 

~equiremerats m d  the cost of the emhimen%;  vereeePo 

The s i x  i n t e m e u a t e  heat exehmgere arc tlivlded i n to  two &maps, w%th . 
each group eomected to a ateam The heat exchangers. fm eaeh group 

ape connected i n  paraUe1 t o  eaeh other i a ~ f d e  the eonta8nmennt v e s ~ e l ,  md a 

common l i n e  %s passed through %he eontaLment v e e ~ e b  %o the  a t e m  generator. 

The eomectfxng l ines  are,deaigned t o  prm?lae 6qual p.reseure drops i n  order 

to balance flow and heat b a d  among t he  fntemediate heat exehmzersb 

7.103 Steam Generator Comeetioms 

The steam generators are  I.oeeted als nssrr.the intermediate heat exchangere 

as  posefble, outaide the sec~xkdslry @Meld and containment vesselo The eodim 

punpa f o r  the intermediate c i rcu i t s  are located between the two steam generators 
- 

and a re  arranged so t ha t  one spare p q  em. serve efther steam generatoro 

7,1.4 Steam and Water PfpFng- 

In general, the p t p l q  in the steam turbine eyePe fe representative of 

standard .poweP.plant pmetiee.  The &Lfferenees a re  Pn .the steaq dump syetem, 

whereby steam may bypashi the turbine and be esndensed i n  the eondenser, f n  the  

emergency coolfng.of the steam gexnerabors from Bead eondensate tanks in ease 

o,f a complete power Boss, and i n  the method of at%emperating o r  eontrolling 

the f i n a l  eteam tmpera$~we0 - 
L 

The general plant  layou$ 9s $ham on Figro~es 7 .2  and 9 .3 .  The laergor pieces 

of equipment are dram t o  [ereale md generoue allowauncea have been made fo r  pipe 

expansion loops and elsarmces.  The mean dfmetere of the  primary and secondary 



c i rcu lar  shields a re  approfimately 35 and 84 f ee t ,  respectively. The space 

between the pfimary and secondary shields i s  .divided i n t o  s i x  compartments 
- 

by rad ia l  shields t o  contain radioactive componerks of the primaky and in t e r -  

- mediate cfreufi,ts. The containment vessel,  as  shown,.is 70 f e e t  fn  diameter 

c 
md PlO f e e t  i n  over-all  height, The dimensions of the eontsinment vessel a re  

8pproxAmate only, since no csahculatioxns have been made t o  estimate the  volume 

required t o  contain the gaseous f f ~ s f o n  prsduets whfeh would be released in a 

- serious nuelear incident. 

The reactor,  primary hest  excBaaaaagers m d  f u e l  dump tanks a re  locaeed i n -  - 

side the prfmapy shfeld. The primary loop sod%m cfreul.r%,ting pumps, expansion 

tanks, drain and charge tanks, and the in temedia te  heat exchangers a re  placed 
. . . . -. 
i '.> 

.. .: 
i n  the s i x  shielded compartments. A l l  radioactive components and materials a re  

i . . . ., . ,.- 

inside the sealed compartment vessel. 
%.. .- . s.. .-.. 

The steam generators and intermediate s6diaana pumps are  outside the eon- 

taignment vessel and shielding, since they contain only BOD-radioactive sodim - 
.a. , 

: .,.P> . -. , . .-., 
from the intermediate loop and water from the steam cyc%e. I so la t ion  eompart- 

. . ;;zl . - 
ments a re  provided around the steam generators and sodim pmps t o  prevent the . . .". 

spread s f  f i r e s  which could r e su l t  from serious f a i lu res  of the s t e m  generators. 

- The turbine-generator, condenser; feed-water heatdrs and bo i l e r  feed pumps 

a re  adjacent t o  the steam generators, as i n  a conventi onal 'steam power plant.  

The dqlex-eompartnaented shielding design f o r  a reactor plant of t h i s  type 

2' - depends great ly  upon the method of mfntenmce which i s  t o  be followed. The 

basic premise f o r  maintenance th i e  design i s  tha t  personnel w i l l  be permitted 

access t o  the eontaiment vessel  only during periods when the reactor i s  shut 

downo .Bebe& on t h i s  p r e ~ s e ,  the primary shield surrounding the reactor i e  
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rase 
designed t o  protect personnel against decay gammas while performing d i r e c t '  . 

naaLntenmee within mintermedia te  compartment on the intermediate heat . : 

exchanger o r  primary loop pumps.without draining the fue l  from the reactor 

vessel. In addition, the primary shield serves a s  a neutron shield so t h a t  

the equipment i n  the comparMents does not become radidaetfve. 

Provf sionae a re  made f o r  dra i  n i  ng and f lushi  ng the sodi um from %ndivf dual, 

fntemediate ,heat  exchugen. c i r cu i t s  so tha t  no radioactive sodim is  within 

the compartment where maintenance i s  t o  be performed. The r ad ia l  compartment 

par t i t ions  serve as  shields and provide protection from decay.gemnaas.from the - 

,radiosctive.sodium i n  adjacent compartments. This eliminate8 the neceeaity of 
I 

drainFng all the ppimapy c i r cu i t s  when. only one cf rcuf t  requires maintenanceo 

The secondary shield,  .located on ' the outside o f , t h e  containment vessel; 

protects plant pereonnel from excess radiation exposure while the reactor is 

i n  operation. The shield over the reactor w i l l  be made a s  a rotat ing plug 

with an offse t  removable section f o r  access t o  the  primary heat exehange'r and - 

f u e l  6f realat ing pump f o r  maintenance. Wf t h  t h i s  arrangement, the huge mass 
- 

of the top shield w i l l  not have t o  be handled before performing maintenance. 

An al ternat ive method would be t o  fabricate  the top shield i n  sections and 

remove only the sections necessary t o  provide access t o  the primary heat 

exehmger'or f u e l  circulatfng pumps. 

The shielding shown i n  Figures 7,2 and 7.3 i t 3  intended t o  be schematic 

only 0 

- 7.4i0 MAINTENANCE . ' 

Maintenance of equipment outside ,the containment v e s s e l . x f l l  be conducted 

f n a conventf onal mannert nee none of the equipment o r  materf a l e  t o  'be handled - 
w i l l  be redioactive. Special provisions', however, a r e  necessary t o  allow 



maintenance of equipment inside the containment vessel and shielded areas, 

The magor items of equipment which w i l l  require special  technique8 a re  the 

f u e l  c i rculat ing pumps, primary heat exchanger tube bundles, intermediate 

heat exchanger tube bundles, and primary c i r cu i t  bsodim cfrculatfng pumps. 

764.1 Fuel Circulatina; Pumps 

Access t o  the f u e l  cfretnlating pumps and primary heat exchanger tube 

bundles i s  through an opening i n  the top shield.  This shield,  which covers 

the en t i r e  reactor vesslel compartment, can be rotated u n t i l  an o f f se t  removable 

plug i s  centered over the desired loccation. The plug can be l i f t e d  wtth the 

crane, and the pumps can be removed by remote handling equipment. Spme p u p s  

wf. l l 'be  kept on hand t o  replace fau l ty  pumps, 

7.4.2 Primary Heat Exchanger Tube B u i d l e s  

I n  the event tha t  a leak should develop i n  a primary heat exchanger tube 

bundle, the sodium i n  the c i r c u i t  w i l l  leak in to  the fused f luoride s a l t  and 

d i l u t e  the fue l  concentration. The r a t e  t a t  which uranium f s  added t o  the  

fused s a l t  could serve as  an fndPcstor of tube leakage? It i s  f e l t  t ha t  a 

means of locating the leaking tube bundle can be deve'loped. Since extra  heat 

t ransfer  surfa'ce has been designed i n t o  the primary heat exchanger, one o r  

more leaking tube bundles can probably be blanked off and l e f t  i n  the  reactor,  - 

with l i t t l e  loss  of power, u n t i l  time i e  available t o  remove and replace the 

f au l ty  bundles. The bundles *11 be taken out of service by cut t ing the feed 

l i n e s  connecting the tube bundle t o  the ring headers and blanking them off.  The 

cut t ing and welding a r e  t o  be done remotely, sfnee the radioact ivi ty  w i l l  be too - 

intense f o r  d i rec t  maintenance, The bundle8 all be removed through the top 

shield,  i n  the same manner as deacrlbed f o r  removfng the Atel c ireulatfng pump80 



7.4,3 Intermediate ~ 6 a t  Exchangers and Primary Sodium Pumps 

The intermediate heat  exchangers and primary sodium c i rcu la t ing  pumps 

a r e  located i n  shielded intermediate compartments. P r io r  t o  maintenance, 

t he  radioactive sodium in t he  piping, pump and heat  exchanger, i n  one cornpark- 

ment, w i l l  be drained and flushed out with non-radioactive sodfun by remote 

operat ion. '  The equipment can then be maintained d i r ec t l y .  With the  shielding ' 

provided, the  sodium i n  adJacent compartments w l l l  not have t o  be dratned, 

Sections of t he  top sh ie ld  w i l l  be removed so t h a t  the  crane can be used during 

mai ntenance of, these components , ' 

7.5.0 PARTIAL LOAD OPERATION 

The d t f m a t e  removal of the  heat  energy from the reac tor  system requires 

the  coupling of the  fue l  c i rcu la t ion  t o  the  primary, intermedtate and steam 

loops. Operation of the  system a t  some steady s t a t e  p a r t i a l  load can be 

achieved by var ia t ion of t he  fu l l  load design flow conditions i n  one o r  more 

of the  loops, use of control  rods i n  the  reactor ,  change of f u e l  concentration 

with load, bypass control  of the  loop flows, use of a supplementary heat  

exchanger, o r  any combinatfon of these procedures. I t  was apparent t h a t  t h i s  

multf tude of possible combi nations precluded a complete mathematical s o l u t i  on 

of the  problem i n  the  time avai lable  f o r  this study. Therefore, the  decision 

was made t o  approach the  problem of p a r t i a l  load operation i n  such a manner 

a s  t o  give r e s u l t s  i n  the  time avai lable .  This was accomplished mathematically 

by only studying the  e f f e c t  of varying the  flow r a t e  i n  the  intermediate loop. 

Another approach was used which involved the  reactor  simulator f a c i l f t i e s  of 

t he  Oak Ridge National Laboratory. A description of t he  use of the  reactor  

simulator, the  c i r c u i t s  and the  r e s u l t s  a r e  given i n  Section 7.5.2 and 

Appendf x J. 



7.5.1 Mathematical Approach 

I n  a reactor  system such a s  . the MIT o r  PWR, p a r t i a l  load operation i s  
- 

achieved by allowing the steam pressure t o  increase as  load decreases. This * f  

method of control  could only be used i n  a very l imtted manner fo r . t hose  reactor  
- 

I systems i n  which high steam pressures a r e  achieved a t  fw,ll load. O f  the  many r 

possible  methods of control  avai lable ,  it was decided t o  attempt a mathematical 

I solut ion of the  system wfth a var iable  flow r a t e  i n  the  intermediate loop. The '  

reasons f o r  t h i s  choice were the following: 
- ~ 

1. Tfme l imita t ions  prevented anything b u t . a  s ingle ,  var iable  study. 

2. With the exception of the intermediate loop pumps and the i n t e r -  
mediate sodium coolant flow, a l l  of the pumps and loop flows would 
operate a t  constant values. 

I 3 .  Temperatures would be held t o  reasonable values.  I 
4. .The problem of safely  varying f u e l  concentration wfth load 

i s  eliminated. 

5.  The solution thus obtained i s  a l s o  useful  i f  bypass control  of the  
intermediate loop flow i s  u t i l i zed .  - 

6 .  Control rods a r e  not necessary f o r  the  achievement of steady s t a t e  
p a r t i a l  load operation. 

. . 

7. The mathematical equations obtained would serve a s  a bas i s  f o r  
fur ther  parameter s tud ie s  of t h i s  system. .. 

I n  order t o  .obtain .the mathematical solution,  t o  t h i s  problem, several  - 

simplifications and assumptions were made, I t  iwbel ieved  t h a t  individually,  

or" i n  the  aggregate, these simplifications,  do.not inval idate  the analysis  

over wide load.,ranges;. . The mathematical analysis  i s  given i n  Appendix 1.;. 

and i s  based upon the following considerati'ons:.. 
- liI 

1, : The.flow r a t e  of the f u e l  i n  the reactor  and the  sodium coolant i n  . .  
the  primary loop remain constant with load. 

. . . .  . 
. . .  . . . . . .  , 

2. Physical proper t ies  of ' t h e  hes t  t r ans fe r  ' f lu ids  and the materials. 
- 

of construction remain constant f o r  the  temperatures of operation...; : 



3 .  Sodium heat t ransfer  resistances a r e  not the  governing items i n  the  
over-al l  heat  t ransfer  coeff ic ients  and do not vary with load. Thfs 
assunaptfon i s  the most l imit ing r e s t r i c t i o n  of the  analysis  given i n  

- Appendix.1 and a f fec t s  the load range, f o r  whfch the derfved equations 
?' can be applied with reasonable' accuracy. 

- 4. Based on the f oregoi ng , . the  over-al l  heat .  t ransfer  coeff i e i  ent  f n the 
primary heat exchanger, the intermediate heat  exchanger and the bo i l e r  

-< remains constant. The constant over-al l  coeff ic ient  i n  the  bo i l e r  
fur ther  presumes constant average boi l ing and scale  eoefffcients.  

. , 

5 .  ~ h k  f i n a l  steam temperature and pressure a= constant with load. 

6. The average f u e l  temperature i s  constant with load. 
- 

7. The feed water temperature i s  450% a t  a l l  loads. 

- 8 A t  very low loads, some of the steam generated i s  bypassed d i r ec t ly  
t o  the  condenser. Thf s does not enter the mathematf c a l  analyst  6. 
d i rec t ly ,  but i s  an fmportant element of control .  

Equations describing the behavior of the system a t  steady s t a t e ,  p a r t i a l  

load operation have been obtained f o r  both the na tura l  c i rcu la t ion  bof le r  with 

separate superheater and the  once-through boi le r .  These equations a r e  given 

i n  Appendix I. It  i s  noted t h a t  f o r  the  natural  c i rcu la t ion  bo i l e r  w3th sepa- 
- 

r a t e  superheater, consf deratibn ( 5) above, involving the constancy of the  

f i n a l  steam temperature with load, was abondoned a t  the  end of the analysf s - 

f o r  t h i  s un i t .  It was found t h a t  a s ing le  var iable  control  cannot s a t i  s fy  

a11 of the  r e s t r f  c t f  ons placed on the  system i n  t h i s  section.  
- . . 

7.5 -2 Reactor Simulator ' h a l y s i s  

- I n  order t o  determine the p a r t i a l  load and t rans ien t  .operat i  ng eondf ti ons 
. . . - 

- of thf s power plant  desf gn, the  c i rcu la t ing  f u e l  and sodium loops were simulated 

on the Analog Reactor Simulator a t  the  Oak Ridge National Laboratory.   he 
- 

analysis was l imited t o  the  design u t i l i z i n g  the' once-through steam generator. 

The time constants and heat capacity of the  :reactor &d sodium coolant 
. . . .  . - 

loops a re  shown on F i  gure 7.4.   he simulator constants'  were computed by 



1 - Dr. E. R. Mam. These constants and the simulator diagram are included in 

Appendix J. - 

The purpose of this simulator analysis was to determine whether the . 
reactor would be stable at partial load and during operating transients, and 

- 

to determine the minimum load at which the final steam temperature could be -. 

maintained at design conditions. The analysis indicates that the reactor is 

stable down to at least 17 percent of full load, the lowest partial load con- 

dition investigated. 

A final steam temperature control device was simulated by provfdjlng an 

auxiliary heat exchanger in the intermediate sodim circuit, where heat %e 

transferred from the hot leg of this circuit to the cold Peg. By varying 

'the flow through this heat exchanger, the heat input to the steam generator 

can be controlled. The results of the simulator analysfs indicated that the 

design temperature of 1000% could be maintained dom to 50 percent of rated 

load.   el ow thf s load, the temperature i ncreased gradually, but thf e excess 

temperature can be controlled by the use of rn attemperator, which is provided 
- 

in the steam cycle. 

Figure 7.5 shows the steady state, partial load temperatures wfthout the 

use of the auxiliary heat exchanger mentioned above. The steam temperature - 

increased from 1000~~ at rated load to 1110~~ at 17 percent of rated load. 
- 

The feed water'temperature entering the steam generator is 450'~ at rated 
- 

load and decreased as the load is decreased. The resulting temperature differ- 

ential between the sodium and water at the cold end of the steam generator is 
- 

considered to be too great from the standpoint of thermal stresses in the tubes. 

For these reasons, it appears desirable to include the amciliary heat exchanger 

in the circuit. 



. Ffgure 7.6 shows the steady state, parttal load temperatures vith the 
+ ,  

auxiliary heat exchanger in the circuit. The control signal used to adjust 
- 

t the bypass flow through the a&liary.heat exchanger circuit was set for plus 

- or minus 2% of design steam temperature. The exact setting of. these limits 

. would have to be studied carefully to eliminate hunting in the system. The 

close tolerances used on the sfmuletor are not required for satisfacto~y 

8,Lesno .t;urLlrre ope~istloa. The curve6 on Figure 7.6 indlctaBe that thc oteam 
- 

temperature remained constant to below half load and increased to only 1090~~ 

at 17 percent of rated load, These temperature conditions are considerably - 

better than those obtained without the use of the auxiliary heat exchanger. 

The reactor power and temperature transients, with the awlliary heat . . . .  .:< . . 

exchanger in the intermediate loop, are shown in Figure 7.7. During this 
c .  ,-a 

test, the load demand of the steam turbine.was reduced from rated load to . .. 

half load in approximately 15 seconds. The initial effect of this load 
7 

. demand is seen in the rise of the sodium temperature entering the stem 

generator. It is interesting to note how the reactor power and other tem- 
.+I,: . .. 

- 
peratures varied and leveled out in a relatively short period. A series of 

these tests was. performed and all showed similar results, which indicate 

- that the reactor and.system are stab* during load changes, It, should be . 

noted that the rate of these load changes is considerably 'in excess of that 
- 

normally'occu~ing in conventional steam power plant.practice. These same 
- 

system tranlsients without the auxiliary heat exchanger in the intermediate 

- loop are shown in Figure 7.8. 

A complete economic study of the proposed power plant has .not been attempted. * 

It must be realized that the large capital expenditure for a nuclear.pawer plant 
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t f i e l  ( i n  ;ore) 
= 9.3 sec 

tpuel ( i n  exchanger) 
= 5.9 sec 

t f ie l  ( i n  transport ) 
= 2.8 sec ' 
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= 35,200 BTU/F 

a (exchanger) 
= 6,020 BW/F 
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is one of the major factors which influences the cost of generating electricity. 

These capital costs would have to be evalusted for varlous arrangements of the 

basic design parameters in connection with the resulting reliability, ease of 
P 

maintenance, safety, efficiency, etc., and a careful analysis made of the re- 

- sult~ before such a study would have any real meaning. 

7.6.1 Factors Requiring Addjitional Investiaation 

These studies would have to include the follasing considerations: 

1. The selection of internal or external primary heat exchangers would 

have to be evaluated carefully. It is considered that fuel inventory and 

space requirements have been minimized through the use of the internal arrange- 

ment, but these desirable feature8 would have to be balanced against the wer-all 

comparative costs of the two possPble arrangements, theif reliability, ease',of 

maintenance, etc. 

2. Two sodium loops have been included in this study and are considered 

a necessity, resulting from the internal arrangement of the primary heat ex- 

changers. It is possible that the intermediate sodium loop could be eliminated 

if externa3, primary heat exchangers were used. However, again, such an k y s i s  
.TJ-%, ',* 
2 i 7  ,.A; 

8; ,. *! 
would require codsiderabla investigation to determine the lowest cost and most 

reliable ~ystem. 

3. If the reactor type using internal heat exchangers, as proposed in 

this study, is considered to be desirable, further studies would have to be 

made to determine the optimum arrangement of intermediate heat exchangers and 

- steam generators. It is quite possible that a unitized arrangement using an 

equal number of intermediate heat exchangers and steam generators would result 

in many desirable operational an6 economic features. This question could not 

be rerolved without a complete analysis of the entire , .  system. 
. 45J :tier; ,-:,?LL,,' ,.,-:.*-I - : 
:.:L:.,';lr #,; .:+: 1. > ?  - ', ., - .  
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4. A s  mentioned previously, the steam cycle arrangement also would 

require much investigation. The question of steam conditione, reheat or 

non-reheat, tandem compound of croes compotmd turbine generators, feed water 

heating cycle, turbine exhaust pressure, etc., would have t o  be set t led from 

a careful economic analysis. 

7.6.2 Approximate Economic Analysis 

I n  order t o  examine the approximate economics of t h i s  plant, Reference 37 

was used t o  estimate the capital costs. The capital  cost for  various types of 

nuclear power plants l i s ted  i n  this reference varied from $183 per kw t o  $450 

per kw. It appears that the fuered salt reactor and steam power p;lant discussed 

might cost i n  the range of $250 t o  $300 per kw. These two values will be used 
. - 8 - 8  -,; ' 1 8 L, 

i n  arriving a t  a power cost. . L -  ,,I 1 
, 1 N U - '  - . * L' - - '  '- , - , -  

8 - - L  8 ' 8 .  , ~, : - . - 
For 240,000 kw generator output, 80 percent load factor, the t o t a l  kw-hr 

9 per year i s  1.7 x 10 . 
There will be no operating cost for  fue l  processing. It i s  s h m  i n  

Section C.7 that the original fused salt charge can be used for  a t  leas t  19 

years before it is  economically desirable t o  add a new charge of fused sa l t .  

During th i s  period, there is  no fuel  processing and uranium i s  added t o  over- 

r ide the effect6 of fisreion product poisons. 

Using Reference 37, a figure of 1.2 m i l s  per kw-hr for  operation and main- 

tenance i s  cited for LO m i l  per kw-hr t o t a l  power cost. Since this is the highest 

value used i n  the reference, it w i l l  be ueed i n  this report as  8 conservative 

figure. 

The inventory charge ie based on 156 percent of the hot, clean c r i t i ca l  

mass of U-235. An additional 50 percent i s  allowed for poison override and 
\ 

fue l  on hand. (see Section c.6.) Using 4 percent interest  charge and an 



assuned cost of $20 per gram as  the cost of U-235, the inventory charge i s  

0.2 milr per kw-hr. 

r Since some atoms are destroyed and no heat i e  derived by resonance absorp- 

tions i n  the uranium, the fuel burn-up a11 be greater Chams 1 gram per megawatt 

- day. This figure i s  estimated t o  be 1.3 grams per megawatt day for  t h i s  reactor. 

Based on th i s  value, the fue l  burn-up a t  f u l l  load is  780 grama per day. For 

80 percent load factor, the annual, burn-up i s  227,760 grams. A t  an assumed 

- cost of $20 per gram, the f'uel cost per year i e  $4,555,200. This amounts t o  

2.6 mils per Irw-hr. 

These data are summarized i n  the following table: 

ESTIMATED POWER GENERAT1:ON COSTS 

* 

Capital cost 

Fuel processing 

Operating end maintenance 

Fuel burn-up 

- Fuel inventory 

Total 9.5 
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TABLE A.  1 . .  . 

THEXMODYNAMIC PROPERTIES OF LIQUID SODIUM 

Source: Lee, John F . , "Thermodynamf e Propertf e s  o f  Liquid Sodium", ' 

NUCLEONICS, Vole 12, No. 4, ' page 74, Aprf 1 1945 

Temp. Speef f f c Heat Densf t y  Enthalpy 
OF ~ x / l b  - OF lb/f t3 B tu/lb 
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Table A, 1 ( eontf nued) 

Temp. 
OF - 

Specific Heat 
~ x / l b  - 9 

Enthalpy 
B tu/lb' 



Table A. 1 ( continued) 

Temp. Specific Beat 
OI? .. ~ x / l b '  - ?I? 

Density 
lb/f t3 

Enthalpy 
B t ~ l / l b  



Table A .  1 ( eontf nued) 

Speefffe Heat 
~ x / l b  - 9 

Enthalpy 
B t u / ~  



SELECTED PROPERTIES OF STAINLESS STEELS . 

C Source: Pressure Tubes and Piping - Tfmken Roller Bearing Company 

T9.E 
..', 

Analysi s 
Carbon 
Manganese 
Phosphorus 
S ulphur 

- Sil icon 
Chromium 
Molybdenum 

- Other Elements 

Type 304 Type 347 Type 316 

0.08 max 0.08 max 
2,OOmax 2,OOmax 
0.038 rnax 0,030 lgax 
0.030 max 0.030' max 
0.75max 0.75max ' 

18.0-20.0 17.0-20.0 --- Cb 10 x C m i  n, 1-,0 max 
M i  800-11.0 M i  9.0-13.0 

0 ~ 0 8  max 
2,00 max 
0.030 max . 
0,030 max 
0.75 rnax 
16 00-18<0 
MO 2.0-3.0 
M i  11 0 0 -14o 0 

Minimum. Physical Properti  es  
, Tensile Strength, p s i  75,000 75,000 75,000 

Yield Point,  p s i  30,000 30,000 30,000 
Elongati on, $ i n  2 in .  3 5 3 5 35 
Max Brine11 ,Hardness 200 200 200 

Rate of l$, hrs  Rate of l$, hrs  Rate of l$, hrs 
Creep s t rength 100,000 10,000 100,000 10,000 100,000 10,000 

pounds per 800% --- --- 
sq i n .  g009? --- --- 

l o o ~ %  10,700 18,000 
11009  7,900 13,000 

7 

12009 4,300 8,000 
13009 --- --- 
15009  1,450 2,850 

- Rupt.ure Strength Load - 
load i n  pounds 9 0 0 9  - - 

- p s i  which lead 10009  - - 
t o  rupture i n  ll00OF - - 

- 100,000 hrs  1200% 7,200 
1300% 3>700 
15009 1,700 

. A .  
- 

Load - 

e m -  --- 

Load - 



SELECTED WSHCAL PROPERTIES OF "Ls' NICKEL 

Source: Private C ~ u n i c a t i o n ,  Jr. J. J. Moran, Jr . )  The,InternatPoxlBP 
If ckeP Company 

C~eep~Propert5es -- - 

Condition: Cold Drawn-healed 

Stress,  1000 psi, t o  Produce a Se~ondaxy Creep Rate of: 
O.o0001$[hr 0.0001$/hr 

C~ndition: Cold -Drawn h e a l e d  

, 1000 ps i ,  t o  Produce 
10,000 hre 

Rupture in: 
100,000 hre 

- 



APPENDIX B 

DESIGN CURVES 

Figures B . 1  through ~ . 4  
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or INSULATED S!PEEL PIPE 

TO A ROOM AT 8 0 ' ~  





REACTOR ~ Y S I S  ~ T I o l ? s  

C . 1  I m O ~ c T I O N  

The solution of the three group, three region ( 3 0 3 ~ )  problem has been 

coded for  the Oak Ridge BatfonalLaboratoryqs electronic d ig i ta l  computer, 

ORACLE ( ~ e f .  28). 

The f a s t  and intermediate energy group microseopic cross eection data 

used t o  calculate the input data fo r  the code were obtained from the '%yewa8hn 

code ( ~ e f  . 27) and from BBL-325 ( ~ e f  . 30) by aesumlng a 1/E flux df stribution 

i n  these rlawfng-dorm groups. The thermal cross section data were obtained rc;-.- .,; 
from BdL-325 by correcting the tabulated values t o  the energy corresponding t o  *2?n:"' . 

, , - ,  . 
N d &: : ' I  7: 

the average design temperature of the reactor, 6 0 7 ~ ~ .  Table C . 1  i s  a stnmnery .a%% 
- , Y  K!' 

tabulation of the microscopic cross section data used for  each energy group. 

The thermal energy cross sections from Bn-325 were ~pggeW&,d~.~tp,~,the ..<a i&y;;3:f:T<,5 .; 3,!:.(9!.*g 
average neutron temperature and for  a Maxwell-Boltzmann flux distribution 

as follows: 

vhere, r0 and To are the BK-325 valuem for  microscopic crosr section 

and the standard temperature of 293 A (20%); and T is  the average design ' 

temperature, 880'~ (607'~) . 
The intermediate energy group war relected t o  renge from .Q15ev t o  100 eu. 

Thir upper Umlt of the thermal group sn8 lower l i m l t  of the intermediate group 

were selected t o  approximate the energy a t  which the discontinuity i n  the neutron 

f lux distribution occurs (~igare C .1) . A t  this energy, the neutron flux changes 



from a near Maxwell-Boltzmann dis t r ibut ion t o  an approximately 1 / ~  distr ibu-  

t ion.  This discontinuity occurs at an energy which i s  approximately s i x  times 

the average thermal neutron energy. Small changes i n  t h i s  group energy l i m i t  

( k 1 ev) have only a negligi b l e  . ef f ec t  on c r i t i  c a l i  t y  caleulatf  on ' resu l t s .  

Neutron 
Flux 

Maxwell -Boltzmm 
D i  stri butf on 

1 D i  stri butf on 

Figure C . 1  NEUTRON FLUX DISTRIBUTION 

The upper energy l i m i t  of 100 ev f o r  the intermediate energy group was 

selected because the uranium-235 resonances cease a t  about t h i s  energy. 

The upper energy l i m i t  of the  f a s t  energy group was selected t o  be 2 mev. 

The 3G3R code calculation assumes a monoenergetic f i ss ion  neutron source, and 

2 mev i s  approximately the average energy of the uranfum-235 f i ss ion  neutron 

energy spectrum. 

Following the notation convention of' Reference 28, the designation of 

the f a s t  energy group becomes Group 1, the intermediate energy group becomes 

Group 2, and the thermal group becomes Group 3. The geometric region deaigna- 

t ions are: the central  core i s  Region 1; the 1-inch thick baf f le  between the 

1 cent ra l  core and the heat exchanger i s  Region 2; and the heat exchanger, other 

i baff les  and the downcomer homogenized t o  be Region 3.  The numerical subscripts 



'7 f 
TABLE C .1 

BASIC MICRCSCOPIC CROSS SECTION DATA 
USED TO CALCULATE 34ROUP9 3-REGION CODE INPUT 

* Note, maeroseopic, not mfcroecopf c ,  values f o r  S . S o  . 

Element 

Sodium 

Zireonf um 

N%ckel 

£ ztl 2 f1 22 a; P t 2  3 S t r 2  E 2 2 a2 3 E t r 3  .2k3 S a 3  

*Stai nless 
s t e e l  (304) 

0.024 1.677 - - 0 .005 0.036 2.937 - - 0.017 ao8g - - 0.140 



on the nuclear pruperty raolxblon r e fe r  to the emergy group and & m e t r i c  

I region, respectively.  or .example, Eau i s  the macmseopic absorption 
I 
I 
I 
I - cross sectfori fcni anergy group 1 and geometric region 2. 

C .2 SAMPI& CALCULATPONS 
1 

I .' Calculation de ta i l s  of macroscopic group coflstaaat$ f o r  group 1, reglon 1, 

I f o r  a O o O l  gm/cc uranfm concentration are  gfven a s  eampke cal~adgatPons beiow. 

A l l  the cases f o r  which calculations were made, and the geometric and urafum 

I - concentration parameters of each, a re  gfven i n  Table C,2. A summary of a l l  &he 

1 .. 
macroscopfc code input data calculated f o r  each ease is gfven Pn Table.Co3. 

The fused s a l t  fuel e o q o s f l i m :  

43 mol $ ZrF4 

57 mol $ NaF 

40.1 mol $ U-235 

The variation of the density of t h i s  fised lsalt composftion with tempera- 

ture  Is given by the equatf on, 

Then a t  the average design temperature of 607% ( 1 ~ 5 % )  , 

The wefght. percent of each elemental constituent of the fused s a l t  was 

. calculated t o  be: 

Fluorine 4504$ 

- Sodf um 1 3 . B  

Zf reonf um b e %  



TABLE C .2 

CASE DATA AND COMPUTED MULmfI;fCATION CONSTANTS (k)  

Core Radius R1 Concentration 
Case lo, f t- in.  - grn/cm3 Remarks Computed, k - em . 

RO GO 4' - 6" 137.16 0 . 020 Basic Case .1.34 

1 11 11 0.010 ( ~ a f f l e  Plate 1.13 
as Region 2) 

2 11 I1 0.005 0.86 

ROSCO 4' - 6" 137.16 0.020 Baffle Plate 1.35 
88 "shell" 

ROOCO 4 1 - 6 "  137.16 0.020 No Baffle Plate 1.34 



TABLE 6.3 

MACROSCOPIC GROUP CONSTAPPPS FOR 3 GROUP, 3 -REGION. CODE 

Cone. of U Region 1 Region 2 Regf on 3 
,-. i n  gm/cc (core) (1" SS ~ a f f l e )  (Heat ~ x e h a n ~ e r )  

Group 1 
Feet 

pall 3. 12x10 ''~m-1 2 ay 4 .9~10  -3m-l E l O 3 2 f i 0 - ~ ~ m ~ ~  
oO1O [ YEIil 3 3 5~10-~cm-l  --- ys f13 1. r(fio-, em- 

- 4.95~10 -4 em- 1 2 a12 4. gxl03em-I 1.38fi0-3ern-~ 
'020 { ' all 6 070fi0-4cm-l --- 

~1 fll 
2.3 5x10-born-1 5s f13 

.030 { vzii: ~ o ~ ~ x ~ ~  6 77x10-~cm'l -4 em- 1 2 4 . ~ x ~ o - ~ c I I I - ~  --- Ea13 1 . 4 5 x l 0 ~ ~ c m - ~  -4 -1 
3.52~10 em 13 

Group 2 
Intermediate 

Group 3 
Thermal 

D 3 i  1022 em D32 0.312 cm D33 0.788 ern 



The negligible quantity of sodium an8 fluorine in the (N~F)~uF~ fuel con- 

centrate was not ineluded in the eelculatfons. 

The atomic eoneentratione in Region B are: 

N~ = e (vt $ of F in salt) N~ . 4.49 1022 
atomic w t  of F 

= (urmim eonc. ) N~ = 2.56 x 1019 artoma/ee 8 0.01 ~ / e e  
235 

The total maeroseopfc absorption eroes section, 

The total maeroseopie ffesion cross sect%on, mudtiplied by , the 
average number of neutrons released per fission (2,46 for U-235) 

U 9s fll = ( - 3.35 x fission neutrons/cc 
@ 0.01 gm/ce U cone. 

The diffusion eoeffieient for Group 1, Region 1j 

The lethargy change in the fast group, 

Dul = h 2 x 10 ev = 9.9 units ( 100 tV ) 



The lethargy change in the intermediate group, 

Ou2 = In 100 ev = 5.3 units, 
(oe 5 ev) 

The effective removal cross section (2,) was approximated as follows: 
.. 

A u  = lethargy interval of group 

Z = average change in lethargy per coLl%~ion 

z E s 4 average no. of scattering collisions/cc -sec 
' avg no. of scattering collieions for neutrons to pass thru u 

Approximating Es by st, the effective removal cross section, or effective 
cross section, for a neutron to pass entirely through a lethargy interval, u, 

becomes, 

The effective removal cross section for Group 1, Region 1, 

C .3 POWER DENSITY 

For a central core radius of 3 1/2 feet and a bore height of' 10 feet, 

Total volume of the central core = 1.09 x 107 cc 
.-_ 

Assuming all 600 Mw of heat are generated in the central core, 

Average power density in the core 55.2 w/cc - 
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e.4 MEZP~PROIQFLWX 

The average neutron fluxee i n  the central  eore fo r  the hot, clean 

c r i t i c a l  eonditioxn were computed eras, followla, 

average r a t e  of fieeionn = 55.2 w/ce x 3.1 x JLoIO fiasfone/w-s3ec 

average ra te  o i  f i ss ion  a lso  equal* r ll & + sf B 21 + 5 32 cd 31 
From Figure 4*3, 

The values of 2 f for the hot, clean c r i t i c a l  uranium cmcentra t im 

f o r  a 3 l/2-foot r a d i ~ e  central  core, 0.0088 gm/ec , were computed t o  be, 

Hakfng the appropriate eubetitantions a d  solving khese @quatimes, one . 

obta8ne f o r  the hot, elem c r i t i c a l  condftich .of a 3 f/%foot radius central  

core, 

average ferret f lux  fn the central  eore, PO0 ev t o  2 mev: 

, -8 . .  . 
average Bntermedfate flux fn the central  eore, 0.5 ev t o  100 ev: 



average thermal f lux  i n  the central  core, up t o  0.5 ev: 

@31 = 1.62 x 1014 neutrons/cc-sec 

the percent of the t o t a l  ffssfons occurring i n  each energy group: 

t o t a l  fissions/cc-see 1.71 x 1012 

Fast group - - - 

Thermal group --- 64s 

C 0 5 FUEL BURN-UP 

Approximately 1.3 grams of .uranium-235 a re  conlsumed t o  produce 1 Mw day 

of energy. A t  600 Mx power, the uranium bum-up w i l l  be approximately 780 g/day. 

I  his * i s  equivalent t o  burning up a quantity of uranium approximately equal 

. the t o t a l  uranium inventory i n  the f u e l  system every year. 

C .6 EVALUATION OF FISSION PRODUCT POISONING 

An extended an.8lysio of the  f i s s ion  product nuclear poison build-up fo r  

conditions similar t o  those'of, ._ t h i s  design study has been performed ( ~ e f ,  33 
\ 

I and 34). This analysis i s  f o r  a reactor using uranium-233 a s  fuel .  The f i s s ion  

product yield f o r  U-235 i s  so nearly equal t o ' t h a t  of U-233 t h a t  t h i s  fac tor  

was neglected. f his .analysis assumes complete removal of 811' gaeeous f i s s ion  

I .- products, which should very nearly be the condition f o r  the reactor of t h i s  

design study. The resu l t s  of this reference a re  preeented as the "poison 

I +, 
fraction" build-up wlth time of operator f o r  the reactor considered. 

Poison fract ion,  P = & = f ( t )  

EF 

The f i ss ion  product production, and therefore E p ,  i s  d i r ec t ly  proportional 

t o  the power density of the reactor f u e l  system, which fn  turn i s  proportional t o  



the product of neutron flux and f i ss ion  cmss  section, Zffe If it i. s~supled 

t h a t  the primary means of f i ss ion  product removal i s  by neut~oxn absorption and 

only a sma,ll.portion i e  removed by radioactive decay, the quantity of f iss ion 

product poison, 2 p, present i s  approximately inversely proportional t o  neutron 

The poison f r a c t i m  build-up with time i s  then eeen t o  be vary nearly 

independent of operating conditions of different  neutron flux, f u e l  concen- 

t r a t ion  and parer density, 

The p lo t  of poi eon fraction incroease with time given fxn Reference 34, 

page 14, should, therefore, be appli cable t o  th ie  deef gn etudyo s reactor aB 

a first approxfmationo 

The data presented i n  Reference 34 extends only t o  150 days of aperation. 

A vieual extrapalatlon of the curve f o r  t o t a l  ffesion product poisoning would 

indicate tha t  the curve asymto%feaUy approaches a poireron fract ion of about 

15 percent f o r  very long perf ads of operati on ( 7 5  yeare) . This f s probably 

a conservative eetilsete. Any plating of the metallic firersfon products %a the 

low flux, heat exchanger regi on (see Section 2,6.0) would help t o  reduce t h i ~  

value. 

Aeeming l i t t l e  o r  no eorroeioxn, and therefore corrosion product nucleer 

poisoning t o  be small, the value of 15 percent poieon fract ion may be used t o  

approximate the negative react ivi ty introduced i n  this design studyee reactor 

a f t e r  very long perf ods of operati on ( >5 yeare) . 



Converting poison f r a c t i  on t o  mi ts  of reac t iv i  t y  (Ref . 8, p o 262), 
I 

I 

N 

z - - f.u - = 2 ( f o r  t h i s  design study) 

f i m  

react ivi ty ,  ez -6 P z - 0015 x 2 E- 0.10 
l t  z 1 + 2  

I From Figure 4.1 of this report ,  it may be seen tha t  O t  w i l l  require a 

u~anium concentration of approximately 0.0115 t o  override this negative - 

reac t iv i ty  and maintain c r i t i c a l i t y  a f t e r  a very long period of operation. 

I -- 

This i s  equivalent t o  about 131 percent of the hot, clean c r i t i c a l  

i nventory , 

C.7 REPROCESSING CYCLE TIME 

The excess uranium f u e l  inventory tha t  i s  added t o  override f i s s ion  

product and corrosion product nuclear poisons should be the economic optimum 

tha t  consfders the costs of f u e l  rep~oeessing. The following economic ma lys f s  

i a  baaed on the f u e l  reprocessing method available today (section 2.6.0) which 

requires contaminated s a l t  solvent t o  be discarded and replaced. 

Cost of replacement salt  'Z' $5 per l b  

Cost of recovering uranf um $1 per l b  
from contaml'nated s a l t  by 
UF4 vola t i  l i t y  process (Ref. 38) 

Z Total == $6 per l b  

W t  of s a l t  i n  fue l  system % $1.85 x 105 l b  

Cost of repleci ng . a81 of the 
solvent s a l t  i n  the f u e l  systeh $1.1 x 10 6 



. Aseuming an in t e rea t  charge of 4 percent per year on the cost of uranium 

f u e l  i nventory , 

Optimum cost of uranium inventory i n  $1.1; lo6 G $27.5 x 10 6 

excess of tha t  f o r  the hot,  clean 0.0 x Y Y I 

c r i t i c a l  condition, so t h a t ' t h e  accumu- 
la ted  in t e res t  charge on t h i s  inventory 
gust equals the cost of f u e l  reprocess- 
i ng (replacing s a l t )  

where, Y = cycle time, i n  years, t o  replace a l l  the fused s a l t  solvent i n  

the f u e l  eystem. 

t Assumfng $20 per gram f o r  hfghly enriched uranium-235, t h i s  Ps, 

6 Optimum uranium inventory i n  excess of 1.4 x 10 g 
tha t  f o r  the hot, clean condition Y 

Volume of the f u e l  system 2.7 x lo7 cc , 

Optimum uranium concentration i n  excess " 0.051 
of hot, clean c r i t i c a l  condition a f t e r  Y 
r e p r o c e ~ s i  ng eqPafBfbrfm i s s t t a i  ned 

Uranium concentratf on f o r  hot clean S 0.0088 glee 
c r i t i c a l  condition 

Equating the sum of these uranium concentrations t o  t h a t  required t o  

ovemfde the f i ss ion  product poison ( ~ e c t f o n  C,6), 

rJ 
, The optimum cycle time t o  replace a l l  = 19 years 

the  solvent salt i n  the f u e l  system 

It would i n i t i a l l y  require a period of time equal t o  the time of one 

reproceesing cycle, during which no fue l  reprocessing is performed, t o  a t t a i n  

t h i s  balance of uranium inventory and f isaion product poisons. 



AF'PENDIX D 

PRIMARY HEAT EXCHANGER DESIGN 

D,1.0 DERIVATION OF FORMULAE FOR PARAMETRIC STUDY 

I -. 
The following basic fomulae were used considering sodium coolant on 

the tube s ide and fused s a l t  f u e l  on the s h e l l  side. 

D.1.2 Flow Area on Shel l  Side f o r  Tpfangular Pitch 

A = Ilh PT x 0.867 PT - 1 /2  ndo2 1 per 1 /2  tube 
T- 

- ii d: ] per tube-, 
4 

D.1.3  Equfvalent Diameter fo r  Triangular Pi tch f o r  Shel l  and Tube Sides - . . .. - . 

Shel l  Side: 

d e = 4 '  flow area - - 4 x 1/2 [ .867 q2 - 9 d:/ (Do31 

wetted parameter 112 do 
\ + 

where, PT = '  do + s 

Tube Side: 



~ ~ 1 . 4  , Over-all Heat Transfer Coefficient f o r  
Duplex Tube Based on Outside Surface 

D.1.5  Film Coefff cfent between Fluid and Surface 

Shel l  sf de - D i  t t u s  -Boelter Equati on 

Tube s ide - Martfnelli  and Lyon Equatfon 

D. 1.6 Heat Transfer Eauation 

Do 1.7 Surface Area Requfred f o r  Heat Transfer 

D 8 Combi n i  ng the Above Basf e Equsti ons i n t o  Workf ng Fornulee 

Then from (D.1)  and (D.2) wPth constants f o r  the conditions of this 

design, the equations become: 

D.1.9 S a l t  Flow 



D.1.10 Sodium Flow 

D.1.11 Salt Heat Transfer Coefficient 

From (D. 6), 

then, 

D. 1.32 Sod1 urn Heat Transfer ~oeffieient from (D. 7) 

then,, 

= 7 k and C3 = 0.025 k C2. - 
d e 

D.1.13 Over-all Heat Transfer Coefficient in Terns of 
the Number of Tubes 

From (D .8) and (D ,g), 



For a given PT and do, and f o r  the flows required f o r  heat t ransfer ,  from 

and 

' where, 

from (D.17)) 

. where, 

from (Il.5)) (D.14) and (D.15)) 



R e w r i  ti ng' ( D  .24) , i nserting (Do 18) and (D. 19) , 

Therefore, Uo i s  a function of N since, 

1 = f (N), then a l so  U, = f (N)  - 
0 

But from ( ~ ~ 2 2 )  and ( ~ ~ 3 0 ) ~  then, 

f (N)  N x L = Cg 

Now,as L i s  evaluated a t  some arb i t ra ry  value t o  agree with the requirements 
I 

of the problem, 

I which i s  known, then there i s  only one value of N t o  sa t i s fy  the conditions 

of the two simu.l,tmeous equati ons ( ~ ~ 2 2 )  and (D.29) with L es t ab l i  shed. These 

two equations can be solved e i the r  by i t e ra t ion  or  by graphical means, The 

l a t t e r  procedure was selected f o r  t h i s  study: 



D.1.14 Calculation of Pressure Drop and Horsepower Due to Friction 

Sodi um pressure drop, 

combining wfth (D.19)) 

where, 

where L = 20 feet, d2 in inches. 
Horespower, 

where, 

Salt pressure drop, combining with (D.20) and (D.32) 

where, 



where L =: 20 f e e t .  

Horsepower, 

where, 

D.2.0 PRIMARY HUT EXCHANGER GAMPLPE CALCU];DATIONS 

Solution of the two simultaneous equations discussed i n  Section D . 1 . 1 3  

resu l t s  i n  a heat exchanger with 14,600 5/8-inch O.D. duplex tubes with an 

118-f nch l f  gament and .065-i nch wall a s  the optimum and 'most appli  cable t o  

t h i s  design. However, actual  layout of the heat exchanger tube bundle indi -  

cated tha t  24 exchangers d t h  650 tubes each was a p rac t i ca l  arrangehent. . . 
. ,- - 

p. 

Nevertheless, the followPwg sample calculation i s  based on a heat exqhanger 
'< 

of 14,600 tubes with 0.065-inch duplex wall with 0 -042 -inch Type 304. s t a in -  

l e s s  s t e e l  and 0.023-inch Type "L" nickel clad. 

D .2.1 Properties 

Fuel Mfxture Side 

S a l t  No. 34, 47 mol $ NaF and 53 mol $ ZrF4 

Average Properties 

I n l e t  Temperature = 12009 Outlet Temperature = 1 0 5 0 ~ ~  

S odi urn Coolant Sf de 

Average properties 



Inlet Temperature = 1 0 0 0 ~ ~  Outlet Temperature = 1150% 

Inlet Enthalpy = 338.5 B T U / ~ ~  Outlet Enthalpy = 293.7 B T U / ~ ~  

D.2.2 .Flows 

Sodium 

Salt 

D.2.3. Velocities 

Sodium 

4 = 7T di2 N r NO. of tubes 
Ai EJ T 

! Salt 



~ ~ 2 . 4  Equivalent Diameter ~ 
Sodium 

'.\, d, = do = .625 - *13 = 0.495 in.  

Sal t  

perimeter 7-l- do 

de = 4(.867 x 0752 - 7 ~ / 4  x .6252) = 0.368 in. 
T x .625 

D o  2.5 Reynolds Number . 

Salt 

Re = ede VS 

D .2.6 Heat Transfer CoeffOci ents and Wall Resistance 

Sodf m 



Salt 

Wall resis tance based on external tube surface 

= 12.9 ~ T U / h r - f t ~ - ~ / f t  

D.2.7 Over-all Heat Transfer Coefficient Based.on External Tube Surfac$ 

~ ~ 2 . 8  - Effective Length of Tube Required fo r  Heat Transfer . 
, . 



D.. 2.9 pressure. Drop Through Tube .Bundle 
. . 

Sodium 

with Re = 183,'600, f = 0.016 ( ~ e f .  16,. p. 15)* 

S a l t  

'D,2'.10 Pumping Power Required 'for :Heat Exchanger Onlx 

Ssdi m 

Fuel 

D .2.11 Fuel Holdup in Tube Bundle 

S a l t  area flow A~~ = f867~: - -JT d:]~ 
T 

S a l t  volume Vol = A d  x L, assuming L = 21.0 f t  

Vol ; x .752 - ii . 6 2 5 7  14 600 x 21 
4 1W, 



200 0 - 
D.2.12 Sizing the Fuel Circulating Pumps 

Pressure drqp i n  tube bundle 8.5 psf 

Outer flow periphery 1 , O  

Check valve 2 -8 

Contingency - 2 0 7 

15.0 psf Total 

Total pump power 

Assume pump ef f fc f  eney a t  6 6  

With 8 pumps 

Horsepower each pump - 56 hp 

Specify 60 hp motor driven pumps 



CALCULATIONS FOR PF4EIJMNARY DESIGN OF IlWJDWEDIATE. HEAT EXCHANGER 

E . 1 DESIGN PARAMETERS. 

The intermediate heat exchangers a re  designed. t o  t ransfer  600 MW' of 

heat from radioactive sodium i n  the primary.loop t o  non-radioactive sodium 

i n  the intermediate loop. The design i f  based upon the following, previously 

selected sodium temperatures and heat exchange rate: 

Primary Na entering . $, . 
.1 

i i ~ o O P  

Primary. Na leaving. % loo0OF 

Intermediate N a  entering t 
=1 

6759  

Intermediate Na leaving t 
C2 

ll00OF 

Total heat t o  be transferred --- 2.048 x 'lo9 ~TUlhr  

Heat losses from the  reactor vessel,' primary loop piping and immediate 

heat exchanger have hean 3gnored. 

The basic assumption was made t o  use s i x  intermediate heat exchangers. ' 

E .2 PROPERTIES OF SODIUM AND 304 SS 

Sodium 

Temperature, OF 1150 l l00  

Density, lb / f t3  49 87 50 30 

Specific Heat, B T U / ~ ~  0.2983 0.2983 

Thermal Conductivity, ' 35.7 36.4 
Bl!~/hr -f t2 - ~ / f  t 

Viscosity, lb/ft-sec x 103 0.136 0.141 

304 Stainless  Stee l  

Thermal Conductivity 
~TUlhr  -f t2 - ~ / f  t 



202 0 

E. 3 SODIUM FLOWS 

6 a. Primary loop flow = % = 2.048 x 109 ~ T U l h r  = 45.7 x 10 lb/hr 
AH 338.5 - 293.7) BTU/lb 

6 b. Intermediate loop flow = % = 2.048 x lo9 ~ T U l h r  = 16.0 x 10 lb lhr  
AH 323.6 - 195.7) BTU/hr 

E .4 SODIUM VELOCITIES IN HEAT EXCHANGER 

Preliminary calculat i  one f ndi cated that 1100 1/2 -i sch 0 ,Do tubes with 

0.042-inch w a l l  appear t o  be s a t i  sf aclory. 

a, Primary sodium velocity ( s h e l l  sf de) 

Assume tha t  the tubes are  i n  a triangular pat tern with a 
3/4-inch p i  t ch  

Using Figure B.4 f o r  1100 tubes, 

Radi us of tube bundle = R = 17*4 
Tube P i tch  ij 

S h e l l  I .D .  = tube bundle die + tube dfa + 2  in.  free space 

- - 28.6 in.  (use 30 in.) 

She l l  cross section area = ( 0 . 7 8 5 ) ( ~ ) ~  : 4.91 f t2  
12 

Total tube cross section area = (0.785)(0.5)~ (1100) = 1050 it2 
144 

She l l  side flow area = 4.91 - 1,50 -, 3.41 f t 2  

6 N a  flow per exchanger = 45.7 x lo6 = 7.62 x 10 lb/hr 
6 

Average N a  densi t y  = 49.87 + 51.15 = 50.51 lb/f t3 
2 

Shel l  side velocity = (7.62 x lob- lb/hr) 

( 50.51 1b/ft3) (3.41 f t2)  (3600 see/hr) 



b. Intermedfate sodium velocity (tube s ide)  

Flow area per tube = 0~1358 ln2 
, 

Tube s ide flow area = (0.1358 (1100) = 1.037 f t 2  -47 
6 Na flow per exehmger = = 2.67 x 10 lb/hr 

Average Na density = 50.30 + 53.92 = 52.11 lb / f t3  
2 

Tube s ide velocity = 6 (2.67 x 10 lb/hr) 

( 52 .l lb / f t3)  (1.037 f t 2 )  (3600 sec/hr) 

E. 5 EQUIVALENT DIAMETER FOR SHELL SIDE 

de = 4 x s h e l l  s ide flow area = (4)(3.41 f t2) (144 i n O 2 / f t )  = 1.137 i n .  
wetted perimeter (1100)(3.14)(0.5 in . )  

E .6 REYNOLDS.. NUMBE3 

Primary Sodium ( she l l  s ide)  

Average Na viscosi ty  = x 10-3 = 0,144 x lb/f t -sec 

Intermediate Sodim ( tube s ide)  

Average Na viscosi ty  = 0.141 + 0.201 x = 0.171 x 10'3 lb/ft-see H 

E .7 HEAT TRANSFER COEFFICIENTS 

Film Coefficient Primary Sodium ( she l l  sf de) 

Average specif ic  heat i = 0.2985 ~TtJ/ lb  -F 

. . 



Using an empirical correlation f o r  s h e l l  side of unbaffled l iquid metal 

heat exchangers ( ~ e f  . 15, p o 285) , 

ho = 1 08 (3 = ( 19.08) ( 36.7 BTU/hr -f t -F ) ( Y in/f t ) = 8402 BTU/hr -f t2 -F 
(1.137 in.)  

FPlm Coeffi e l  ent Intermedi a t e  Sodium ( tube sf de) - 

Average specf f i c  heat = 0.2983 4- 0 0. 3052 = 0.30l8 BTU/lb-F 
2 

Average thermal conductivity = 36.4 + 42 1 = 39 03 ~ ~ / h r - f t - F  
2 

Using Lyon-Martinellf relat ion f o r  l iquid metals and a uniform wall 

heat f l ux ,  
- - 

Pe = d/Cf cp = (0.416 in.  )(13.73 f t / sec)  ( 52.11 lb/ft3)(0.3018 BTU/lb-F)x3600 - sec - h r  
k (l2 l n / f t )  (39,3  B T U / ~ P - ~ ~ - F )  

hl = 11.62 (k )  = (11.62)(39.3 B ~ ~ / h r - f t - F ) ( 1 2  i n / f t )  
(a> (0.416 in.)  

hl = 13,173 BTU/~~- f t2 -F  

Tube Wall Thermal Conducti v i  t y  

Average thermal eonduetivity =.13.2 3-13.2 + 12.6 + 11.3 
4 



E 8 OVER -ALL COEFFICIENT OF HEAT TRANSFER 

E .9 . HEAT TRANSFER SURFACE AREA 

Loaarfthmfc Mean Temerature Dffference 

Total Heat Transfer Surface 

Heat Transfer Surface per Heat Exchanger 

.S = 11 457 = 1910 f t 2  
-%- 

E .10 EFFECTIVE TUBE LENGTH 

L = s - - ( 1 9 1 o f t 2 ) ( = i d / f t )  = 13.27 f t  
< N )  (Tube (1100 tubes) (0.50 i n .  ) ( 3.14) 



E-11 SODIUM PRESSURE DROP THROUGH HEAT EXCHANGER 

Pressure Drop f o r  Primary Sodium ( s h e l l  side) 

From Section ~ . 6 ,  the Reynolds number f o r  the s h e l l  sf de f s 3.75 x 105 

and the  corresponding f r i c t i o n  fac tor  i s  f = .014. 

From Reference 39, Chapter 1.5, the pressure drop i s  given by, 

OP = 1.61 p s i  
. . 

Preeeure Drop f o r  Intermediate sodium (tube s ide)  

From Section ~ . 6 ,  the Reynolds number f o r  the tube s ide i s  1.45 x lo5 1 
and the corresponding f r i c t i o n  fac tor  i s  f = .017. I n  t h i s  case, the pres- 

sure' drop i s  given by Equatf on ( 5.8) , 

where 2 i s  the number of veloci ty  leads allowed f o r  the tube sheet entrance I 
and e x i t  losses and the  180° bend. I 



ST'EAM GENEBATOR CALCULATIONS 

F .1 NATURAL CIRCULATION BOILER WITH SEPARATE SUPEEWEATER 

From superheater heat balance, 

boilers = 16,000,000 (127.9 - 42) = 1,372,00O9000 B T U / ~ ~  

Assume two boi lers  generating saturated steam a t  2,000 psia,  steam 

on the s h e l l  eide and sodium on the tube side. Say design i s  f o r  1000'~ 

and 2000 ps i  external pressure, the thickness of a tube f o r  external pres- 

sure can be calculated ( ~ e f  . 35, paragraph UG-31). 

For 304 SS, 

"S" allowable = 8800 ps i  ( ~ e f .  35, Table UHA-23) 

X 2 .l9 (min) . . C  

.'. For 314 i no  0 ,Do tubes, X min = .143 

Use .165 average w a l l  (8 BWG) 

For -. a Single Wall Separating the Fluids Wall Resistancc, 

Water Side 

For present purposes, the assumption.will be made tha t  the un i t  operates 

i n  the nucleate boiling region and l a t e r  on t h i s  assumption w i l l  be verif ied,  

I n  order t o  determine a reasonable value of the average boiling and scale 

coefficients f o r  design, reeor% w i l l  be made t o  .both the-FVR and HRT designs. 

HRT - 
From ORNL-LR-Dwg-2795A, there are  251 318-inch O.D. x .065-in. wall type 

347 SS tubes of 20 f t  effect ive length. 



Surface (actual outside) = n- x .375 x 251 x 20 = 494 sq ft 
12 ' 

On Page (8) of Spec. HRT-1004, the fluid propertlee, flow rates and 

temperatures are given, 

Tube Wall 

Primary Fluid 

Flow area. = P ( .24512 x 251 = .0822 sq ft 
rn 

Velocity = 1.79 x 105 = 11.4 fps 

3.6 x 103 x .0822 x 53.2 

h (based on outside surface) I 5800 x *245 = 3790 - 
0 375 



209. 
The over-all  U f o r  the  HRT was based on using 314 x U clean. 

. . = .00115 , 1 
' &TT U clean 

(wall  and primary resistance) = .00890 

' 1 = .OO0890 = .00026 . . 
U clean 

h (Boi l ing)  = 1 = 5100; say, boiling coefficient 
.OW26 x 3/4 of 5,000 

A s i m i  l a r  ca lcu la t i  on on the PWR design ( ~ e f .  36) indicates t h a t  these 

uni ts  had a design boi l ing plus scale  coeff ic ient  of the order of magnitude 

of 2000. This indicates a scale 'coeff ic ient  of the order of magnitude of 

3300 average was used on the steam side of these uni ts .  For the present 

design, an average value of scale plus nucleate boiling coeff ic ient  of 2000 

i s  used. This should be conservative f o r  design purposes, since the higher 

average temperature df f ferent ia l s  i n  t h i s  uni t  should yield higher boiling 

coefficients than e i the r  the PWR o r  HRT designs. 

. For a natural  circulation bo i l e r ,  the steam water mixture w i l l  be 

external t o  the tubes and the sodium w i l l  be in t e rna l  t o  the .tubes. On the  

basis  of preliminary calculations,  it appeared t h a t  a reasonable s i ze  and 

pressure drop would be realized i n  two uni t s  with approximately 2000 3/4-inch 

O.D. tubes t o  carry i n  each. 

Sodium Side 

C, = .302 (avg) BTU/lb-9 



h based on outside tube surface = 15,700 x & = 8800 
0 75 

Flow area ; ~ ~ ( ~ 4 2 ) ~  x 2000 ; 1.93 sq f t  
lrclc 

1 =  oiling + scale) = .0005 
Ti 

Say, Uo for design = 480 

' 

Surface Area  o oiler) = 686 000 000 3 10,600 sq f t  
Qxk+T- 



3 x: 2000 x effect ive = 10,600 
W- 

L effect ive 26.9 f t  

Say, t o t a l  length (including tube sheets) = 28.5 f t  

42 Reynolds number 2 - x 3600 x 21.9 x 52.7 = '229,000 
12 

64 

b p  = 38.5 ps i  

Check of assumption of nucleate 'boiling, . . 

A t  i n l e t  A t = 324.29 . ,  

A s  indicated (Ref . 4 and 6 ) ,  t h i s  heat f lux  i s  s t i l l  i n  the nucleate boiling 

region. A s  a fur ther  check, assume the tubes to.be..clean. 

(l/uo) clean = .001777 

0 ' 1  U, clean = 56k - . . 
. . 

q / ~  i n l e t  clean = 324.2 x 564 = 182,500 . 

At fi lm = 182,500 m 36.6O~ 
5000 

This i s  less  than .the. c r i t i c a l  At of 45 to0'50 F (Ref. 6, p. 386). There- 

fore,  the assumption of nucleate boiling i s  just i f ied.  

Stze of steam generator.: . . RIP . = . 2b.9 ( ~ i g .  B .4) 
. . 

Diameter of channel: 20.9 x 2 x l +  2.75 44.6, say, 47 in .  a t  

I D  of channel ' . 



A preliminary check of the circulation character is t ics  of the steam 

generator indicated tha t  a reasonable number of r i s e r s  and downcomers can 

be provided t o  gPve adequate circulation for  these uni ts .  The steam drums 

would each be approximately 66 inches I D  x 45 f e e t  over-all  length t o  give 

commercial steam pur i t ies  with commercial type feed water treatment, The 

center l i n e  of drums would be app~oximately 30 f e e t  above the center l i n e  

of the  exchangers. D m  supporting s t e e l  w f l l  be provided and the support 

saddles on the heat exchangers w i l l  be designed so tha t  one saddle f s  fixed 

t o  the foundation and one i s  l e t  f r ee  t o  move t o  aeeomodate the expansion 

of the uni t and/or the p i  ping , 

Over - a l l  Heat Balance: Boi l e r  and Superheater 

Assume bofler a t  2000 psia  and superheater ou t l e t  t o  be 1 0 0 0 ~ ~  and 

1800 psia. 

Total heat load: 600 Mw 

Q BTU/hr = 600 x 3413 x 1000 

H duperheated oteam @ 3000% 4 1800 psia  = 1480.8 BTU/lb 

H feed @ 450'~ + 1800 psia  = 430.9 BTU/lb 

A H  , 1049.9 B T U / ~ ~  

Total lb s  of steam produced = 600 x 3413 x 1000 = 1,950,000 lbs/hr 
1049 * 9 

Temperatures of intermediate loop are  as  indicated on heat balance 

diagram Figure 6.2. 

H sodium @ 1100% = 323.6 

H sodium @ 675'~ = 19507 

4 h = 127.9 BTU/lb 

600 x 3413 x 1000 16,000,000 lbs/hr sodf um ( t o t a l )  
127 0 9 



AH superheater 1480.8 

HNa entering superheater = 323.6 
- 42.0 

H = 281.6 
t = 9 6 0 0 ~  . . . 

A t  ll00?,. "S" i s  7500 ps i  .Table UHA-23 ASME Unified Pressure Vessel - 

Code - Secti  on 8. The minimum tube wall thickness required is ,  

. t = PRO (PUA-1) = 2000 x .25 = ~1602(nomenclature according t o  ASME) 
SE + .4P 7500 + 800 

Use 0.065 inch minimum wall tube. 

I f  two walls are used t o  separate the water and sodium, and each w a l l  

i s  required t o  withstand the f u l l  pressure, then the outer tube reqdred  w i l l  

be .6660~ x .5OOU) with a wall thickness of 0.083 minimum. 

A. Sf ngle Wall Separating Both Fluids 

Aesumed sodium flowin& para l l e l  t o  the tubes and tha t  the uni t  i s  of 

the counter flow tyge, 

Tube resistance = ro In ro (based on outside tube surface) - - 
R r i 

Tube resistance = .25 In - . 500=  .000504 
12.4 x 12 0 370 



Preliminary calculations indicated tha t  a reasonable s i ze  of super- 

heater could be achieved by using P275 tubesr t o  carry per uni t .  Two such 

uni t s  w i  BP be required. 

Flow arealtube = TT ( . 3712 = .lo75 sq in .  
T 

Water ( steam) sf de eoef f f ef ent  , 

where, 

w C 1,000,000 l b s / h ~  per m f t  

* 

Based on outside surface, t h i s  i s ,  

Resf stance = - P = .OOl.29 
725 

Sodium Sf de 

The f ree  area/tube = .866 x . 752 - (1/212 ; .290 
T 

The perfrneter/tube - = 1.57 
2 

The equivalent dia  = 4 x Area -, 4 x ,290. = 0.74 . in .  
perimeter 1.57 

For the sodfm aide heat t ransfer ,  the Liquid- Metals Handbook indicates .  
-. . 
' i . , 

t h a t  the  Lyon-Martinelhi o r  sonee modification i s  sat isfactory. '  Since the 
.. . 

sod im i s  not the controll ing resistance, and f o r  the sake of consistency, 
. . 

the  Lyon4art inel l f  correlation w i l l  be used. . . 



Based on maan bank geometry, 

Free area ( t o t a l )  , I275 x 0.29 = 370 sq f.n. 

W = f x A x V  

Resistance = 1 = .000122 
8200 

FOP design purposes, assume Uo = 500 

Surface required 1,950,000 x 345.7 = 3520 sq f t  
 mi t : 500 x 191 x 2 

Active tube length = 3520 = 21.1 f t  

.F75  &- 
Say, approximate tube length (including tube sheets) = 22 114 f t  

From tube count layout sheet,  

' .R/P  . =  18.82 

Dia t o  outer tube = 2 x 18.82 x 314 28.2 



Approximate d ia  of channel = 28.2 + . 5  4- .5 + 1 112 = 30.7 
For clearance, e t c . ,  say, I D  of channel 32 inches, 

Presasure Drop 

The foUowing cafcaa9ations a r e  f o r  the preasure drop i n  the exchanger. 

The pressure drop in the i n l e t  and out le t  nozzles is  not included a s  part  

of the pressure drop of the c ~ r n p r n e n t ~ ~  This i s  estimated elsewhere. 

Sodim Sfde 

Reynolds No. = D V ~  = 2 x 11 x 3600 x 5009 356,000 - 3.2 
P 0 

f = .014 f o r  smooth tubes 

- - 6.3 x -g x .% ; 10 ps i  

For bend ease 112 velocity had, 

bP Bed = 0.79 ps i  
say, 11 ps i  f o r  exchanger only 

Steam Side 

Assume flow and f r i c t i o n  pressure drop a re  essent ia l ly  tha t  f o r  an 

incompressible f lu id .  If %he calculations on t h i s  assumption show a high 

pressure drop, then the variat ion of specif ic  volume wfth tube length may 
- 

have t o  be considered. The acceleration loss  due t o  the change i n  specif ic  

volume between i n l e t  and ou t l e t  w i l l  be considered. 

I n  terns of our nomenclature and the assumed flow conditions, the general 

pressure drop equation becomes, 

PI ~2 = f I -- vav: favg C C ~  1 (V2 - V1) + say, 1.5 ve l  heads, 
d 

d 2g m 02g 144 

entrance and e x i t  + .5 v e l  heads bend 



W = 1,950,000 lbslhr total 

0 37 Reynolds No. = D V ~  = +- x 74.8 x 3600 x 3.8 = 48,000 

f = .021 for smooth tubes 

33.4 +. 4.4 = 43.8, say, 44 psi 

Since this represents but a small part of the pressure of the 'system, 

it Kill be satisfactory to take the pressure drop as being this value. A 

more accurate calculation, taking into account the variation of specific 

volume with length, will give a higher pressure drop, but not significantly 
- 

so. POP syetem design purposes, assume a nominal 50 psi pressure drop on 

the steam side, not including nozzles. 

4. B . Two Walls Separatf na Both Fluids 
The assumption made in this calculation will be the same as for the 

single wall separating the two fluids. Because of the thicker tube assembly, 

the 314-inch pitch cannot be used. It will be assumed that a 114-inch clear 
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ligament wf8l be required f o r  welding of these tubes. i n t o  tube sheetsl. It 

w i l l  faarther be assumed t h a t  a t h e m 1  bond can be realfzed between the  inner 

and outer tubes, but tha t  t h i s  bond i s  not a meehanieal bond. Thus, the 

f a i lu re  of one wall wfhl not give r i s e  t o  8 complete f a f lu re  of the  unit. It 

i s  fur ther  realized tha t  r ad ia l  temperature gradients, i n  some fnetances, may 

tend t o  cause separation of the two tube walls. However, f n  the superheater, 

it m y  be possible t o  use two d i f fe rent  types of s ta in less  plteels with 

/ 
coefficients of expansion i n  such a r a t i o  as t o  

negate %he temperature dffferentfels .  
..% 

pitch = .666 + .250 = .916 in .  

For tube sheet layout assume 1 5  in .  pi tch (.9375) 
ra 

4 
.500 * 

4 .666 P 

Log Mean Temperature Difference = 191°F 

For Prelimfnary Purposes, neglect sodium coeff icient  

Aesnraee 1500 tubes t o  carry 

Steam Side 

.370 ( ~ a e e d  on OD of outer tube) 

h = 510 ~T 'U/h r - f t~ -% :(outer tube OD) 

Resistance = 0.00196 

Wall - 
Inner tube = .000504 x - .666 = .00067 

0 500 

Outer tube = .333 h .666 1 .00064 
m - 500 . , 



U, : 306, say, 300. It vill be necessary t o  compute the  sodium side 

. , 

a t  t h i s  point,  - 

A L866 x (09375)2 - 4 = 0.79 i n .  
de = 

.r x .666 

8 ooo 000 = -2T- 'Z 1.0n3 -8 
50 4, 

Say fo r  desfgn purposes, 

Uo = 275 ~TlJ/hr-it2-% (outer tube outside surface) 

- 2 
Surface per unit 2: 1500 x TT ( ,666) x L ef fect ive  = 263 L eff eetf ve 

12 
/ 

L , ~ ~  = 6400 , 24 f t ,  5 in. 
260. 

Say t o t a l  tube length 25 ft, 9 in .  

?. From tube count hayout eheet, 
. . 

R/P = 20,3 

D i a  t o  L of outer tube = 2 x 20,3 x .9375 = 38.1 in.  . 



220. - 
Approxfmate channel dia = 38,1 3- 2.5 = 40.6 in .  

For elea~ance,  e te  . , say I D  of channel g42 i n. 

Pressure D r o p  

Sodium Side 

Reynolds No. = .79 x - 1002 x 356,000 = 235,000 
3 17 

9 .015 x 24.42 x = 3.8, say, 4 ps i  
0 79 

I 

Steam SPde 

Reynolds No, = 63.5 x 48,000 = 40,800 
m 

Ap fr ic t ion  9 A p  acceleration =: *Q2l ( 25.7 5 x 12 ) W 2 x 3 . 8  
.37 x 2g 

x ( 4 4  - 1 )  x - 1 
144 32,2 

= 32.4 + 3.2 35.6 psi say, 40 psi 
for  design 

F ,2 STRAIGHT -THROUGH BOILER 
, . 

1. Steam Flow 

Steam out a t  1900 psfa, 1000('F, H = 1477.7 
. .. 

Feed water i n  a t  1950 psfa, 450'~, H = 430.1 

Change in  enthalpy = 1047-6 B!l'U/lb . ' . , 

Steam f l a w  = 600 MW i 3413 x 103 BTU/MW-~P 
1047,6 BTU/lb 

Steam flow = 1.955 x lo6 lb/hr 



~ 2. Sodium Flow 

N a  Temp. f n = 1 1 0 0 ~ ~  

+\ N a  Temp. out = 675 '~  

A t  airerage Na  temp, . ( 8 8 ~ ~ 5 ~ ~ ) ~  C = . ~ 4  BTU/~~- 'F  
P 

- and Superheater Zones 

The change i n  sodium temperature I n  s zone 1s found from a heat 

balance between heat gained by the water and heat given up by the sodium. 

( ~ a  flow) C ' A t  := ( s t e m  flow) A H  
P ' 

W c !  
N& P 

The sodium temperature change calculation i s  tabulated below: 

preheat 

e v a p o r a t . ~ ~  

superheater 

4. @leulation 6f O\;er-all ~ o e f f f e f e n t  of Heat Transfer (u) i n  Pre- 

heat, Eva.pora%or and Superheat Zones ( ~ e f e ~  t o  Sectfon 6.5.0) 
3, 

A. Preheat Section 

a. Since the water entering the bofler  f s  subcooled, nucleate 
bof l f  ng w f l l  occur. A combf ned coefffef ent  f o r  bof l f  ng f l lm . .  
and scale o f .  2000 ~ ! t T J / l u o - f t ~ - ~ ~  was used ( ~ e c t f  oli 6.5 .l) . 



b. Tube wall coefficient 

k = 11.2 BTU/h~-ft~-%/ft for 304 SS at 723O~ 

c. Sodium film coefficient 

B. Bofging Sectfan 

a. Use a boiling film and scale coefficient of' 2000 BTU/~~-ft2-9 ! 
- 

b. Tube wall coefficient 
- 

k = 11.8 ~Tu/hr-ft~-+/ft for 304 SS at 865% 

e. .  Sodium film coefficient 



C, Superheater Seetf on 
.. . 

a. Steam film eoefffefent 

Steam temp. out = l000?F 
. . 

Steam temp. in = 620% 

Average temp. = 8109 
. . . .. . 

hdoo2 = Y ( w / ~ o o o ~ ) ~ ~ ~  

W = 2 x lo6 = 625 lb/hr  per tube 
3200 

Y = 165 
. , 

d = dia,  in. = 0.5 - 2 x 0.065 = 0.37 in'. 

2 
A = flow a r e a i n O 2  = 0.1076 i n .  

h r ( . 3 7 ) 0 * ~  , 165 ( 6 2 5 / . 0 7 1 6 ) ~ ~ ~  

h = 1100 I3'I'u/hr-ft2 -OF . % . . 
. . .  -. . 

. . b. . Tube wall  eoefff ef ent . , . 



c. Sodium film 'coefficient 

5 ,  Caleulati on of Zone Surface Required 

I n  a zone, the heat gained by water equals the heat l o s t  by sodium and 

thf s heat i s armsferred by the equation, q = U A A ~ ,  where A t  i s  the log 

mean temperature dffferenee. 

6. Number of Tubes 
- .  

A s  a r e su l t  of eheekfng pressure drop and steam veloci t ies ,  a tube 

s ize  of 1/2-inch OD and nominal 50-foot length was decided upon. 



I .' Total tube area required from (5) above = 21,192 f t  2 

2 Area per tube, 7TDL = 6.54 f t 

Noo of tubes = 21192 - 3240 tubes 
-6.56 

7.  Pressure Drop i n  Tubes (Ref. 7, p. 36, b5,  55, 6 9 ) ( ~ e o t i o n  6.5.2) 
4- 

The fract ion of the 50-foot tube length required by the preheat, 

evaporator and superheat zones is t o  the percent of arka of 

( 5 )  above. 
- 

a. Preheat zone 

LIP z 105 ib / f t2  = .73 ps i  

b, Evaporgtor zone (kwo phase flow) 

I 
- 

npo = 190.4 lb / f t2  ( single  phase) 

I T, 

hp = 1506 lb / f t2  = 10.5 ps i  (two phase) 

I e. Superheater zone (Refo 7, p. 69). 



~p , 4059 1b/ft2 = 28.2 ps i  

8. Total tube pressure drop 

The tota l  drop i s  the sum of a ,  b,  and e aboveo 

(4 - 28.20 

Total Drop = 39.43 ps i  



APPENDIX G 

CALCWTIONS OF STE&4 PLANT HEAT BALANCE 

The calculations below determine the heat balance and gross e l ec t r i c  

power output of the steam cycle descPfbed i n  Sectf on 6.8,0 of thf s report. 

The over-all cycle and the  conditions of the workfng f lu ids  are  shown f m  

The steam flow a t  the turbine t h r o t t l e  i s calculated from Equatf on 6.11. 

Steam flow = 600 Mw x 3413 x b03 BTU/MW-hr 
(147-7,~ - 430.1) B T U / ~ ~  

6 Steam flow = 1.955 x 10 - l b  
h r  

G .2* EX'TF?ACTION STEAM FLOWS 

No. 1 Heater heat balance 

6 1.955 x 10 - l b  (430.1 - 364.2) BTU - = W1 (1344 - 430.1) BTU - 
h r  l.b 1-h 

No. 2 Heater heat balance 

6 6 1.955 x 10 (364.2 - 300.7) = .141 x 10 (430.1 - 364.2) 

No. 3 Heater mass balance and heat balance 

6 I. 1.1)55x106;  ( .141+ .1246) x 1 0  +W3+F.W. 



The solution of Equations I and I1 above gives, 

6 F .We = 1.6 x 10 - l b  (fee& water flow leaving No. 3  eater) 

No. 4 Heater heat balance 

No. 5 Heater heat balance 

Moo .6 Heater heat balance 

1.6 x lo6 (117.9 - 59.7) = (.lo57 + i0984) x lo6 (183.1 - l u .9 )  

G . 3  HEAT COmVERTED TO WORK I N  TURBINE (Equat io~ 6,10) 

Poaf ti on Steam Flow ( lb/hr)  bH (BTU/lb) Worg (~TUlhr )  

Throttle 1.9550 x lo6 136 0 3 266.5 x lo6 

No. 1 Heater 1.8140 x lo6 58.0 105.2 x 10 6 - 

No. 2 Heater 1.6894 x 10 64.0 108.1 x lo6 6 
- 

No. 3 Heater 1.6004 x lo6 58.0 92.8 x l o  6 

No. 4 Heater 1.4947 x lo6 69.0 103.1 x 10 6 
( .  

No. 5 Heater 1.3963 x lo6 71.0 99.1 x lo6 

No. 6 Heater 1.3066 x lo6 82.6 107.1 x 10 6 

- I 6 Total of heat converted .to work = 881.9 x 10 BTU/hr 



f 

1 .  c.4 CORRECTION TO WORK FOR FEED WATER HEATING BY d 

~ a. Correction fo r  Hot Well Pump 

I I\ 
The work by the pump done on the feed water was found from Equation 

6.14. P1 i s  the pump in l e t  pressure of 1.5 inches Hg or .736 psi. P2 i e  

l i  . 
the pump discharge pressure and i s  the sum of the three items l i s ted  below: 

I No, 3 heater preesure 103.1 psi  a 

Elevsti on d i  f f erence ( cond . to' 17 0 3 
No. 3 e eater) 

Fr i  c t i  on drop 40 .O 

I - 
p2 = 160.4 psia 

The specific volume, V1, i s  .0161 - ft3. 
l b  

work = (160.4 - ~ 3 6 )  x 144 x .0161 
778 

The work put in to  the pump was found from Equati on 6.15. 

Work = - .476 = .676 BTU/lb 
0 7 

The heat gain of the feed water from the pump was found t o  be .2 BTU/lb 

The reduction i n  steam extracted for  No. 6 Heater was found from 

-Equatf on 6.16. 

The f ncrease i n work a t  the turbi ne wheel was found from Equati on 6 0 1 ~ 0  

6 Work z .0293 x 10 BTU 
hF 



b . Correctf on f o r  Boi l e r  Feed Pump 

This correction was made i n  the same manner a s  f o r  the hot well 

plmxp above. 

work i n t o  feed water t (2000 - 103.1) x 144 x .01766 
,m 

Work in to  feed water = 6.20 B T U / ~ ~  
. . 

Work i nto pump = 8.86 BTU/P~ 

Heat gaf n of feed water = 2.66 B T U / ~ ~  

The reduction fn extracted steam is ,  

The increase In twb ine  work i s ,  

Work = .00564 x lo5 x ( 1286 - 941.4) 

Work = 1.9 x lo6 BTIJ 
hF 

The turbine work calculated i n  Section 6.3 was corrected as  shown 

h Uncorrected turbine work (Sectf on (2.3) 881.9 X 10 D T U / ~ P , .  . 

Hot well pump correction 4- .03 

Boiler feed pump comectioq U 1.9 

6 Corrected turbine work = 883.83 x 10 BTU/BP 

This f s  equivalent t o  am output of 258,96 W .  

G o  5 CORRECTION FOR TURBINE-GENERATOR LOSSES 

The losses found by the method of Reference 41 were a p p l f e d t o  the  

. corrected turbine wheel output of Seetion ~ , 4  ee sham below. 

Corrected outiput a t  turbine wheel 256.96 hfw 
Turbfne exhaust lose . 8.35 Hw 
Mechanical and gexaerator abossee 5.:9 

Total losees 1 3 . 9  

Gross Elec t r i  e Power Output 245,42 Mw 
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G.6 CALCWTIOM OF COOLING W A m  PUMP POWER 

The cooling water pump power was found from Equatf one 6.14 and 6.15. 

A pressure drop of PO feet was assumed in the eondenser (~ef. 23). The 

cooling water flow was calculated from a heat balance between'the heat 

regeeted to the condenser by the turbfne exhaust and No. 6 Heater drain 

and the heat gained by the cooling water. In eake\a%atfng the requf~ed 

eoolfng water flow, a 15% rf se in temperature was assumed. Tlhf s. could 

be greater, or hessp depending upon the teataperatwe and quantfty.of cool- 

ing water available and the type of condender selected, foe., single or 

double pass. 

a. Heat regeeted to condenser by ttprbfwe exhaust 

Q = WAB 

q z 1.3126 x lo6 ib/hr (941.4 - 5g07) B T U / ~  

b. Heat regected to condenser by No. 6 Heater drain 

6 q = 18.4 x 10 BTU/~P 
. . 

e. Total heat regeeted to condenser. The total regeeted heat is the 

6 eum of Iteme (a) and (b) above, OF 1175e4 x 10 BTU/~~. 

do ~ooling water flow to eondenser 

e, Work done by cooling water pump 



1 

6 Work = 1,002 x.10 B1"U = .294 Mw - 
hr  

f . Work put in to  eoolf ng water pump. From Equatf on 60 1 5  

Work i n  = 0294 Mw = .490 hfw 
.6 

G .7 POWER REQUIRED BY PUMP MOTORS ( steam eyble) 

The motor power was found by.  d i  vidf ng the required pump power by the 

motor efffeieney. 

a. Cooling water pump motor 

power = .490 Mw = .515 Mw 
095 

b. Hot well  (condensate) pump motor 

BTU power =: 0676 - x 1,6 x 10 6 l b  106 Bm 
Pb G X  

095 

power = .334 Mw 

e. Boiler feed water pump motor 

6 I b  m - h r  i06 Bw power = 8.86 B$ x 11.55 x 10 i;; 3.413 
0 95 

power = 5.3b Mw 

The t o t a l  motor power r eqdred  by the above pumps i n  the steam eyele 

i s  6,19 MW. 





SODIUM PIPING PReSSURE DROP CALCULATIONS 

Sample calculations: ( ~ e f  . 7) 

H . 1  PIPZ PRESSURE WSS 

Primary loop: 8 i n  Schedule 40, 304 SS, 15 f t  long 

T r 1150% 

e = 49.9 lb/f t3 

H.2 EXPANSION WSS 

Hot leg t o  heat exchanger. Assume one velocity heat loss for  

expansion. 

2 
AP = K V1 x p ~ i  = 1.0 x (34.4)* r 49.9 = 6.4 psi  

8.3 COBPRAC!EON LOSS 

Heat exchanger to  cold leg. Assume 0.5 velocity head lolils for  

contraction. 16 i n  Schedule 40, 304 SS pipe, 



bP = K v12 f = 005 x (3305)2 x 5102 3 0 1  psi 

2gm m mr 
H .4 90' BEND LOSS 

Assume 0 .1  velocity head loss per 900 bend ( ~ e f .  16). 

H - 5  VALVE LOSS 

Assume 0.6 veloef ty loss per swing check valve ( ~ e f  . 16) . 
T = 6 7 5 O F  

e = 53.96 lb/ft3 

DP = K v2 e psi = 0.6 x ( 2 6 . 2 1 ~  x 53.96 = 2.4 psi 
2gm 6664: 144 



TABLE H.1 

. c 

Description 

Sodium piping Data 
VALVES 90' bends 

No. of l i n e s  Length Pipe Schedule Design h b e r  Type Pressure E:umber Pressure Line Pressure Total  Pressure 
f t .  Size Nhber  Velocity b o p  b o p  Drop Drop 

A. PRIMARY LOOP 

1. Primary heat  exchanger, 20 
tube. s ide  

2. Feed l i n e  (hot)* 2L 15 

3. Ringheader (hot)  1 75 

8 i r .  

18  ir 

.065 i n  12;8 
wall 

40 30.5 

30 26.4 . 
avQ. 

40 34.4 1 

I 

, 40 35.5 1 

7. Rimheader (cold)  1 75 1 8 1 3  30 25.7 

8. Feed l i n e  (cold)  24 9 8 in LO 29.6 

check. 

swing 
check 

3. IEPPERMEDIATE LOOP 

1. Intermediate heat  
exchanger, tube s ide l.4.8 1;2 i r  .065 i n  

wa 11 

I I 

7. h~ descript ion:  18.35) Q D ~ . .  l.40 Ct.head. 176.0 rpr . . 675 F. 950 



APPENDIX I 

PARTIAL LOAD OPERATION (MATHEMATICAL APPROACH) 

~ The assumptions used n deriving the equations of t h i s  appendix a r e  

expl ic i t ly  given i n  Section 704.1 of this report. I n  add i t i  on t o  the nomen- 
' 

clature given a t  the beginning of these appendices, other symbols a re  used 

I fo r  the de r fva t fnn~  of t h i s  section, Theoe arc ad  fallow^: 

Subscripts - General 

1 F u l l  load value of ea vapiable 

x P a r t i a l  load value of a variable 

I p - Value of a variable 

b Value of a variable i n  the boi le r  

s Value of a variable i n  the superheater 

I f Value o f  a v a r i a b l e  i n  the f u e l  loop 

I Subscripts - Temperatures 

0 Cold &xed mean temperature of f u e l  leaving the primary 
heat exchanger 

'2 Hot mixed mean temperature of f u e l  entering the primary 
heat exchanger 

I - 
3 I n l e t  sodium temperature t o  primary heat exchanger 

4 Outlet sodium temperature from primary heat exchanger 

5 I n l e t  sodium temperature t o  intermediate heat exchanger 

6 Outlet sodium temperature from intermediate heat exchanger 

7 Outlet sodium temperature from superheater 

0 ther  

L Load f rac t ion  r a t i o  actual  load, 
f u l l  load 

W Pounds of steam generated per hour a t  f u l l  load 



M Wei ght flow of sodfum i n  the intermediate loop, lb/hr 

Z Logarithmic mean temperature difference 

1.1 NATURAL CIRCULATION BOILER WITH SEPARATE SUPEFiHEATER 

Since the average fue l  temperature and flow r a t e  a re  canstant, 

A t f  = 150 L (1 -1) 

and 

tf average = 1125'~ (I -2) 

Solving Equations (I .1) and (I .2) yields the following relat ions,  

to, = 1125 - 75 L (103) 

tZx = 1125 + 75 L (1.4) 

A s  a consequence of the  assumption of constant over-al l  heat t r ans fe r .  

coeffiefent and constant flow r a t e  of sodfum i n  the primary loop, Equations 

( I .  51, (1.6), (I .7) and (1.8) r e su l t ,  

ZPX = 50 L (1 5) 

tbx - t3x .= 150 L (1 06) 

box - G j x  = 50 L (1 07) 

t2x - t4X = 50 L (1 08) 

The simultaneous solution of Equations (1 .6)~  (1.7) and (1.8) gives the 

equations f o r  t4, and t3x, 

tsx = 1125 - 125 L (Ie9) 

t4x = 1125 + 25 L (I. 10) 

The sodium In  the intermediate loop tpansfers i t s  heat t o  the super- 

heater and the boi le r ,  respectively. A t  p a r t i a l  load, the over-all  t r ans fe r  

r a t e  i n  the superheater w i l l  be, 

where the constants i n  Equation (I .ll) are  based on a design value of U 
01 

, .  . 
of 500. 



Therefore, (I. 12) 

- From the design conditions a t  f u l l  load, 

The assumptions made f o r  p a r t i a l  load operation include the constancy 

of the  over-all  coefficient of heat t ransfer  i n  the boi ler .  Based on t h i s  

. . and the f a c t  tha t  the surface i s  constant, Equation (1.13) follows d i rec t ly .  

A- The l a s t  equation needed t o  specify the conditions i n  the loops a t  

p a r t i a l  load i s  obtained by considering the intermediate heat exchanger. 



Subst i tut ing the values f o r  t3, and t4, from Equations (I .9) and (I . lo)  

i n t o  (I. 14) and simplifying, yields Equation (I .15), 

The weight flow of the sodium i n  the intermediate loop i s  determined 

d i r ec t ly  by a heat balance, 

Equations (I. 12) , (I. 313) , (I. 15) and (I. 16) completely determine the 

steady s t a t e  p a r t i a l  load operation of the  system baaed upon the simplffica- 

t ion  and assumptions given i n  Section 7.4.1. However, a superheater heat 

balance has not been u t i l i zed  i n  the-foregoing. The superheater heat balance 

 give^ 8n. ~Adl.tiona1, independent equation (I .22). The a b i l i t y  t o  wri te  more 

independent equations than there a r e  unknowns indicates t h a t  too many con- 

s t r a i n t s  have been placed on the system by the assumptions made i n  Section 

7.4.1. Therefore, the f i n a l  steam temperature w i l l  not be taken t o  be con- 

s t an t  with load and the control of the f i n a l  steam temperature w i l l  be 

accomplished by using an attemperator. Equation (I .12) has t o  be adJusted 

t o  r e f l e c t  the change i n  t h i s  assumption, and instead of 1 0 0 0 ~ ~ ,  the f i n a l  

steam temperature should be indicated t o  be variable. I n  t h i s  case, Equation 

(1.22) has t o  be written i n  terms of the enthalpy of the steam aide corre- 

sponding t o  the unknown f i n a l  steam temperature a t  the superheater out le t .  

It i s  fur ther  noted tha t  f o r  a variable f i n a l  s t e m  temperature leaving 

the superheater, Equati ons (I .11) and (I .12) a re  not correct as  written. A 



'numerical solution i s  necessary where the f i n a l  steam temperature 1s assumed 

f o r  a given load. From a heat balance of the steam loop, the weight of steam 

i s  obtained and Uox i s  calculated. The procedure i s  then t o  solve the appl i -  

cable equations s~imultaneously, and f i n a l l y  t o  check the assumed f i n a l  steam 

temperature f o r  the load under consideration. A procedure such a s  outlined 

above i s  tedious and time c o n s ~ x a g ,  

I I o 2 ONCE -TBROUGH STEAM GEMERATOR 

- 
I The basic difference i n  the mathematical approach t o  the problem of 
I 

p a r t i a l  load operation of the once-through boi le r  as  compared t o  the natural  
- I 

circulat ion bo i l e r  with separate superheater Es t ha t  the sum of the surfaces 

of the boi le r  and superheater seetions i s a constant, but each can vary indfvi- 
. .. , . 

dually with load. Equations (I . 3 ) ,  ( I  .4), ( I  , l5 )  and ( I  .16) a re  appli  cable 
,, ,.., 

t o  t h i s  case. However, cer tain of the other relat ions were modified, and, ' 

where necessary, new equations were developed.  in^ general, the load fract ion 

( L )  can be written f o r  a given component a s ,  

For the boi le r  and preheater section, Equation (1.18) i s  obtained by combining 

, Equations (1.17) and (1.13)) 

# The same procedure follows f o r  the superheat section, where Equati on (I .  17) 

i s combined with Equation (I .12). However, the desi  gn values ~f or  the once- 

through boi le r  a re  d i f fe rent  than f o r  the separate superheater and the con- 
) 
/ 

s tan ts  i n  Equation (1.12) were adgusted accordingly. The design value f o r  



the '  steam side'  coefficient was 1100 and the over-ail coefficient was 

Solving f o r  ssx, (1'. 20) 

1 
SBX = L x 300 x 191 

[t, - lOOO] - (t, - 635.8) 

The sum of the surfaces a t  any load must be a constant. This sum a t  deeign 

load i s  21,192 square fee t  where, 

SS1 = ll,470 sq f t  

and 

Theref ore, 

1 - 1000 
L x 300 x 191 

1100 ( ~ ) - 8 )  "'470 inct: - 635.2 

- 1000) - 7 - 635.8) 

+ L x 1 3 5 x  9722 in t7x ' 635*8 , 21,192 C, - 635.J  

t7x - t5x 
- 

A heat  balance of the superheater yields Equation (1.22), 

Equations (1.22) and (1.16) a re  then combined t o  yleld a single equation 

with the flow rates  eliminated, 



The solution of Bquations (I. 15) , (I .21) and ( I  .23) simultaneously 

gives the desired steady s t a t e  p a r t i a l  load operation of the system f o r  the 
. . 

once-through boiler.  . It i s  noted tha t  the f i n a l  steam temperature can be 

s e t  a t  1 0 0 0 ~ ~  and the system i s  completely de*erminate . with . only fn ter -  

mediate loop sodium flow ' rate  control.; this i s  not the 'case f o r  the natural  

circulation boiler  with separate superheater. 



APPENDIX J 

S.TMUIATION FOR 600 MW FUSED SALT REACTOR AND STATIONARY POWER PLANT 

E. R. Mann . 

Instrumentation and controls Division 
Oak Ridge National Laboratory 

Figures (7.4), (5.1), (5.2) and (~.3) are the elementary flow sheet 
I 

for the parer plant and the road maps required for simulation, with the 

exception of that for the reactor kinetics which 5. s described in Ref. 54. 

On Figure (~.1) is the road map for the fused salt loop and the first 
/ 

or primary sodium loop. Amplifiers 1, 2, 3 and 4 provide a unity gain cir- 

cuit for the fused salt .loop. Amplifiers 7, 8, 9 and 10 provide a similar 

circuit for the primary sodium coolant. Amplifiers 5 and 6 generate the 

coupling between these two fluids as the difference between the mid tem- 

peratures of the two fluids in the heat exchanger. 

The time constant of the metal in the heat exchanger was not included 

in these simulation studies. Accordingly, about amplifier 5 are shown a 

potentiometer setting "oC" and series resistor "R" to indicate that such 

a time constant should be included. - 

This time constant can be calculated rather simply as follows. The 
- 

heat capacity of the fused salt in the heat exchanger is given by the 

expression, 

where P is the power given up by the fused salt in passing through the 

heat exchanger at design point steady state, and 6~ is the temperature 

arop of the salt during the time a t  is in the heat exchanger. P is in 
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BTU/S~C,  ST i n  degrees F, and st i n  seconds, and Cf i s  i n  BTU/F. 

Now the mass of metal i n  the heat exchanger.times i t s  specif ic  heat 

gives the heat capacity CHeE,  of the heat exchanger. I f  t h e n , T f  i s  the 

time constant of the f lufd  i n  the heat exchanger, which here has been . 

approximated by two f i r s t  order lags whose sum i s  the  f l u i d  t r a n s f t  time, 

then the time constant of the heat exchanger i s ,  

I n  t ransient ,  t h i s  c i r c u i t  with the time constant THoEe , provided by 

amplifier 5 ,  gives the heat t ransfer  delay between f lufds  due t o  heating 

or cooling the metal of the heat exchanger. 

The' road map on Figure ( 5.2) shows, through amplifiers 13 and l k ,  the 

intermediate sodium i n  the  sodium-to-sodium heat exchanger. Amplifiers 15,  

16, 19 and 20 show the sodium "going and returning" i n  a heat exchanger 

between the hot and cold legs of the sodium piping. The flow sheet,  Fig- 

ure ( 7.4), shows how valves V1 and. Ve w i l l  provf de meatls f o r  return2 ng p a r t  , 

of the cold sodium through t h i s  auxi l iary heat exchanger whfch drops the 

temperature of the sodi um entering the boi l e r  . 
, This a w f l i a r y  heat exchanger i s  one means available t o  l i m i t  the 

steam temperature on p a r t i a l  loads t o  a maximum temperature of 1 0 0 0 ~ ~ .  T t  

was selected f o r  simulation here primarily because the analog f a c i l i t y  r e -  

quired l e s s  equipment t o  do t h i s  than it would have required t o  vary the 

secondary sodium flow rate .  

The road map, Figure (5.2),  shows amplifiers 17 and 18 a s  the sodium 

i n  the sodium-to-water and vapor heat exchanger. I t . 6 ~  assumed tha t  the 

load "L" was proportional t o  water flow, i,.e the  water entered the boi le r  
: * ,. 

a t  constant temperature f o r  a l l  loads. 



Road maps, Figure ( 5.3) , show by ampli fi ere 11 and 12 how the d r i  v i  ng 

funct i  on ''1 " between the two sod im syetems i n  the sodium-to-sodium heat 

exchanger was generated, and by a q i i  f i e r s  21 through 26, inclusive,  how 

the regulator action t o  keep the  s t e m  $e&erature c d n ~ t a n t  with varylng 

loads "L" was obtained. . . 

The quantit ies "/" and "R", wL.t;g amplifier 11, are  detePlgined by the 

time constant of the metal i n  the heat exchanger f o r  the sodium-to-water 

heat t ~ m s f e r .  The heat capacfty of t h i s  heat exchmger was not used i n  

these simulations. This time constant could have been determined by the 

same procedure proposed f o r  tha t  of the metal i n  the sodium-to-sodium 

heat exchanger. 

The output of ampli f f  e r  27, Ff gure ( J. 3) , a t  desf gn pol n t  should be 

f 2.5 V. This output was recorded on a Brown recorder with a f u l l  scale 

reading of 5 V. The output gave a midscale reading. Two l i m i t  switches 

about the midscale reading actuated a motor t o  turn a ten-turn potentiometer 

"E" , Figure (5.3). The motor was reversible and. i ts  d i  rection was determined 

by the l i m i t  switch contacted by deviation of the output of amplifier 27: If 

the deviation was posi t ive and caused the recorder pen t o  move upscale i n t o  

the upper l i m i t  switch, which would be t rue  f o r  decreasing load, then the 

motor turned the potentiometer se t t ing  up and thereby "valved" more sodium 

through the  awti l iary heat exchanger. Except f o r  the re la t ive ly  slow motor 

speed, or  ra te  of motion of the s l i d e  wire on the potentiometer due t o  the 

gear reduction available,  t h i s  device could hold the  steam temperature con- 

s t an t  f o r  large variat ions In  power; The curves show deviations i n  at- 

temperatures during t ransients ,  but these, come from the re la t ive ly  slow 

response times of the actuator mechanism. 
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Scale factors  f n  the simulatfon studfes were a s  follows: 

, 1. Conrputer time was r e e l t f m e  

2. One vo l t  pepresented 90 megawatts of power 

3. One vo l t  represented 20% 

The cf rcuf t s  were not s e t  up from a s e t  of d i f f e ren t i a l  equations 

representing the system. The s a t  of equations can be derived from the 

cf rcuf t s  by se t t fng  the currents a t  the amplfffer inputs equal t o  zero. 

Then by converting e l e c t r i c a l  m f t s  t o  power m d  temperature wits using 

the scale factors  given above, one gets the equatfons of the system, Some 

of these equations w i l l  be dependent. 





- .  

FIG. J.2- SIMULATOR CIRCUIT FOR I N T E R M E D I A T E  SODIUM LOOP 



R "  R 

w m  
3 

+ 9 375v - 9  3 7 5 v  

R R R R 

. - 

0 s 
z 
r 

- 100 V I 

r s 
t; 
€ 
'? 

I C 

03 

R 
EO 

.I M w 
u7 
0 

FIG J.3-SIMULATOR CIRCUIT FOR DRIVING FUNCTION I N  I N T E R M E D I A T E  HEAT 
EXCHANGER AND REGULATOR FOR STEAM T E M P E R A T U R E  CONTROL 



TEST OF DOUBLF: TUBE SHEET DESIGN FOR WATER SODIUM ISOLATION 

An experiment has been conducted t o  determine the f eas ib i l i ty  of 

using brazed joints  i n  the fabrlcebtfon of a double header f o r  the heat 

exchanger ( s ) . 
Proc edure 

Approximately 400 holes were drf l l e d  i n  a 1/2-i neh thf ek type 347 SS 

plate  t o  receive short lengths of Dne 304 stafnless  s t e e l  tubes of nominal 

l/2-inch diameter, -035-inch w a l l .  The holes were reamed t o  allow .005-inch . 

clearance on the dfameter t o  pel-mft easy assembly and s s t i s f a ~ t o r y  design 

f o r  brazfng. Although none of the c-!srently available elevated temperature 

al loys have been fo'wd t o  be e n t i ~ e l y  sat isfactory i n  elevated temperature 

sodium corrosion t e s t s g ,  the a l loy  Cast Metals No. 52 (84 ~ i - 4  Sf-28) w a s  

selected as representative of the a l loy  system most i fke ly  t o  yield a COPFO- 

sfon res is tant  a l loy  I?UP extended service, !Phi$ al loy  system, however, 

possesses a fundamental disadv~ntage, f n  tha t  Boron dff-ion in to  the stafn- 

l e s s  s t e e l  grain bouderries r e su l t s  i n  a serious loss  of duct i l i ty .  The 

experiment was conducted, therefore, t o  merely verffy -the f e a s i b i l i t y  follow- 

ing development of a nfckel-base e o ~ ~ o s f o n  resfsitant alloy. The a l loy  was 

applied as a precast brazing r ing  on one face of the tube sheet around each 

tube and fixed f n  place wBth a CM 52 pounder slu?ry. The tube, sheet was 

heated i n  -100'~ dew point hydrogen t o  1 0 5 0 ~ ~  a t  s r a t e  of 1050~c/hoplp, held 

1/2 hour a t  1 0 5 0 ~ ~  and cooled at  100~C/hour. Ibis cycle was selected as 

representative of commercf a1 p m c t i  ce . 

e~-56-4-19,  odium Corrosion and Oxfdatfon Resf stance of High 
Temperature Brazing Alloysn, Go M. Slaughter e t  al. 
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Results 

The r e su l t s  of. t h i s  experiment a re  i l l u s t r a t e d  i n  Figures ( ~ 1 1 )  and ( ~ . 2 ) ,  

photographs of the underside of the tube sheet a f t e r  brazing. Four tubes were 

found t o  be only pa r t t a l ly  brazed, the most serious flaw being shown enlarged 

i n  Figure ( ~ ~ 2 ) .  

I n  view of these r e su l t s  and i n  view of the research s t i l l  required t o  

develop a brazing a l loy  sui table  f o r  extended service i n  sodium, the method of 

fabricat ion suggested by t h i s  study i s  a t  bes t  marginal and not recommended. 



.. .' I,, ' r  
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Figure K-1  Underside of Brazed Tube Sheet 
(Ar row points t o  brazing flow) 



Figure K-2 Defective Brazing of Tube 
(~lose-up view of tube indicated 
by arrow in K-1) 



SYMBOLS USED IN THE ENGINEERING CALCULATIONS 

2 
Cross sectional area for-flow of fluid, ft 
Ai inside or tube side 

A outside or shell side 
0 

Constant 

Speciff c heat at constant pressure, BTU/lb -% 

Tube diameter, ft 
dl inside diameter 

do outside diameter 

dm diameter of interface of cladding and base metal 

de equivalent diameter, 4 x flow arealwetted perimeter 

Function of N 

Friction factor, dimensionless 

Acceleration due to gravity, 32.2 ft/sec 2 

2 Heat transfer coefficient, BTU/hr-f t -% 
%a for sodium 

hs for salt 

Enthalpy , BTU/lb 
Thermal conductivity , BTU/hr -f t2 -OF 
Geometrical length, ft 

Number of tubes, dimensionless 

~us'selt number, dimensionless 

Pressure, psi 

Power delivered to the fluid, horsepower 

Peclet number, Pe = Re Pr, dimensionless 

Tube pitch, ft 

Prandtl number, dimensionless 

Rate of heat transfer , ~TUlhr 



2 Resi stance t o  heat flow, h r - f t  -$/BTU 

Reynolds number, dimensionless 

Tube radius, f t  

Area of heat t ransfer  s u ~ f a c e ,  f t  2 

Si  referred t o  inside surface of tubes 
So referred t o  outside surface of tubes 

s Ligament between addscent tubes, f t  

t Temperature, 

T 0 Absolute temperature, K 

uo Over-all heat t r m s f e ~  coefficient based on outside 
surface of tubes, ~ ~ ~ ~ l / a a ~ - f t ~ - q  

V Velocf t y  of f lu id ,  f t / sec  

v Specific volume, f t3 / lb  

Vol Volume of holdup, f t  3 

w Mass flow ra t e ,  lb/hr 

x Thickness, f t  

Greek 

AP Pressure d i  f f  erence, p s i  

~t Temperature difference, $ 
Ato Temperature difference between bulk mean 

temperatures of two f lu ids  
At0g Logarithmic mean temperature difference 

7 Pump efficiency 

/ Absolute viscosi ty  of ' f lu id ,  lb/hr-f t  

f! Density of f lu id ,  l b / f t3  

Notation signifying e summation, dimensionless 

Subscripts 

Na Refers t o  sodium 

S Refers t o  the s a l t  
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SYMBOLS USED IN THE NUCLEAR PHYSICS CALCULATIONS 

A Atomic weight of an element 

B Geometric buckling of the reactor, 

'! ... C Constant 

D Diffusion coefficient, cm 

k Multiplication constant of the reactor 

C. 

N Atomic concentration, atoms/cc 

No Avogadros number, 6.02 x 1023 atoms/gm atomic wt 
- 

P Poison fraction, z{zf, dimensionless 
R Radius of reactorqs central core., em or ft . . 

t Time, seconds 

T Temperature, OC or ?? 

t' u Lethargy, logarithmic energy decrement 
. . 

Y Time, years 

Greek . . 

5 Average change in lethargy of a neutron per collision 

?) Average number of neutrons released per fission . . 

,-, 9 Neutron flux, neutrons/cm2 -sec 

- ? Densi ty , gm/cc 
C Microscopic cross section, cm2 or barns 

Macroscopic cross section, cm'l 

C 
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