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REVIEW OF THE STATUS OF SUPERCRITICAL 
WATER REACTOR TECHNOLOGY 

by 

J. F . M a r c h a t e r r e and M. Pe t r i ck 

OBJECTIVE AND SCOPE OF REVIEW 

At the reques t of the AEC, an evaluation of the supercr i t i ca l water 
r eac to r was made . The evaluation was to include (l) a review and sum­
m a r y of information on supe rc r i t i ca l wa te r r e a c t o r s , (2) an analysis of 
superc r i t i ca l water r e a c t o r s for production of economic nuclear energy, 
and (3) recommendat ion of the n e c e s s a r y r e s e a r c h and development p r o ­
g r a m to c a r r y the concept to the stage where an economic energy producer 
can be const ructed . This r epor t encompasses only the f i r s t pa r t of the p r o ­
posed evaluation, namely, a review and summary of the technology that has 
been developed to date for the use of superc r i t i ca l water as the coolant-
modera to r and the working fluid in a superc r i t i ca l water r eac to r sys tem. 

The objective of this survey was to determine whether sufficient 
technology exis ts to pe r fo rm a r ea l i s t i c analys is of the superc r i t i ca l water 
r eac to r as a poss ible economic power producer . This r epor t is not intended 
as an a l l - inc lus ive review of supe rc r i t i ca l water sys t ems . Instead its pu r ­
pose is to review those aspec ts which were thought to be mos t important or 
c ruc ia l in a nuclear r e a c t o r . Both the classif ied and unclassif ied l i t e ra tu re 
was studied, and in pa r t i cu la r the AEC-suppor ted work in this field was r e ­
viewed. The information n e c e s s a r y for such an evaluation is contained in 
the unclassif ied l i t e r a t u r e . 

An at tempt was made to make the summary as self-sufficient as pos ­
sible. F igu re s and p a r t s of text have been duplicated from other r epor t s 
where n e c e s s a r y so that the pos se s s ion of the complete bibliography is not 
needed to follow the context of the r epor t . In addition, comments on var ious 
aspec ts of the work reviewed a r e inter jected where deemed pert inent . 

INTRODUCTION 

In te res t in superc r i t i ca l wa te r as a r eac to r coolant has mounted as 
the des i r e to i nc r ea se the overa l l t h e r m a l efficiency of r eac to r plants has 
increased . As an example , a supe rc r i t i ca l r eac to r cycle could inc rease 
the the rma l efficiency of the conventional p r e s s u r i z e d water r eac to r cycle 
by more than 50%. The extension of the p r e s s u r i z e d water and boiling 
water r eac to r concepts to a supe rc r i t i ca l water r eac to r appears to be a 



logical step in the development of wate r -coo led power plants , a step s imi lar 
to the one occur r ing in the conventional commerc ia l cen t ra l station p lants . 
The potential gains of such a move, of cou r se , must be weighed on an eco­
nomic balance sheet. 

Supercr i t ica l p r e s s u r e r eac to r sys tems will undoubtedly have some 
str ingent technological p r o b l e m s . However, of significant importance is the 
fact that the la rge technical effort that has been devoted to the development 
of non-nuclear superc r i t i ca l cen t ra l station power plants will supply data 
and information that is d i rec t ly applicable to nuclear sys te ins . At p re sen t 
one superc r i t i ca l prototype boi ler (the 125-Mw Philo unit) is in operat ion, 
and additional l a r g e r size units a r e e i ther under construct ion or in the de­
sign s tages . Consequently, components such as va lves , piping, tu rb ines , 
feedwater pumps and h e a t e r s for opera t ion at turbine throt t le p r e s s u r e s up 
to 5000 psi and t e m p e r a t u r e s up to 1200°F have been developed to the point 
where they a r e cons idered suitable for commerc i a l application. 

Work under AEC sponsorship on superc r i t i ca l water r e a c t o r s seems 
to have been l imited and sporadic in na ture . The AEC-sponsored studies 
reviewed were (l) the P r a t t and Whitney study of a ducted blower propul ­
sion sys tem using a superc r i t i ca l r eac to r as a heat source , (2) the WCAP 
evaluation of supe rc r i t i ca l wa te r r e a c t o r plants for the Mar i t ime Reac tors 
Branch, and (3) a conceptual design of a superc r i t i ca l p r e s s u r e power r e ­
actor p r e p a r e d by Hanford. 

Each of the AEC-sponsored s tudies , as well as the c o m m e r c i a l 
boi ler exper iences , is reviewed and then a genera l d iscuss ion of some of 
the major technological p rob lems is p resen ted . 

CONCLUSIONS 

The conclusions that have been drawn as a resu l t of this survey 
a r e as follows: 

1. Sufficient technology and data exist at p r e s e n t to c a r r y out a 
comprehens ive design and economic study of the supe rc r i t i ca l 
water r e a c t o r concept. 

2. While, on the bas i s of this study, it is imposs ib le to state con­
clusively that the supe rc r i t i ca l water r eac to r could achieve 
economic power, i ts potential appears to justify fur ther 
investigation. 

3. Operat ion of the supe rc r i t i ca l water r e a c t o r on the d i rec t cycle 
offers the highest probabil i ty for achieving economic power. 



4, The major gap in superc r i t i ca l water technology pertaining to 
a r eac to r sys tem is the lack of information on the magnitude 
of the p rob lems of deposition of radioactivity in the external 
sys t em and of the buildup of internal crud under i r radia t ion. 

5. The type of r eac to r complex chosen strongly influences the 
plant economics . Any design study should cover a var ie ty of 
r eac to r s y s t e m s . 

REVIEW OF AEC SUPERCRITICAL WATER REACTOR 
DESIGN STUDIES 

Numerous supe rc r i t i c a l water r eac to r concepts a re poss ible . As 
far as can be de termined, only th ree AEC-sponsored studies have been 
made of a supe rc r i t i ca l wa te r r eac to r sys tem. Of these , none can rea l ly 
be classif ied as a complete design study of a cent ra l station plant. A 
brief review of each of these studies is p resen ted for i l lus t ra t ing the ap­
proaches that a r e poss ib le and the widely varying conclusions that were 
reached. 

The Supercr i t ica l Water Reactor for the P r a t t and Whitney Aircraf t 
Ducted Blower Propuls ion System 

A s u m m a r y of the work done by P r a t t and Whitney Aircraf t up to 
the t ime of the stoppage of work on the superc r i t i ca l water r eac to r p r o ­
pulsion sys t em is given in r e fe rences (1) to (10). The r eac to r for the 
ducted blower propuls ion sys t em as proposed by P r a t t and Whitney was 
a solid fuel e lement r eac to r which was cooled, modera ted and ref lected 
by light wa te r . The fluid leaving the r eac to r at approximately 1000°F and 
5000 ps i provides energy for a high-power s team turbine which exhausts 
to an a i r - coo led condenser at approximate ly 450°F. The condensed water 
is r e tu rned through a h i g h - p r e s s u r e centrifugal pump to the r eac to r inlet. 
Thrus t is obtained both f rom the ducted blower and from the heat added to 
the a i r in condensing the turbine d i scharge s team. The sys tem is shown 
schemat ica l ly in F igure 1. The per t inent r eac to r p a r a m e t e r s a re shown 
in Table I. 

Four types of fuel e lements for the r eac to r were considered: a 
per fora ted wafer fuel elenaent, a s t ru t - type fuel e lement , a pa ra l l e l plate 
fuel element., and a flat and co r ruga ted plate fuel element . 

Of theses the mos t p romis ing was thought to be the wafer type of 
element; shown in F igure 2. The other type of e lement that was given 
ser ious considera t ion was the s t ru t type of e lement , shown in F igure 3. 
The pr inc ipa l advantage of the l a t t e r is a higher heat t r ans fe r coefficient 



and reduced sensit ivity of wall t empera tu re s to nonuniformity of dimensions 
and heating. However, there were ser ious naechanical design problems 
and the unit had a higher overal l p r e s s u r e drop. 
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TM 

Figure 1 

Schematic of Supercr i t ica l Water-Ducted 
Blower Propuls ion System 

Table I 

Reactor inlet t empera tu re 
Reactor exit t empera tu re 
P r e s s u r e 
Flow ra te 
Average water density 
Reactor power 

450°F 
1000°F 
5000 psi 
430 l b / s e c 
0.4 gm/cc 
410 Mw 



BOTH ENDS CONTAIN NO UOj POWDERS 

Figure 2 

Completely Clad Prototype Per fora ted Wafer 
Fuel Element Assembly 

STRUTS AND PERFORATED TOP AND BOTTOM PLATES ARE SHOWN IN FOREGROUND THE BASIC SPOTWELDED 

HOUSING IS SHOWN ON THE LEFT AND "HE COMPLETE SUB ASSEMBLY OK THE RIGHT 

Figure 3 

Strut Type Fuel E lement Sub-Assembly 

The wafer t'^'pe of e lement , a clad s ta inless s teel-UOj ce rme t , 
seemed to be the best overal l e lement from a standpoint of design, fabr i ­
cation, and flow and heat t ransfe r c h a r a c t e r i s t i c s . 

Considerable component developnaent, ma te r i a l s investigation, 
co r ros ion work, and heat t r ans fe r studies were done for the reac to r . This 
is the bas ic value of the P r a t t and Whitney work. As can be seen from the 
fuel e lement designs, the reac to r was designed to be a compact, high-power 



density unit. Since the compactness n e c e s s a r y to an a i rc raf t r eac to r is not 
n e c e s s a r y for a cen t ra l s tat ion power plant , much of the development n e c e s ­
s a ry for the a i rc ra f t r e a c t o r (such as compact condensers and cores) is not 
di rect ly applicable to the design of cen t ra l station power r e a c t o r s . 

The development a s soc ia ted with this projec t that is of in te res t will 
be t r ea t ed under the specific general headings. 

Supercr i t ica l Water Reactor Reference Design by Westinghouse Atomic 
Power Department (Ref. 11, 12) 

Westinghouse Atomic Power Department p r e p a r e d a re fe rence design 
of a supe rc r i t i ca l water r e a c t o r as p a r t of work done under contract to the 
Mar i t ime Reac to r s Branch , Division of Reactor Development, U.S. Atomic 
Energy Commiss ion . The study was to encompass the following phases : 

Phase I - Review of the available technical information applicable 
to supe rc r i t i c a l wa te r sys te ins . 

Phase II - Study and development of a supe rc r i t i ca l wa te r r eac to r 
sys tem conceptual design. 

Phase III - Evaluat ion of the supe rc r i t i c a l water r e a c t o r sys t em as 
a merchan t ship propuls ion plant. 

The work under Phase I of this pro jec t was repor ted in WCAP-543. (1^) 

Three cycles (shown in F i g u r e s 4, 5, and 6) were cons idered in the 
study for the reference design r epo r t ed in WCAP-500. (H) The cycles a r e 
the d i rec t cycle , the throt t led d i rec t cycle and the indi rec t cycle . Because 
of the rapid change of physical p r o p e r t i e s with t e m p e r a t u r e , the des igners 
decided to avoid having the wate r p a s s through the c r i t i c a l point in the r e a c ­
tor . The fear was exp re s sed that this would promote ins tabi l i t ies in flow, 
heat t r ans fe r and reac t iv i ty . This decis ion led to undue complicat ions in 
a l l the cyc les . It is su rp r i s ing that such concern was e x p r e s s e d as la te 
as December of 195 7, since the boiling r e a c t o r s had a l ready demons t ra ted 
stable operat ion under conditions cons iderably worse than p rope r ty changes 
of supe rc r i t i ca l wa te r . As a r e su l t , the decis ion made not to le t the fluid 
pass through the c r i t i ca l point in the r e a c t o r appears to be unwarranted . 

Because of the fear of radioact ive deposi ts in the secondary sys t em 
of a d i rec t cycle plant , an indi rec t cycle was chosen for the plant . The 
schemat ic flow d iagram of this cycle is shown in F igure 4. In this sys tem, 
1.547 X 10 pounds p e r hour of supe rc r i t i c a l s t eam a re c i rcu la ted through 
the r eac to r core and heat exchanger . The coolant, at a p r e s s u r e of 4000 ps ia , 
is i nc reased 140°F in t e m p e r a t u r e while pass ing through the r e a c t o r . This 
is based on an inlet t e m p e r a t u r e of 860°F and an average bulk outlet t e m p e r ­
a ture of 1000°F. The coolant is then p a s s e d through two heat exchangers , 
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Schematic Flow Diagram - Indirect Cycle 
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in s e r i e s , which se rve as the heat sink for the r eac to r . They a r e , func­
tionally, a superhea ter and evapora tor . Feedwater for the s team power 
plant, at a tenrxperature of 388°F, is fed into the evapora to r - supe rhea te r , 
resul t ing in the production of 197,300 pounds per hour of secondary s team 
at a p r e s s u r e of 875 ps ia and a t empera tu re of 900°F, which are common 
s team conditions for power p lan ts . This s team is used to drive the gen­
erat ion machinery of the plant. A separa te heat exchanger cools the 
modera tor and provides s team for a separa te low p r e s s u r e turbine. 

The reac tor core and vesse l a r rangement envisioned are shown in 
Figure 7. The reac tor vesse l has an ID of 64 inches and an overal l length 
of 24 feet. The vesse l ma te r i a l is carbon s teel , type SA-302B, emd has a 
design p r e s s u r e of 5000 ps i . The inside surface is clad with s ta in less 
s teel . There are two flows within the reac to r vesse l . Water at 4000 psia 
and average t empera tu re of 500°F is used for a modera to r . Supercr i t ical 
s team being heated from 860°F to lOOO^F cools the fuel a s sembl i e s . To 
reduce leakage between the two fluids, a unitized core of welded cons t ruc­
tion was proposed. 
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Figure 7 

Schemat ic -Core and P r e s s u r e Vessel Schematic-
Westinghouse Reference Design 



The basic fuel assembly is shown in Figure 8. It consis ts of 
seven c lose-packed rods surrounded by a double tube shroud. The fuel 
rods consis t of uranium oxide pellets clad in s ta inless s teel . The pert inent 
r eac to r p a r a m e t e r s a r e l i s ted in Table II. 
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1.170 O.D. 

Figure 8 

Fuel Element Sub-Assembly 

Table II 

Reactor power (th) 
E lec t r i ca l output 
Steam p r e s s u r e (at turbine) 
Steam t empera tu re (at turbine) 
Coolant p r e s s u r e 
Core diameter 
Core height 
Coolant flow ra te 

70 Mw 
21,237 kw 
865 psia 
900°F 
4000 psia 
41.6 in. 
60 in . 
1.55 X 10^ Ib /hr 

The costs of the reference design proposed were compared with a 
p r e s s u r i z e d water reac to r of the s ame e lec t r ica l output. The comparat ive 
costs for the superc r i t i ca l wa te r r eac to r and p r e s s u r i z e d water reactor 
were 18.99 ini l ls /kwh and 13.55 mi l l s /kwh, respect ively. 



Hanford Supercr i t i ca l P r e s s u r e Power Reactor Conceptual Design (Ref. 13) 

As an extension of previous HAPO studies of high-efficiency nuclear 
e lec t r ic power s y s t e m s , a conceptual design of a supe rc r i t i ca l plant was 
p r e p a r e d by HAPO. The basic purposes of the study were to explore the 
economic and technical feasibi l i ty of such a plant, and to discover p rob lem 
a r e a s in which development work would be requi red . The example plant 
was designed by combining fea tures of the Plutonium Recycle Test 
Reactorjll"*) the mult iple hole in ternal ly cooled fuel e lement concept 
developed by HAPO.,1-'-^) and the Phi lo superc r i t i ca l p r e s s u r e s t eam 
plant.(1°) No at tempt was made to optimize the plant operating conditions 
of the r eac to r design. 

The proposed r eac to r is a 300-Mw t h e r m a l unit, with heavy water 
modera t ion and light water coolant. It contains 300 ve r t i ca l fuel channels 
a r r anged in an e igh t - inch-square la t t ice . The reac to r is control led by ad­
justing the modera to r level . The r eac to r would se rve as the heat source 
for a power -genera t ing sys tem s i m i l a r to the Phi lo Number 6 genera to r , 
which uses a tandem-compound, double-flow s t eam turbine operating on 
4500 ps i and 1150°F s t eam. 

The flow c i rcu i t for the r e a c t o r and s t e a m - e l e c t r i c generat ing 
plant is shown in F igu re 9- F e e d w a t e r is pumped to the r e a c t o r at 5800 ps i 
and 525°F. In two p a s s e s through the r e a c t o r the fluid is heated to 1150°F 
at 5500 ps i , and is then fed into a s t e a m - r e h e a t heat exchanger . The coolant 
en te rs a second s team rehea t exchanger at 1150°F and 5000 ps i following a 
th i rd r e a c t o r p a s s . After a fourth p a s s through the r e a c t o r , water en te r s 
the superc r i t i ca l turbine at 1150°F and 4500 ps i . The two heat exchangers 
r ehea t the s team to 1050°F at 1150 ps i and 1000°F at 180 ps i , respec t ive ly . 
Fu l l - load s t eam flow is 675,000 I b / h r . 

The fuel e lement a s s e m b l i e s p roposed for this r e a c t o r a re in ternal ly 
cooled UO2 e lemen t s , t h ree inches in d iameter and ten feet long. The fuel 
e lement a r r angemen t is shown in F igu re 10. Each elenaent contains 12 
axial coolant channels , a r r a n g e d in tAwo c i r cu la r pa t t e rn s of four tubes and 
eight tubes . The coolant flows downward in six of the tubes and r e tu rns in 
the other six. To r e s t r i c t the t r a n s f e r of heat f rom the fuel a s sembly to 
the m o d e r a t o r , the ex te r io r of the a s sembly is mainta ined at about 500°F 
by insulating the fuel f rom the 20-mi l Zi rca loy can which contains the 
assembly . The proposed insulating m a t e r i a l is z i rcon ia s in te red in an 
argon a tmosphe re . F o r the purposes of the study, 20-mil thick Inconel-X 
tubing was specified for the in te rna l jacket . In the r e t u r n channels of fuel 
e lements used for the second, th i rd , and fourth r eac to r coolant p a s s e s , 
in ternal jacket wall t e m p e r a t u r e s of the o rde r of 1300°F and p r e s s u r e s 
between 4500 and 5500 p s i would be encountered for the design operat ing 
conditions used in this study. It was recognized that under such conditions 
a 20-mil Inconel-X wall would not have the s t rength r equ i r ed for high ex­
posure i r rad ia t ion . 
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Figure 11 shows an a r t i s t ' s conception of the proposed r eac to r . The 
r eac to r p roper cons is t s of a cyl indr ical tank of half-inch carbon steel , 
15 feet in d iameter and 13 feet high. The tank contains 300 ver t ica l ly s u s ­
pended fuel e lement thimbles a r r anged in an e ight - inch-square lat t ice 
a r r a y . F ro ra 30 to 50 ve r t i ca l shinn controls a re i n t e r spe r sed throughout 
the active region. The r e a c t o r tank se rves as a container for the heavy 
water modera to r and re f lec tor . Heavy water is introduced continuously 
at the bottom of the tank and flows out over a weir beneath the tank and 
through top overflow l ines . The overflow is collected in the modera to r 
s torage tank, pas sed through a heat exchanger , and then re turned to the 
r eac to r tank. Helium p r e s s u r e (about 5 psi) in the s torage tank and at the 
wei r is control led to main ta in the height of the modera to r in the r eac to r 
tank. A s c r a m is effected by opening gas line valves between the top of 
the r eac to r tank and the wei r . The gas p r e s s u r e s a r e thus equalized, 
allowing the mode ra to r to dra in over the weir . The fuel e lements are 
suspended from the inlet and outlet headers by one-inch OD,0.200-inch 
wall j umpers made of 316 s ta in less s tee l . All header and jumper connec­
tions a r e welded c l o s u r e s . Refueling is accomplished by lifting a c i rcu la r 
header and at tached fuel e lements as a single assenably from the reac to r 
and moving to a s to rage basin . Another header with f resh fuel e lements 
is lowered into place and the heade r s connected by welding. The old fuel 
e lements can then be removed and sent-to the separa t ions plant. 

A detailed cost e s t ima te for the r eac to r sys tem was p r epa red by 
scaling costs up f rom PRTR cos t s . Three differently sized plants were 
studied and the costs ci ted ranged f rom a min imum of 4.9 to a maxinaum 
of 8.0 mi l l s pe r kw h r . 
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STATUS OF SUPERCRITICAL WATER TECHNOLOGY 

The following is a brief review of the technology that has been de­
veloped about s eve ra l major problem a r e a s which a r e felt to be highly pe r ­
tinent to the development of a supe rc r i t i ca l water reac to r sys tem. No 
at tempt was made to review all available information on supercr i t i ca l 
water s y s t e m s . A ve ry good s t a r t in this di rect ion was an extensive su r ­
vey made by Westinghouse under Phase I of its study in 1957. The re su l t s 
of this survey have been presen ted in WCAP 5 4 3 . \ ' ' 

The technological a r e a s that were surveyed m this review a re Heat 
Transfe r and Fluid Flow, Water Chemis t ry , Fluid P rope r ty Data, Com.po-
nent Development Power Cycles, and Mater ia l s of Construct ion. 

Heat Transfe r and Fluid Flow 

In a supe rc r i t i ca l water r eac to r the role of the s team film conduc­
tance becomes ve ry impor tan t . The improvement of ce ramic fuels would 
make values of the heat t r ans fe r coefficients more important , since designs 
would no longer be l imited by fuel element center l ine t e m p e r a t u r e s . There 
is very l i t t le exper imenta l information available on heat t ransfe r coeffi­
cients to supe rc r i t i ca l wa te r . McAdamsw4) has presented l imited resu l t s 
at 3500 ps ia . These r e su l t s were incorpora ted into a general equation for 
heat t r ans fe r to superheated s team, and therefore a r e more applicable to 
heat t r ans fe r to subcr i t ica l steam^ The range of var iab les covered at high 
p r e s s u r e s was ve ry smal l , and beyond the range of t e m p e r a t u r e s where 
p roper t i e s change rapidly . These r e su l t s have, however, been general ly 
used for heat t r ans fe r at higher p r e s s u r e s up to and through the cr i t ica l 
t e m p e r a t u r e s where the equation is not applicable (as in WCAP SOO),̂ -'-•'•'' 

P r a t t and Whitney presen ted the r e su l t s of an extensive invest iga­
tion of heat t r ans fe r to superc r i t i ca l water flowing through smal l tubes in 
PWAC-109.^^) The investigation covered the range from 4000-8000 psi and 
bulk t e m p e r a t u r e s from 400-1000°F. The data appear to have been taken 
carefully and cover a wide range of v a r i a b l e s . 

One s ta tement made in •'"he introduction to PWAC-109 citing reasons 
for undertaking the invest igat ions is of pa r t i cu la r in te res t , and therefore is 
quoted in full. '"One r eason for anxiety was the behavior of the heat t r a n s ­
fer coefficient for i so the rma l conditions over a range of wall t empe ra tu r e s 
when it was computed f rom the published p r o p e r t i e s . It appeared that above 
cer ta in t e m p e r a t u r e s the heat t r ans fe r coefficient declined rapidly and this 
appeared to open up the possibi l i ty that the coefficient could decline m o r e 
rapidly than the t e m p e r a t u r e differential could increase^ thus allowing the 
wall t e m p e r a t u r e to r i s e indefinitely." This s ta tement appears to have 
aroused concern in several core designs and resu l ted in the decision of 
Westinghouse not to let the fluid pass through the cr i t ica l point in the 



r e a c t o r . The s ta tement appears to be i l logical . A decline in the heat t r a n s -
fer coefficient would be followed by a r i s e in wall t empera tu re that exactly 
follows it; this behavior is expected by definition of heat t r ans fe r coefficients. 
It is in te res t ing to note that the a r e a in which the heat t r ans fe r is declining 
is the one in which the mos t confidence can be placed in conventional methods 
of computing heat t r ans fe r coefficients. 

The major i ty of the data were taken at 5000 psi in tubes 0.050 in, 
and 0.075 in. ID and 8 in. long. Enough data points were obtained at 4000, 
6500, and 8000 psi to obtain a cor re la t ion based on the idea of grouping all 
of the p roper t i e s which a r e functions of the wall and bulk t e m p e r a t u r e s in 
a manner suggested by the no rma l heat t r ans fe r equation for forced con­
vection heating. The normal type of d imens ionless group cor re la t ion was 
not used because of uncer ta in t ies in the proper ty values for supe rc r i t i ca l 
water , pa r t i cu la r ly the t r an spo r t p r o p e r t i e s . Thus the heat t r ans fe r equa­
tion can be wri t ten as 

1/3 0.8 
= constant P r g R e g , 

provided the p rope r t i e s do not va ry grea t ly between those at bulk t e m p e r a ­
tu res and those at wall t e m p e r a t u r e . It appeared reasonable that the same 
equation would be applicable at some t e m p e r a t u r e which was a function of 
T-^ and T g . Then the equation can be rewri t ten : 

• " Jd - r^^^ci-^^t (T-,,. _ T^M..-667 ,,.467 n .333 _ 

hD 

k g 

q" 
Tw - Tg 

D 
k g 

q.. _ = constant ( T ^ - Tg) k ' ^ " ^u"*" Cp'^" = F ( T w . T g ) 
0 ~ 

g 
,0.8 .. — . p 

Thus, if the 0.8 power re la t ionship on the m a s s velocity and the 0.2 r e l a ­
tionship on the d iamete r hold, a cor re la t ion of the type shown in F igure 12 
can be used . The m a s s velocity re la t ion was checked and found to be t r u e . 
The d iamete r effect was a lso apparent ly t rue , so that F igu re 12 r e p r e s e n t s 
a reasonable cor re la t ion of the exper imenta l data that is not dependent 
upon p roper ty va lues . 

Severa l anomalous effects were observed in the course of the e x p e r i ­
m e n t s . A change in the na ture of the heat t r ans fe r mechan i sm was observed 
at high heat flux r a t e s under ce r ta in condit ions. The heat t r ans fe r r a t e in­
c reased in a manner r e sembl ing boiling and was accompanied by a loud 
whistling noise and other evidences of v ibra t ion . Goldmiannll^) postulated 
that a heat t r ans fe r mechan i sm could exist that is s t rongly affected by the 
"explosion" of l iquid-l ike aggrega tes , which then collapse into l iquid-l ike 
3-ggi*6g3-tes again in the manner s imi l a r to the growth of bubbles observed 
in boiling l iquids . 
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Correla t ion of Heat Transfer Data for Supercr i t ical Water 
At Various P r e s s u r e s 

Dickinson and Welchl^O) have presented the resu l t s of an investiga­
tion at 3500 and 4500 ps i . The tes t s were run on 9.540-in. and 9.300-in. ID 
tubes 63 in. long. The data covered a wide range of bulk water t empera tu res , 
flow ra tes and heat fluxes. Because of uncertaint ies in the physical p rop­
e r t i e s , the data were presented as a function of surface t empera tu re , as in 
F igure 13. Their conclusions were : 

Fo r design purposes , it is sat isfactory to use the conventional 
formula for pipe flow: Nu = 0.023 Re*̂ '® Pr°"*, at surface t e m ­
pe ra tu re s below 600°F. 
bulk t e m p e r a t u r e . 

P rope r t i e s would be evaluated at the 

2, In the range from 800 to 1100°F, a constant Stanton number of 
0.00189 can be used. The specific heat should be evaluated at 
the surface t e m p e r a t u r e . 

3. In the range from 660 to 800°F, coefficients a re high, owing to 
an apparent boil ing-like phenomenon, and it is probably safest 
to ass ign some constant value to the coefficient in this t em­
pe ra tu re range depending on the mass velocity and the p r e s su re , 

The data of Dickinson and Welch at 4500 psi a re compared with the 
P r a t t and Whitney corre la t ion in F igure 14. As can be seen, agreement is 
excellent . 
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Comparison of the Corre la t ions of Various 
Invest igators for Supercr i t ica l Water-Heat 

Transfer 

Miropolski and Shitsman^*^^' concluded that the data in the near 
cr i t ica l region can be presented by the equation 

Nug = 0.023 Re^® Prg-^ 

where the Prandt l number is evaluated at the bulk t empera tu re or the wall 
t empera tu re , whichever is l e s s . The Nusselt and Reynolds numbers a r e 
evaluated at the bulk fluid t e m p e r a t u r e . This cor re la t ion is also compared 
in F igure 14. As can be seen, it b reaks down at high values of q"D°'Yg *̂ , 
as would be expected. 



The heat t r ans fe r data available appear to be adequate for p red ic t ­
ing heat t r ans fe r r a t e in the c r i t i ca l region . Studies of the proper ty values 
of var ious inves t iga tors have been made\-'-°) and some of the apparent in­
cons is tencies explained. It s eems that the possess ion of accura te proper ty 
values may make it poss ible to produce a d imensionless cor re la t ion of the 
data . Some unexplained effects have been observed and should be further 
studied. 

Measuremen t s of friction factors in the superc r i t i ca l region were 
also made and co r re l a t ed in PWAC-109.(^) However, the scope of this 
study was quite l imi ted . 

Water Chemis t ry 

Aspects of the water chemis t ry problem that would be par t i cu la r ly 
c ruc ia l in a supe rc r i t i c a l water r e a c t o r sys t em a r e (l) the deposition of 
crud on the r eac to r fuel e lements and (2) deposition of radioact ive sub­
s tances in the external sys t em. Of necess i ty , therefore , one mus t s t r ive 
for and mainta in "u l t r apure" water in a supe rc r i t i ca l sys t em. As an ex­
ample , the specifications for dissolved solids in the feedwater to the 
Philo #6 unit cal ls for a max imum of 500 ppb (par ts per billion), and in the 
Eddystone #1 unit 50 ppb is the allowable maximum. By contras t , water 
containing up to 1 ppm is considered sa t i s fac tory for r eac to r sys tems at 
p r e sen t . 

There a r e th ree major sou rces of contamination for the super ­
c r i t i ca l water r e a c t o r cycle . They a r e : (l) pickup of meta l l ic co r ros ion 
products from the r e a c t o r and ex te rna l sys tem, consist ing p r ima r i l y of 
compounds of iron, copper, chromium, nickel , e tc . , (2) dissolved solids 
in the makeup water , a.nd (3) leakage of condenser cooling water into the 
condensate s t r e a m . 

The quantity, na tu re , and location of deposits that would occur in 
a d i rec t supe rc r i t i c a l water r eac to r sy s t em cannot be specified at p resen t . 
A number of exper imenta l s tudies have been and a re continuing to be c a r ­
r ied out on the varying aspec t s of the water chemis t ry problem. The mos t 
comprehens ive studies a r e being c a r r i e d out by the commerc ia l vendors 
and power ut i l i t ies who a r e commit ted to the construct ion of supe rc r i t i ca l 
b o i l e r s . P e r h a p s the m o s t inaportant information is being gained from the 
operat ion of the Philo #6 supe rc r i t i ca l bo i l e r . The data that have been ob­
tained by the boi ler indus t ry have been s u m m a r i z e d in a number of pa­
pe r s .\1^»^^"^') In addition to this information, some additional data on 
supe rc r i t i c a l sy s t ems a r e avai lable f rom the l imi ted study made by P r a t t 
and Whitney in conjunction with the ANP p r o g r a m . Some of the in teres t ing 
information that has been gained from these sources is summar i zed very 
br ief ly below. 



External Deposition. In the operat ion of the Philo plant, the d i s ­
solved solids have been kept well within the p resc r ibed l imi t s . No p rob­
lem has existed in maintaining even lower values by passing a portion of 
the condensate s t r e a m through the demine ra l i z e r s . Normal values ob­
tained have been in the range from 100 to 200 ppb. During an outage in 
1958, however, removal of the h -p turbine shells disclosed heavy deposits 
on the turbine buckets and d iaphragms . The deposits were var ied in na­
t u r e : black, adherent and hard in the init ial stages and loosely flaky be ­
yond. The deposit thickness var ied appreciably, due to flaking off of some 
por t ions . Also, the deposit var ied in thickness from the leading to the 
t ra i l ing edges of the nozz les . Inspection of the reheat and 1-p turbines 
also revealed both the black adherent deposit and a very slight, brownish 
deposit at various posi t ions . Analyses of the deposits found in the h-p t u r ­
bine showed the major portion of the deposi ts , or about 95% to be a mix­
tu re of cuprous and cupric oxides . 

Magnetic iron oxide was a minor constituent, ranging from 3 to 8%. 
Other metal l ic oxides and s i l ica were of no significance, all values being 
less than 0.1%. It was found that the cuprous oxide was more prevalent 
than cupric oxide. The distr ibution of the copper oxides obtained is shown 
in F igure 15. The deposits in the reheat turbines consisted essent ia l ly of 
a mixture of fe r r i c and magnetic i ron oxide together with cupric oxide. 
There was more s i l ica in these deposi ts , the amount ranging from 5 to 10%. 
The faint deposits on the 1-p turbine were found to have i ron oxide as a 
major constituent. 
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Figure 15 

H-p Turbine Deposit Location and Composition 

The na ture , cause of pickup, c a r r y through and deposition mechanism 
for the copper oxide have not been resolved. This is borne out by the follow­
ing quotes taken from papers p resen ted on Philo in 1958 and 1959. 



"The major location for copper pickup has been establ ished as the 
s team side of the hea t e r s r a the r than the condensate or water 
side of the h e a t e r s . " 

"Tes t s have indicated that fifty percent or more of the copper in 
the feedwater deposi ts in the s team genera to r , " 

"Three theor i e s of the ca r ry th rough and deposition mechanism 
for copper oxide were cons idered . .." 

"In genera l the major source of copper pickup appears to be in 
the water side of the h-p h e a t e r s , " 

Needless to say, extensive tes t p r o g r a m s a r e cur ren t ly underway to 
at tempt to reso lve the chemical and mechanica l aspects of the problem. A 
la rge effort is also being devoted toward developing cleaning techniques for 
the r emova l of the depos i t s . 

Internal Deposit ion on Heated Surfaces . The problem of in ternal 
deposit ion is equally impor tant , since it can s trongly affect the heat t r a n s ­
fer c h a r a c t e r i s t i c s of the sys t em. If deposits a re formed on the heating 
su r faces , hot spots occur , which could resu l t in excessive t empe ra tu r e s 
and subsequent damage . Such deposi ts have occur red in superc r i t i ca l loops 
used by P r a t t and Whitney. The deposi ts have also occur red in the Philo 
s team genera tor but with no apparent i nc reased surface t e m p e r a t u r e s . The 
P r a t t and Whitney work was done in conjunction with the ANP p rog ram and 
is r epor ted in PWAC-103.1^) Some of the significant information that was 
obtained from this study before it was t e rmina ted is as follows: 

1. "Hot spots a r e caused by the deposition of m a t e r i a l from water 
on the tube walls in region of high heat flux," 

2. "Magneti te, hemat i te , s i l i ca te , and carbonate deposits have been 
identified at hot spot loca t ions . Hemati te has been found to ex­
hibit a r e t r o g r a d e solubili ty at 700-800°F and at p r e s s u r e s below 
11250 p s i . " 

3. "Hot spots were produced with a var ie ty of water sources rang­
ing from tap water to dis t i l led deminera l ized water , not de -
mine ra l i zed downst ream of the pump," 

4. "No hot spots were ever observed when deminera l ized water 
was used and a final deminera l iz ing operat ion was c a r r i e d out 
between the high p r e s s u r e pump and the p r e h e a t e r , " 

The P r a t t and Whitney study was t e rmina ted before conclusive a n s ­
wers as to the causes and methods of preventing deposits (hot spots) could 
be obtained. 



Interest ing data on in ternal deposits have also been gained from 
the Philo plant . Even though the surface meta l t empera tu re showed no 
significant i nc rease , a number of tubes were removed from the s team 
generator for l abora tory ana lyses . Visual examination of these samples 
showed them to have black deposits genera l ly l ess than one mi l thick. 
The weight of these deposits dec reased with increas ing t e m p e r a t u r e . The 
heaviest deposits were found in the low-f lu id- temperature positions of the 
s team genera tor , where thermocouples were not located. The deposits 
were identified as i ron oxide. The copper content was less than 2 percent . 
The distr ibution of the deposits as a function of t empera tu re is shown in 
F igure 16. 
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Figure 16 

Copper Profile Across Steam Generator 
for Hydrazine Feed 

The cor ros ion problem in a superc r i t i ca l reac tor sys tem may 
possibly be resolved by utilizing conventional means of control of pH and 
oxygen. To reduce cor ros ion , ammonia is used in conventional sys tems 
for control of pH in the range 9.0-9.5, and hydrazine as an oxygen scav­
enger . Current p rac t ice in p r e s s u r i z e d water sys tems calls for the addi­
tion of hydrogen to the p r i m a r y sys tem for oxygen control . In a reac to r 
the problem is inc reased by the radiat ion-induced dissociat ion of water ; 
in this case , excess hydrogen aids in recombination and pH is again main­
tained in the region 9-10. It is possible that these methods will suffice 
for a SCWR, but the problem needs study. 

In re t rospec t , it should be borne in mind that the deposition p rob ­
lems descr ibed above could va ry significantly between different sy s t ems , 
such as a r eac to r and boi ler . The magnitude of the problem depends on a 
number of factors such as (l) type, quantity, and composition of various 
ma te r i a l s in the sys tem, (2) t empera tu re of var ious fluid s t r e a m s , (3) the 
chemical t rea tment of the water , and (4) type and design of condenser . 



Much m o r e information is also requ i red on the l imits of to lerable impur i t ies 
in nuclear s y s t e m s . Some information of this type could be gained from 
the proposed PRTR h i g h - p r e s s u r e loop.(3^) This loop is to be used for 
tes t ing proposed h i g h - p r e s s u r e , h igh- t empera tu re fuel e lements . If con­
s t ruc ted , the loop will give valuable information on the problems of ma in ­
taining water pur i ty in a r eac to r a tmosphere . 

P r o p e r t y Information on Supercr i t i ca l Water 

The ASME R e s e a r c h Commit tee on Proper t i e s of Steam is present ly 
cooperat ing in internat ional r e s e a r c h to extend the s team tables to 15,000 psi 
and 1500°F, Accura te knowledge of thermodynamic and t r anspor t p roper t i e s 
of water in the c r i t i ca l region is requi red to analyze power cycles and r e a c ­
tor configurat ions. The empi r i ca l cor re la t ions for heat t r ans fe r will be of 
the g rea t e s t value if they a re given in an equation involving dimensionless 
groups , such as Nussel t number , P rand t l nuinber, and Reynolds number . The 
success of a cor re la t ion or any theore t i ca l attempt to predic t the resu l t s will 
depend on accura te and detailed information for the thermodynamic and t r a n s ­
port p rope r t i e s of wate r , for ins tance , p r e s s u r e , volume, t e m p e r a t u r e , en­
thalpy, specific heat at constant p r e s s u r e , dynamic viscosi ty, and t he rma l 
conductivity, 

A recent r epor t ! 18) gives an excellent survey of the p roper ty values 
available for water and water vapor in the c r i t i ca l region. An important 
resu l t of the study was the d i scovery that excellent agreement existed be ­
tween the inany PVT m e a s u r e m e n t s for water , even though some of the 
data were obtained many yea r s ago. Study of the existing t he rma l conduc­
tivity and viscos i ty data suggested that the Russian work was the most 
consis tent . New m e a s u r e m e n t s and studies of the existing data in the 
c r i t i ca l region a re being made, and should resul t in adequate p roper ty 
information for supe rc r i t i c a l wa te r . 

Power Cycles for Supercr i t i ca l Reactor Power Plants 

Whether or not the supe rc r i t i c a l water reac to r concept will appear 
a t t rac t ive will depend to a la rge degree upon the ability of the designer 
to fit an a t t rac t ive power cycle to the concept. 

As mentioned pre-^'iously, the major advantage of the superc r i t i ca l 
water sys t em is its potential ly high t h e r m a l efficiencies. The cycle., as for 
any r e a c t o r sys t em, will have to be optimized to obtain the lowest cost 
energy. F igure 17 gives an example of the cycle chosen for the Philo Plant 
of the Ohio Power Co, This cycle incorpora tes 7 s tages of feedwater heat ­
ing and 2 s tages of rehea t , A nuclear power plant operat ing on this cycle 
would have an overa l l plant efficiency of 46,7%. 
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Figure 18 shows the s implest cycle 
that could be used with a supe r - c r i t i c a l 
water reac tor power plant. This would be a 
d i rec t cycle power plant with a no r e ­
heat and no feedwater heating. This cycle 
would give an overa l l plant efficiency of 
37.2%. F igure 19 shows a cycle the same 
as the preceding except that it incorpora tes 
7 s tages of feedwater heating. The ef­
ficiency has increased to 44%. This i l lus ­
t r a t e s the advantages to be gained from 
preheat ing on a cycle of this type. As can 
be seen by comparison with Figure 17, the 
efficiency is only increased an additional 
2.7% by adding the two stages of rehea t . 

Depending on the working t e m p e r a ­
tu re and cycle chosen, there is probably an 
optimum p r e s s u r e at which the reac tor 
should opera te . As an example, a 1000°F 
sys tem with a single reheat has its max i ­
mum efficiency at 4100 ps ia . 

In the final analys is , the choice of a 
cycle for a superc r i t i ca l water plant will 
depend on the reac tor sys tem selected and 
on economic considera t ions . There is c e r ­
tainly an optimum cycle which will minimize 
costs and this cycle will not be the same for 
all des igns . 

Mater ia ls for Supercr i t ica l P r e s s u r e Reac­
tor Power Plants 

Power Cycle for Philo 
Plant - 2 Stages of Reheat 
and 7 Stages of Preheat ing 

The design of a superc r i t i ca l r e a c ­
tor will probably requi re the use of new 
h igh- tempera tu re ina te r ia l s in o rde r to 
avoid excessive thickness in tubes and 
stop va lves . The requi rements of a d i rec t 

cycle plant may impose even more s t r ingent ma te r i a l s problems than those 
of the conventional superc r i t i ca l power plant. The major development work 
that is of in te res t is that done for the conventional superc r i t i ca l power p lants . 
A recent paper desc r ibes the h igh- tempera ture t e s t s and the welding devel­
opment for the Eddystone boiler,(30) which led to the select ion of new m a ­
te r i a l s for the superc r i t i ca l panels . The following conclusions were reached. 



4 5 0 0 psio 

Figure 18 

Simplest Poss ib le Supercr i t ica l 
Water Power Cycle 

Figure 19 

Simple Cycle with 7 Stages of 
Feedwater Heating Added 

1. 17-24 CuMo s tee l has h igh- tempera ture strength super ior to 
the s t rength of the ASME-approved austenitic s tee ls , and tubes 
of this composition can be made using conventional steel mi l l 
p rocedure . Tubes of this alloy can be fabricated without dif­
ficulty, provided close control of heat t rea tment is exerc ised . 

2. Type 316 is a very sa t is factory alloy for fabricating and has 
h igh- tempera tu re p roper t i es which seem to testify to present 
s t r e s s code va lues . 



3. The Fox CN-16/13 Co elect rode appears to pos se s s c h a r a c t e r ­
i s t i cs and provide h igh - t empera tu re p roper t i e s in deposited m e ­
tal super io r to any known Amer ican welding e lec t rode . 
Sat isfactory welds, completely austeni t ic , a r e poss ible , and this 
is an important and unusual achievement . Design features and 
fabricat ing p rocedures for tubes and valves a r e p resen ted , 

WCAP-543(1'^/ p re sen t s an excellent m a t e r i a l s s u m m a r y as of 1957. 
A discuss ion of the m a t e r i a l s used in the Philo plant is included. The main 
s team piping for the Philo plant was Type 347 s ta in less s tee l . This was 
chosen as the mos t suitable m a t e r i a l for this line and va lves . Welds in the 
main s team lines were made with the consumable backing ring p r o c e s s . 
The main s team piping in the Eddystone No. 1 unit will be 316 s ta in less 
steel made by the forged and bored p r o c e s s . A typical s ize of this piping 
will be 10.312 inches OD with 2.656-inch wal l s . 

Type 347 and 316 s ta in less s tee l a re cu r ren t ly approved by the 
ASME Boiler Code, Until recent ly , t he re has been no urgent-need to use 
such alloy composit ions for s t eam plant piping; these m a t e r i a l s a r e of 
re la t ively recen t development and the i r cost is high. It is expected that as 
the use of high t e m p e r a t u r e s and high p r e s s u r e s becomes m o r e common 
other alloy m a t e r i a l s of a s i m i l a r na ture will be covered by the boi ler code. 

Superc r i t i ca l p r e s s u r e r e a c t o r sys t ems will undoubtedly have addi­
tional m a t e r i a l s p r o b l e m s . Grea te r c a r e will need to be exerc i sed in the 
select ion of m a t e r i a l s because of the pecul iar p rob lems of r eac to r p lants . 
The choice of m a t e r i a l s will be affected by the de s i r e to keep co r ros ion 
products , and hence deposited act ivi ty in the insta l led components , to a 
min imum. 

Component Development for Superc r i t i ca l Water Sys tems 

Considerable development has been done in the past decade on com­
ponents for s u p e r c r i t i c a l water power p lan t s . As a consequence, compo­
nents such as va lves , piping, t u rb ines , feedwater pumps and h e a t e r s have 
been developed to the point where they a r e cons idered suitable for com­
m e r c i a l application., An excel lent s u m m a r y of component p a r t s as of 1957 
is also given in WCAP-543,(^^^ In addition to the Philo plant which is in 
operat ion, five other la rge plants a r e under const ruct ion . 

The Philo No, 6 unit of the Ohio Power Company has been in ope ra ­
tion for th ree y e a r s . Steam conditions a r e 4500 psi and 1150°F. The e l ec ­
t r i ca l output of the plant is 125 Mw, The plant was designed as a prototype 
pilot plant for the l a r g e r units being const ructed by the Amer ican Gas and 
E lec t r i c System. The operat ing exper ience with the plant is well docu­
mented in a s e r i e s of pape r s ,(16,1 7,22,23) 



The Breed and Philip Sporn Units, for which the Philo Plant is a 
prototype, a re identical in the important design de ta i l s . The s team condi­
tions will be 3500 psi and 10 50°F, The e lec t r ica l output of the plants will 
be 450 Mw. 

The Philadelphia E lec t r i c Company is constructing two superc r i t i ca l 
un i t s . The f i rs t , Eddystone No. 1 will util ize s team at the highest p r e s ­
su re and t e m p e r a t u r e yet considered, 5000 psi and 1150°F, ul t imately to be 
inc reased to 1200°F. The output of the unit will be 325 Mw e lec t r ica l . 
Eddystone No, 2 will operate at a lower t empera tu re and p r e s s u r e . Steam 
conditions will be 3500 psi and 10 50°F, The output will also be 325 Mw, 

The Avon No, 8 plant of the Cleveland E lec t r i c Illuminating Co, will 
provide 250 Mw e lec t r i ca l . The s team conditions will be 3500 psi and IIGO'F, 
A se r i e s of recent papers , (^5-3l ) document the cur ren t status of the design 
and r e s e a r c h for Eddystone No, 1. The problems in select ion of ma te r i a l s 
for the bo i l e r s , m a m s team piping, a rd turbine elements a r e d iscussed, as 
a re p rob lems of water t r ea tment . 

Supercr i t i ca l P r e s s u r e Steam Turbines^ In the proposed plants 
utilizing s team at supe rc r i t i ca l conditions of p r e s s u r e and t e m p e r a t u r e , 
the "supercri t ical '^ turbine is physical ly only a smal l par t of the ent i re t u r ­
bine unit, yet this e l e m e r t develops approximate ly 1/8 of the ent i re output 
of the t u rb ine -gene ra to r s e t . Because of th i s , "already, a 350-Mw turb ine-
genera tor set for 3500 psi costs s eve ra l hundred thousand dol lars l ess than 
one for 2400 psi and the same tempera ture , 'H^^/ 

The supe rc r i t i ca l turbi-?.es for the plants so far proposed a re for 
use on cycles utilizing seve ra l s tages of feedwater heating and double r e ­
heat , Consequentlv, the t u rb ine -gene ra to r se ts a r e of the c ross-compound, 
double reheat type The turbines consis t of seve ra l h igh -p re s su re elements 
operat ing at 3600 rpm and an 1800-rpTn double-flow l o w - p r e s s u r e e lement . 
The m a m flow of s t eam from tbe turbine stop ^-alves i s , in s e r i e s , through 
the s u p e r p r e s s u r e and the ,̂ e ry h i g h - p r e s s u r e element, the f i r s t reheat 
s tage, the h i g h - p r e s s u r e turbine s tages the second reheat s tage , and finally 
through the in te rmedia te and l o w - p r e s s u r e turbines to the condenser . 

Feedwater P u m p s , F o r a SCWR utilizing the once-through concept 
or na tura l c i rcula t ion, the only pumps that will depart from conventional 
p rac t i ce a r e the feedwater pumps . In the p r e s s u r e ranges being considered, 
it becomes increas ingly advantageous to consider pumps with rotor speeds 
in excess of 3600 rpm. This is because of the significant reduction m the 
number of s tages and the impel le r d iamete r for the high-speed pump, and 
the subsequent i nc r ea se in re l iab i l i ty . In the past , motor dr ives have been 
used for a number of r e a s o n s . Most impor tant of these was the bet ter s t a ­
tion economy gained by expandirg the s team in the high-efficiency main 
tu rb ine . With the i n c r e a s e m pump speeds and dr iver s i zes , d i rec t s t e a m -



turbine dr ives become m o r e in te res t ing . This is because turbine efficiency 
i n c r e a s e s rapidly with speed. A turbine has the added advantage of var iable 
speed. Some development work of d i rec t in te res t is the work of P ra t t and 
Whitney repor ted in PWAC-108,('7) The work was done under subcontract 
to Aero je t -Genera l , Worthington Corp . , and Nash Engineering Company, 

The main development work for the supe rc r i t i c a l water plant feed 
pumps has been done by the suppl iers of the units for the plants now under 
construct ion. Exper ience with the feed pumps for the Philo station has not 
been good, but developing technology and exper ience should enable pumps 
to be supplied as s tandard components . 

Circulat ing C o m p r e s s o r s . In the case of a r eac to r where it would 
be des i rab le to c i rcula te the fluid at t e m p e r a t u r e , a considerable amount of 
developinent work would have to be done on c i rculat ing c o m p r e s s o r s for 
h i g h - p r e s s u r e , h igh - t empera tu re applicat ion. The combination of high p r e s ­
sure ,high t e m p e r a t u r e and low densi ty makes the design of a sa t i s fac tory 
c o m p r e s s o r a difficult job . No development work has been done on units for 
this type of s e rv i ce and des igner s should t r y to avoid the i r u s e . 

P r e s s u r e Vesse l . A major l imitat ion of supe rc r i t i ca l water r e a c ­
t o r s which use an enclosing p r e s s u r e ves se l of the conventional type will 
be the s ize of vesse l that can be cons t ruc ted . Limitat ions on p r e s s u r e 
vesse l s ize in turn impose design l imi ts on r eac to r power . Manufacturers 
have indicated that ve s se l s up to 6 ft ID can be const ructed with available 
m a t e r i a l s by conventional m e a n s . Vesse l s of this type will probably have 
to be of laminated const ruct ion . Very much l a r g e r ves se l s a r e probably 
out of the range of p r e sen t technology, though advances may make l a r g e r 
ves se l s feasible and economical . The seal ing and gasketing of these 
ve s se l s will also be a major p rob lem. 



SCWR POTENTIAL 

The r e su l t s of the Westinghouse and Hanford studies a r e in d i rec t 
contradict ion in r e g a r d to the potential of a supercr i t i ca l water r eac to r . 
The conclusions reached in the Westinghouse study a r e summed up in the 
following quote, "It became evident that the high p r e s s u r e and t e m p e r a ­
t u r e , but the low density of supe rc r i t i ca l water , gave r i se to design com­
plications and expensive construct ion which would det rac t significantly, 
if not outweigh, the potentially a t t rac t ive thermodynamic efficiency being 
sought through the use of supe rc r i t i c a l water . In view of these unpromising 
findings it was concluded with the Mar i t ime Reac tors Branch ' s concurrence 
that it would be inappropr ia te to per form the detai l work as defined under 
Phase III." The conclusion drawn in the opinion of the authors cannot be 
applied to the supe rc r i t i ca l water r eac to r in genera l . The study served to 
i l lus t ra te the penal t ies that a r e acc rued through the use of the indirect 
cycle. The overa l l efficiency of the supe rc r i t i ca l plant turned out to be 
only 30.3%, a slight inc rementa l gain over the subcr i t ica l boiling and p r e s ­
sur ized water concepts . In addition to the much lower t he rma l efficiencies, 
the sys tem i s , as was concluded, further penalized by the i nc reased com­
plexity of the ex terna l plant, which is in turn reflected in inc reased capital 
costs resul t ing from the supe rc r i t i c a l p r e s s u r e . The Westinghouse study 
m e r e l y showed that the design se lected, an indirect cycle, forced-
circulat ion supe rc r i t i c a l water sys t em with a separa te mode ra to r , is an 
uneconomical concept. Since no major changes in technology have occu r r ed 
in the past few y e a r s , this opinion is s t i l l probably valid today. No ser ious 
a t tempt was made to evaluate other possible concepts and cyc les . Also, it 
appears that some of the ex t reme p e s s i m i s m in the conclusion could possibly 
be a t t r ibuted to conse rva t i sm of the des igners . 

The projected power cos ts obtained from the Hanford study of a 
d i rec t cycle sys tem on the other hand cer ta inly a r e very a t t rac t ive . It 
a p p e a r s , however , that a fair degree of opt imism has been included in the 
cost es t imat ion of this design study. This is especial ly t rue in connection 
with the fuel cycle costs cited. They do not appear to reflect the complexity 
of the fuel e lements se lected nor of the handling sys tem. Also, it appears 
that a m o r e detai led design may make capital costs r i s e . As an example, 
it may be n e c e s s a r y to have m o r e s t r ingent requ i rements on the m a t e r i a l s 
used and a m o r e complex auxi l ia ry sys tem to keep the contamination in the 
p r i m a r y sys tem at to le rab le l eve l s . In fact, the contamination problem was 
apparent ly not even cons idered . The study does, however , show the benefits 
of the d i rec t cycle. 

It is the opinion of the authors that the d i rec t cycle concept offers 
the bes t possibi l i ty for achieving economic power from the supe rc r i t i ca l 
water r eac to r . The rea l iza t ion of this goal will depend to a la rge degree 
on the ingenuity of the des igner for achieving a bas ic s implici ty in r eac to r 
design and in developing concepts which can operate on a t t rac t ive power 
cycles . 



There a r e additional r e a c t o r sys t ems that may be fitted to a super ­
cr i t i ca l water cycle. An example of one concept that suggests itself would 
be an extension of the boiling r eac to r into the range of supe rc r i t i ca l 
p r e s s u r e s , that i s , a d i rec t cycle na tu ra l -c i rcu la t ion sys tem. Such a 
sys tem is possible since at constant p r e s s u r e the density of superc r i t i ca l 
water d e c r e a s e s very rapidly with increas ing t e m p e r a t u r e . The change 
r e semble s the change from water to s team at subcr i t ica l p r e s s u r e s . Thus 
the rec i rcu la t ion of the coolant through the core is der ived from the density 
differential c rea ted by the injection of the cold makeup water to the hot 
rec i rcu la t ing fluid in the downcomer. No at tempt has been made at a de­
tailed design or economic study of this concept. It is m e r e l y mentioned 
he re to i l lus t ra te another supe rc r i t i ca l water concept that may be 
promis ing . 
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NOMENC LAT URE 

h Heat Trans fe r Coefficient 

D Diameter 

k Thermal ConductiA'ity 

q" Heat Flux 

Pr Prandt l Number 

Re Reynolds Number 

Nu Nusselt Number 

C Specific Heat 

jl Viscosity 

T Tempera tu re 

g Mass Velocity 

Subscripts 

B Refers to Bulk Tempera tu re 

o Defined in the text 

W Refers to Wall Tempera tu re 

REFERENCES 

1. Final Report on Condensers for the Supercr i t ica l Water Ducted Blower 
PWAC-102 l June i g s T T 

2. Hot Spot Form.ation and Water Contamination in a Supercr i t ica l Water 
Reactor , PWAC-103 (June 1954). 

3. Cor ros ion Studies of P rospec t ive Engineering Mater ia l s for a Super­
c r i t i ca l Water Cycle, PWAC-104, (June 1954). 

4. P r a t t and Whitney Aircraf t Exper imenta l Studies of the Flow Sensit iv­
ity P r o M e r n l i r t h e Supercr i t i ca l Water Reactor , PWAC-105, (June 1954). 

5. Investigation of P r o p e r t i e s of Mate r ia l s for Supercr i t ica l Water P r e s ­
sure Shell~AppH"cation, PWAC-10"6, (June 1954). 

6. Summary of Control Work at P r a t t and Whitney Aircraf t on the Super­
c r i t i ca l Water Reactor Ducted Blower Propulsion System, PWAC-107, 
(June 1954): 

7. Supercr i t ica l Water Pump Summary Report , PWAC-108, (June 1954). 

8. Heat Transfe r and Fluid Fr ic t ion Exper iments for the Supercr i t ica l 
Water Reactor , PWAC-109. (June 1954). 

9« The Development of Fuel E lements for the Supercr i t ica l Water Reactor , 
PWAC-UO, (June 1954). 

10. Test ing of High Speed Gea r s f rom Apri l 1952 to September 1953, 
PWAC-111, (June 1 9 5 4 ^ ^ 

11 . Feas ib i l i ty Study of Supercr i t i ca l Water Cooled Reactor Plant, 
WCAP-50"0, (December , 195 7). 

12. Survey, Technical Status of Supercr i t ica l Water Reac tors and Power 
P lan ts , WCAP-543, (1957)" 



13. Supercr i t ica l P r e s s u r e Power Reac tor , A Conceptual Design, 
HW^59684, (March r959): 

14. Plutonium Recycle Tes t Reactor P r e l i m i n a r y Safeguards Analys is , 
HW^48800, REV, (June 1958]^ 

15. Eschbach, E. A. and R. L. Reynolds, Multiple Hole Internal ly Cooled 
Fuel E lements , HW-55418, (March 1958Y-

16. Sheppard, R. Operating Exper ience with the F i r s t Commerc i a l Super-
c r i t i ca l P r e s s u r e Steam Turbine , Amer ican Power Conference, 
(March 26-28, 1958). 

17. Andrew, J. D., J r . , P . H, Koch and E. A. P i r s h , Operating Experience 
with the F i r s t Commerc i a l Universal P r e s s u r e Steam Generat ion at 
Philo, Amer i can Power Conference, (March 26-28, 1958). 

18. E. S. Nowak and R. J . Grosh, An Investigation of Cer ta in T h e r m o -
dynamic and T ranspo r t P r o p e r t i e s of Water and Water Vapor in the 
Cr i t ica l Region, ANL-6064, (October 1949). 

19. K. Goldnnann, Heat Trans fe r to Supercr i t ica l Water and Other Fluids 
with Tempera tu re -dependen t P r o p e r t i e s , P r e sen t ed before the In t e r ­
national Congress on Nuclear Engineering, Ann Arbor , Michigan, 
(June 22, 1954). 

20. N. L, Dickinson and C. P . Welch, Heat Transfer to Supercr i t ica l Water, 
T r a n s . ASME, Apri l 1958, pp. 746'^^752; 

21. L. Miropolski and M. E. Shits man, Heat Trans fe r to Water and Steam 
at Variable Specific Heat (in Near Cr i t ica l Region), Zhur. Cekh, Fiziki , 
29 (No. 10), 1359 (1957). 

22. T. T. F rankenberg , A. G. Lloyd, and E. B. M o r r i s , Operating Exper ience 
with the F i r s t Supercr i t i ca l P r e s s u r e S t eam-Elec t r i c Generat ing Unit 
at the Philo Plant , Volume XX, Proceedings of the Amer i can Power 
Conference, 1958. 

23. T. T. F rankenberg , A. G. Lloyd, and E. B. M o r r i s , The Second Year 
of Operating Exper ience with the Philo Supercr i t i ca l P r e s s u r e Unit, 
Volume XXI, Proceed ings of the Amer ican Power Conference, 1959. 

24. V. J. Cal ise and J . H. Duff, T rea tmen t of Make-up Feedwater , Conden­
sate and Recycle Water for Supercr i t ica l and Nuclear Power Plant 
Cycles , T r a n s . ASME, Volume 80, (No. 8), (1958). 

25. R. C. Ulmer , H. A. Grabowski , and R. C. Pa t t e r son , Wa te r -T rea tmen t , 
Cor ros ion and Internal Deposit Studies for Eddystone, ASME, paper 
No. 59-A-147 (prepr in t ) . 



26. F . N. Megahan, Pilot Plant Water Studies for Eddystone Station, ASME 
paper No. 59-A-260"(preprint)^ 

27. J. A. Levendusky and V. J. Cal i se , Resea rch Prob lems Relating to 
Production and Quality Control of Ul t rapure Feedwater for Eddystone 
Station, ASME Paper No. 59-A-240 (prepriiity: 

28. E. C. Chapmian and R. E. Lorentz , The Eddystone Resea rch Story, 
ASME Paper No. 59-A-318 (preprinTJ^ 

29. W. E. T rumple r , J r . , E. A. Fox, A. F . LeBreton, and R. B. Williamson, 
Development Associa ted with the Superp res su re Turbine for Eddystone 
Station "Unit No • 1, ASME°Paper No. 59-A-288 (preprint)" 

30. R. H. Caughey and W. G. Bens, J r . , Mater ia l Selection and Fabr icat ion, 
Main Steam Piping Eddystone No. 1, 1200-F and 5000 ps i Service, 
ASME Paper No. 59-A-327 (prepr int ) . 

31 . Alexander Brkich, Development of Floating Ring Type Stuffing Boxes 
for Eddystone Boiler Feed Pumps , ASME Paper No. 59-A-259 (preprint 

32. E. H. Krieg, A Look at the Future in Power-Stat ion Design, ASME 
Paper No. 5 8 - P - w r - 4 (prepr int ) . 

33. J. K. Anderson and P . C. Walkup, PRTR High P r e s s u r e Loop Hazards 
Survey, HW-62111, (October 1959). 

34. W. H. McAdams, W. E. Kennel, and J. N. Addoms, Heat Transfer to 
Superheated Steam at High P r e s s u r e s , T r a n s . ASME, _72, 421-8, 
(1950). 




