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ABSTRACT 

This is the fifth Monthly Progress Report on this Contract, This 

report contains some information on the history and scope of the Contract 

and describes the present status of the work. 

Phase I of this Contract includes: 

Preliminary design of Full-Size Steam Generator 

Supporting R&D work 

Preliminary design of 30 MWt Prototype Steam Generator 

Design work under Phase I is approximately 30 per cent completed. 

The Critical Path Schedule shows we have slipped behind schedule as 

of September 30. By concentrating extra effort on tasks on the 

critical path during October we plan to get back on schedule. 
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2. INTRODUCTION 

This is the fifth Monthly Progress Report on this Contract. 

It is planned to include enough background material in each month's 

progress report that each report can be understood without reference 

to all previous reports. In general, each report will have a section 

describing the Design Work, the R&D program, and the Critical Path 

Schedule as outlined in the Table of Contents. 

2.1 HISTORY OF CONTRACT 

This Contract was received on March 20, 1963, and signed 

on April 3, 1963. The overall objective of this Contract is to 

develop a large sodium-heated steam generator of improved 

design. This steam generator design will be available for 

use in the Atomic Energy Commission Sodium Reactor Development 

Program which has the overall objective of developing 

reliable, economical, large central station nuclear power plants. 

2.2 SCOPE OF CONTRACT 

The scope of work covered under t h i s Contract i s b r i e f l y 

as f o l l ows : 

Phase I 

A - P re l imina ry des ign of F u l l - S i z e Sodium-Heated Steam 

Genera tor . 

B - Support ing Research & Development Work. 

C - P re l imina ry des ign of 30 MWt Proto type Steam 

Genera t o r . 

- 2 



Phase I I 

A - D e t a i l Design of Prototjrpe Steam Generator . 

B - F a b r i c a t i o n of Pro to type Steam Generator for 

I n s t a l l a t i o n and t e s t i n g a t SCTI, Santa Susana, 

C a l i f o r n i a . 

C - F i n a l Design Report r e l a t i n g the performance of 

the Pro to type t o the design of the P u l l - S i z e 

Steam Generator . 

2 .3 CHANGES IN SCOPE OF CONTRACT 

To meet the Gomimission's o v e r a l l ob jec t ive s t a t e d above, 

two changes i n the scope of the Contract have been agreed to 

per F.C. Ma t tmue l l e r ' s l e t t e r s dated May 8 and Ju ly 12, 1963. 

These modif ica t ions to the Contrac t are as fo l lows : 

1 . The o r i g i n a l Contrac t provided for the design of a 

1000 MWt Sodiam-Heated Steam Generator . This modif ica t ion 

now provides t h a t i n l i e u of a 1000 MWt system des ign , the 

Cont rac tor i s t o des ign a sodium-heated steam genera tor 

system t h a t , t oge the r wi th two i d e n t i c a l such systems, 

w i l l provide s u f f i c i e n t steam for a 1000 MWe p l a n t . 

2. The s t e a d y - s t a t e opera t ing steam pressu re a t the o u t l e t 

from the steam gene ra t ing system i s changed from 2200 

t o 24.00 p s i g . 

The modi f ica t ion t o the steam pressure b r ings the 

des ign cond i t ions for these steam genera tors i n t o agreement 

wi th Pre fe r red Standard des ign condi t ions for steam t u r b i n e s , 
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and will result in significant savings in steam turbine costs. 

Economic Evaluation of 600 versus 530 F Feedwater Temperature 

An economic comparison has been made of the 600 F feedwater 

temperature as specified for this Contract with a 530 F feedwater 

temperature which is typical for a 24-00 psi steam power plant 

employing conventional regenerative feedwater heating. To 

produce the 600 F feedwater temperature, a high pressure 

feedwater heater extracting steam from the high pressure 

turbine at about 1700 psi would be required. The heater would 

operate with a steam pressure on the shell side of 1600 psi. 

The cost of this extra high pressure feedwater heater and 

the change in cost of other plant equipment was compared to 

the capitalized fuel cost saving resulting from the higher 

cycle efficiency possible with the added heater. 

This study has shown that with the lowest cost 1600 psi 

heater available (carbon steel), the costs associated with 

this extra heater are greater by approximately $103,000 than 

the fuel saving from its use, and therefore the 1600 psi 

heater cannot be justified economically. The cost difference 

would be even greater if alloys such as stainless steel or 

Inconel were used for the heater. 

Basis of Comparison 

Two steam turbine cycles were compared, both having 

2400 psi, 1050 F with 1000 F reheat. One cycle had eight 
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regenerative feedwater heaters to produce a 530 F feedwater 

temperature. The other cycle was similar except a ninth 

heater was added to yield 600 F feedwater temperature. 

The change in cycle efficiency was calculated and converted to 

fuel saving. The following factors were used in evaluating 

the capitalized fuel cost saving! 

1. Fuel Cost =1.5 mils/kw-hr 

TID 7623 - "Proceedings on Symposium on Sodium Reactor 
Technology," Lincoln, Nebraska, May 24-25, I96I, 
pg 172 

2. Load Factor = 80^ 

TID 7025 - "Guide to Nuclear Power Cost Evaluation," 
Sect. 110, pg 8 

3. Capitalization Ratio = 14.5^ 

TID 7025, Sect. 110, pg 12 

The 1600 psi feedwater heater for this plant was designed 

and its cost was estimated. The change in plant capital 

cost due to changes in the steam generators, piping, valves, 

and controls was estimated. The change in plant capital cost 

was compared to the capitalized fuel saving. 

It is realized that this comparison takes into account 

only economic factors and ignores possible effects of feedwater 

temperature on reactor transients. Comments on effects of 

feedwater temperature on reactor operation have been requested. 

3. DESIGN WORK 

The design work under this Contract is proceeding according 
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to the Critical Path Schedule included with this report. The 

status of the design work is as outlined below. 

3.1 GENERAL DESCRIPTION OF DESIGN 

To meet the overall Commission objective of developing 

economical, practical nuclear power, the steam generator 

being designed under this Contract will be of the "once-through" 

type because economic studies have shown that the once-through 

boiler costs considerably less than a recirculating boiler, 

especially in large sizes. A single tube wall will be used 

because it is felt that adequate safety measures can be 

provided to protect personnel and to protect the boiler against 

severe damage in the event of a tube rupture, and by using a 

single tube wall a considerable saving in cost results. 

A very compact arrangement of heating surface is possible 

by using concentric helical coils for both the boiler and 

superheater. The steam generator is being designed so that 

the superheater and boiler tube banks are individually 

removable for inspection or repair should this be necessary. 

The boiler bank will be made of a low-cost alloy such as 

Croloy 2 I/4 because the tube temperatures are within the use 

limits for this material. For the high temperature superheater, 

a material must be used having good stress characteristics 

at high temperature. Stainless steel and several other alloys 

are being investigated for possible application in the 

superheater. 
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3.2 FULL-SIZE STEAM GENERATORS (lOOO MWe in 3 units) 

The arrangement of one of the three steam generators 

required for 1000 MWe is shown on drawing SK 520. Drawings 

SK 513, 514-j and 515 show the shell, boiler bundle, and 

superheater from which this steam generator is assembled. 

These three pieces would be fabricated separately and 

assembled into the complete unit in the field. 

By referring to SK 520 one can trace the flow paths of 

sodium and water through the steam generator. The sodium 

enters through two 24-inch sodium inlet nozzles at the top 

of the steam generator and flows downward through a distributor 

system that will assure uniform flow across the tubes at 

the entrance to the superheater and will prevent local high 

velocity streams from causing vibration difficulties in the 

superheater. The sodium flows downward in cross flow across 

the helical coil superheater and continues down across the 

helical coil boiler bundle leaving the steam generator at 

one 32-inch sodium outlet nozzle at the bottom. Feedwater 

enters the steam generator through four water inlet nozzles 

distributed around the vessel. Only one of the four nozzles 

is shown on the drawing. The feedwater flows downward in 

tubes arranged in the annular space between the boiler bundle 

and the shell liner. The feedwater flows to the bottom of 

the boiler bundle in the downcomer tubes then turns and flows 

upward through the helical coil boiler bundle where it changes 
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to steam and passes upward through the riser tubes to the 

foiar boiler outlet tube sheets. The steam flows through 

innerconnecting piping to the four superheater inlet connections, 

flows downward through the superheater inlet tubes in the 

annular space around the superheater, then turns and flows 

upward through the coil superheater and out through the 

four superheater outlet nozzles. 

Since the boiler is made of Croloy 2 I/4. and the superheater 

is made of Type 3l6 Stainless Steel there must be a dissimilar 

weld in the piping. This weld will be located outside the 

boiler where it can be easily inspected. Also, if a leak 

should occur it will be a leak from the steam to the atmosphere 

rather than a leak resulting from a sodium-water reaction. 

The reheater will be located In a separate vessel, located 

as close as possible to the steam turbine to save reheat 

steam piping and pressure drop. The design of the reheater is 

just beginning. A copy of the first layout drawing will be 

included in the Progress Report when it is available. Stress 

analysis calculations are being made on the first reheater 

arrangement to determine if flat tube sheets will be feasible. 

Large flat tube sheets were not feasible for the boiler because 

of the high pressure, but the reheater operates at only 625 psi 

so the tube sheets will not have to be as thick as those 
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required for the boiler. 

Stress analysis work is proceeding on the tube sheets, 

thermal sleeves, and sodium nozzles of the steam generator. 

Steady-state thermal stresses are being checked throughout 

the unit. It appears that locating the tube sheets up in 

the inert gas space above the sodium lev^l has eliminated 

any steady-state thermal stress problem on these tube sheets. 

High thermal gradients were calculated in the cylindrical 

shrouds surrounding the superheater and boiler bundle. These 

shrouds are not pressure parts, but do have some of the tube 

supports attached to them. Gross thermal distortion of these 

shrouds might cause some of these tube supports to pull loose. 

These shrouds are being modified so each one is made of two 

cylinders with a small space between. This will spread 

the thermal gradient out in two cylinders which can move 

freely with respect to each other and keep thermal stresses 

and distortion under control, 

A study has begun on the feasibility of locating the 

reheater within the same shell as the boiler and superheater. 

This integral reheater design may result in a saving in 

steam generator cost. Design calculations have been started 

on optimizing the division of sodium flow and heat transfer 

surface between the superheater and reheater of this integral 

reheater design. 
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A schematic diagram of the steam generator system is 

shown on Figure A. This diagram shows one sodium loop, 

including IHX, boiler, superheater, and reheater. Heat 

loads, flows, pressures, and temperatures are tabulated at 

five different loads from 20 per cent to 100 per cent. 

It is interesting to note that by the use of a sodium 

bypass aroiond the superheater and boiler it is possible 

to maintain steam temperature and reheat temperature at design 

conditions down to 20 per cent load. 

A tabulation of design parameters begins on Page 11 , 

Table 1 describes the boiler, Table 2 the superheater, and 

Table 3 the reheater. On Page 17 is a plot of pressure 

drop through various portions of the steam generator at 

full load, and at 5 per cent over load, and 5 per cent over 

pressure. Central station steam turbines are customarily 

designed conservatively so that they can produce additional 

electrical output if the steam pressure to the turbine is 

increased 5 per cent. To Insure that the steam generator 

does not limit the maximum capacity of the whole plant, 

steam generators are usually designed for 5 per cent excess 

flow and 5 per cent over pressiire at the turbine throttle. 

The design pressures for the various portions of the steam 

generator are set to be slightly higher than the 5 per cent 

excess flow and 5 per cent o\fer pressure line. This proced-ure 

results in what is known as a "stepped" design pressure for 
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TABLE 1 

STEAM GENERATCRS 

Parameters for One Unit Three Units Required 
for 1000 MWe 

Design Conditions 

Sodium Temperature 
Sodium Pressure 
Steam Temperature 
Steam Presstire 

Operating Conditions (Full Load) 

Heat Load 
Sodium Flow 
Sodium Inlet Temperature 
Sodium Outlet Temperature 
Sodium Pressure Drop 
Steam Flow 
Feedwater Temperature 
Out l e t Temperature 
Out le t P ressure 

M a t e r i a l 

Tubes 
S h e l l s , Heads 
Tube Shee t s , Nozzles 

Heat Transfer R e s u l t s 

1200 F 
300 p s i 
800 F 
2725 p s i 

1736 X 106 Btu/hr 
15,59 X 106 i b / h r 
1013 F 
64.8 F 
1.8 p s i 
2,4.03 X 106 i b / h r 
530 F 
750 F 
2565 p s i a 

Croloy 2 I/4., T-22 
Croloy 2 I/4. 
Croloy 2 l A 

Tubes - Econ, & Nucleate Bo i l ing Sec, 
Film Bo i l i ng Sec t ion 
Superheat Sec t ion 
Tota l Length 

Overa l l Heat Transfer C o e f f i c i e n t 
Economizer 

Bo i l e r 

Superheater 
Foul ing Factor 
Corros ion Allowance 

Number Siz e 

676 1" O.D. X .120" MW 
676 1" O.D. X .14.5" MW 
676 1" O.D. X ,165" MW 

Nucleate Boiling 
Film Boiling 

Effective Length 

59 ft. 
53 ft. 

Jd ft. 
131 ft. 

587 B/h r / f t2 F 
637 B / h r / f t 2 F 
4-58 B / h r / f t 2 F 
44.6 B / h r / f t 2 F 
3333 B / h r / f t 2 F 
0,009 inches 
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TABLE 1 (CONT'D) 

Heat Transfer Surface 

Total 

Economizer 

Boiler 

Superheater 

Boiler Inlet Tubes 

Nucleate Boiling 
Film Boiling 

Size 
Length 

Boiler Outlet Legs 

Size 
Length 

Pressure Drop (Steam Side^ 

Boiler In l e t Legs 
Economizer 

Boiler 

Superheater Section 
Outlet Legs 
Total 

Nuclear Boiling Section 
Film Boiling Section 

23,160 ft2 

9,060 ft2 
1,330 ft2 
9,^50 ft2 
3,320 ft2 

5/8" O.D. X 0.076" MW 
53 ft. 

Transverse Tube Spacing Sj 
Parallel Tube Spacing S n 

1" O.D. 
32 ft. 

25.50 
6.33 
1.20 
30,80 
20.00 
4.1.00 
12^.83 

1,50" 
1.375" 

X 0.165" MW 

psi 
psi 
psi 
psi 
psi 
psi 
psi 
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TABLE 2 

SUPERHEATER 

Parameters for One Unit Three Units Required 
for 1000 MWe 

Sodium Temperature 
Sodium Press'ure 
Steam Temperature 
Steam Press'ure 

Operating Conditions (Full Load) 

Heat Load 
Sodium Flow 
Sodium Inlet Temperature 
Sodium Outlet Temperature 
Sodium Pressure Drop 
Steam Flow 
Steam Inlet Temperature 
Steam Outlet Temperature 
Outlet Pressure 

Material 

Tube 
Shell 
Tube sheets. Heads 

Heat Transfer Results 

1200 F 
300 psi 
1090 F 
2675 psi 

59^ X 106 Btu/hr 
15.59 X 106 i b / h r 
1140 F 
1013 F 
6 .7 p s i 
2.4^03 X 10° Ib /h r 
750 F 
1050 F 
24.65 p s i a 

SA-213 TP 316 SS 
Croloy 2 I / 4 
TP 316 SS 

Tubes - Number 
Size 
Effec t ive Length 

Overa l l HoT. C o e f f i c i e n t 
LMTD 
Surface 

1220 
7 /8" O.D. X .120" MW 
4.0.6 f t . 
358 B/h r / f t 2 F 
161.3 F 
11,330 f t 2 

Downcomer I n l e t Tubes 

Size 
Mate r i a l 
Length 

7 /8" O.D. X ,120" MW 
TP 316 SS 
28 f t . 
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TABLE 2 (CONT'D) 

Outlet Tubes 

Size 
Material 
Length 

Pressure Drop (Steam Side) 

Downcomer Tubes 
Tube Bundle 
Outlet Tubes 
Total 

Transverse Tube Spacing ST 
Parallel Tube Spacing Sji 

7/8" O.D. X 
TP 316 SS 
20 ft. 

.120" MW 

15.0 psi 
27.5 psi 
20.2 psi 
62.7 psi 

1.25" 
1.25" 
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TABLE 3 

REHEATER 

Parameters for One Unit 

Design Conditions 

Sodium Temperature 
Sodium Pressure 
Steam Temperature 
Steam Pressure 

Operating Conditions (Full Load) 

Heat Load 
Sodium Flow 
Sodium Inlet Temperature 
Sodium Outlet Temperature 
Sodium Pressure Drop (approximately) 
Steam Flow 
Steam Inlet Temperature 
Steam Outelt Temperature 
Outlet Pressure 

Material 

Tubes 
Shell 
Tube sheets, Heads 

Heat Transfer R e s u l t s 

Tubes - Number 
Size 
Effective Length 

Overall H,T. Coefficient 
LMTD 
Surface 

Pressure Drop (Steam Side) 

Downcomer Tubes 
Tube Bundle 
Outlet Tubes 
Total 

Transverse Tube Spacing Sx 
Parallel Tube Spacing Sxi 

Three Units Required 
for 1000 MWe 

1200 F 
300 psi 
1050 F 
625 psi 

326.7 X 106 Btu/hr 
2.4.1 X 106 Ib/hr 
114.0 F 
690 F 
4 psi 
1.71 X 106 Ib/hr 
655 F 
1000 F 
4-90 psia 

SA~213 TP 316 SS 
Croloy 2 I/4. 
TP 316 SS 

588 
1 1/2" O.D. X .084" MW 
103.3 f t . 
199.7 B / h r / f t 2 F 
75.7 F 
23,780 f t 2 

4.6 
16.8 

3.7 
25.1 

2" 
2" 

p s i 
p s i 
p s i 
p s i 
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TABLE 3 (CONT'D) 

Downcomer Tabes 

Size 1 1/2" O.D. x .084" MM 

Length 30 ft. 

Outlet Tubes 

Size 1 1/2" O.D. X ,084" MW 

Length 10 ft. 

„ 16 ̂  



to
 EO

 to
 ?^

 H
 
CO
 SQ

 
fX

i 
p^ 

fk, 
O

t 
P

i* B
h 

t^ 

m
 
o
 
«A
 »rt

 o
 
«
A
 
o
 

o
r
 M
 
CM
 O
i
 Cd

 Oi
 CM

 

3I£La»ffi. 
ffiim

oi 

sm
m

o 
*H

's 
"tm

 m
 

IS
! 

A
t 

'.« 

I 
H

T
II *I*S "IH

S
S 

S
IB

M
; 

"0*1 

SSM
I 

m
sM

 

§" 

E
m

i 
'ic»a 

CM
 

isd ffittggaad 



the steam gene ra to r . The des ign pressixre for the i n l e t 

p o r t i o n s of the steam genera tor i s higher than the design 

p re s su re for the o u t l e t . This i s a conserva t ive b a s i s for 

des ign for a once-through b o i l e r where the s a f e t y va lves a re 

l oca t ed a t the superhea te r o u t l e t because the s a f e ty va lves 

w i l l l i m i t the p r e s su re a t the superheater o u t l e t and the 

p re s su re drop through the steam genera tor w i l l be lower than 

the va lues t a b u l a t e d a t any load below 105 per cen t load . 

3-.3 30 MWT PROTOTIPE STEAM GENERATOR 

Design work on the 30 MWt Proto type Steam Generator 

has been s t a r t e d t o have a base t o work from i n t r y i n g 

t o model the problems of the P u l l - S i z e Steam Generator . 

The hea t t r a n s f e r s u r f a c e , tube d iameters , l e n g t h s , e t c . 

have been s e t and the f i r s t l ayou t drawings s t a r t e d . Since the 

l ayou t drawings of the Pro to type have not been completed, the 

p r o p o s i t i o n drawing SK-051-568 i s included i n t h i s r e p o r t . This 

drawing shows the genera l s i z e and arrangement of the Proto type 

Steam Genera tor . 

The Proto type w i l l have 27 1-inch O.D. tubes in the 

b o i l e r bank and 55 7 /8 - inch O.D. tubes in the supe rhea te r . 

Only one tube shee t and thermal s leeve w i l l be r equ i r ed for 

each b o i l e r i n l e t , b o i l e r o u t l e t , SH i n l e t and SH o u t l e t , 

A' RESEARCĤ  MP DEWILOPMENT PROGRAM 

Research and development work has been approved under t h i s 
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Contract on the following projects? 

1. Materials - carbon transfer and effect on material 

p roper t ies . 

2. Effect on heat transfer and two-phase flow of coil ing 

tubes, 

3 . Corrosion of Groloy 2 I /4 in products of sodium-water 

reac t ion . 

U. Procedure for welding tube to back side of tube sheet. 

5. Radiographic inspection of back side tube welds. 

6. Chemical simulation of sodium environment for leak t es t ing . 

The problem to be solved and the general scope of each project 

i s described below along with a short description of the present 

s ta tus of each project . 

4-.1 MATERIAIS - carbon transfer and effect on material properties 

Background Information 

There are actual ly two problems re l a t ing to materials 

and the i r applicat ion for a sodium-heated steam generator. 

There i s the problem of carbon and mass transfer on the 

sodium side of a tube, and also the problem of possible 

accelerated corrosion a t the locat ion of Departure from 

Nucleate Boiling on the steam side of the tubes. 

I t i s well known that materials used in sodium 

systems above 900 F undergo mass transfer whereby 

materials are dissolved from the tube walls in the hot 

zones and deposited in the cooler zones. In addition 

- 19 -



to this, there is a tendency for ferritic materials such 

as Groloy 2 I/4. to decarburlze in sodium and for the 

carbon to deposit out on austenitic stainless steel 

surfaces in the same sodium circuit. Considerable work 

has been done on mass transfer and carburization-

decarburization problems, but it is evident that further 

work is required to determine if these problems will 

be of concern in a closed loop with the relative quantities 

of Croloy 2 I/4. and Type 316 Stainless Steel involved in 

this design. 

Tests have shown that accelerated corrosion can occur 

in boiler tubes at the location of DNB under certain 

conditions. Under some conditions a boiler tube can 

fall by corrosion at the DNB point in less than 24. hours. 

This corrosion is controlled on fossil fuel fired 

boilers by careful control of water chemistry and by 

designing the boiler to have the DNB point occur in a zone 

of low heat flux. The relatively low heat flux at the 

DNB point comes about because of the necessity of protecting 

the tube from overheating ("burnout") when nucleate 

boiling breaks down and film boiling sets in. 

In this sodium-heated boiler there are no extremely 

high temperatures such as are found on the gas side of a 

fossil fuel fired boiler, but because sodium is so much 

better a heat transfer medium than gas there can be very 

X 
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high heat fluxes with moderate temperature differences 

between sodium and water. 

Tests which have been conducted on model once-

through sodium-heated steam generators a t temperature 

levels below those for which th is boi ler i s being designed 

showed a small amount of corrosion had taken place. 

I t i s f e l t tha t further experimentation i s required a t 

the temperatxire levels of i n t e r e s t for th is steam generator 

to be able to say with assurance tha t serious corrosion wi l l 

not occur. 

Ob.iective 

The purpose of this program is to study the carbon 

and mass transfer effects in a sodium-heated steam 

generator containing both austenitic and ferritic 

materials, and to determine that these materials will be 

satisfactory on both the sodium and the water side for 

use under the planned operating conditions. 

Scope 

A schematic diagram of the t e s t apparatus i s shown 

on Figure 1. The t e s t boi ler w i l l consist of a one-tube 

model steam generator having a Croloy 2 I/4. boiler 

section and a Type 316 Stainless Steel superheater 

sect ion. The proportion of Groloy 2 I/4. and s ta in less ._ 

s t e e l w i l l be arranged to simulate the proportions of 
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these materials in the Full-Size Steam Generator, and 

the r a t i o of surfaces exposed to volume of sodium wi l l 

be made to duplicate the fu l l - s i ze boiler as closely as 

possible . Sodium wi l l be circulated outside the tube 

in the model boi ler a t flow ra t e s and temperatures 

simulating the ful l - load bo i le r , and steam wi l l be 

generated within the tube a t pressures and temperatures 

similar to the ful l - load bo i le r . The sodium system 

consists of an electromagnetic pump, flow meter, sodium 

heater , plugging indicator , cold t r ap , and sump. The 

water-side system includes a reservoir , pump, heater, 

boi ler and superheater, condenser-cooler sect ion, and a 

back pressure regula tor . 

In operation, water wi l l be circulated from the 

reservoir by a rec i rcu la t ing pump into the boiler section a t 

a pressure of 24-50 psi and 600 F. Steam wi l l leave the 

superheater a t 2400 psi and 1050 F. The superheated 

steam i s passed through a condensing cooler section, 

through a back pressure regulator to control the system 

operating pressure, and back in to the reservoir for 

r ec i r cu la t ion . 

The sodium system wi l l include the necessary accessory 

components to provide the required operating conditions 

and to maintain any sodium pur i ty . 

The t e s t operation wi l l continue for approximately 



one year during which the uni t w i l l be subjected to 

s teady-state conditions as well as t rans ient operation. 

In th i s way, the f u l l range of anticipated service wi l l be 

duplicated. Samples wi l l be removed and examined during the 

t e s t operation to get preliminary t e s t r e s u l t s . Following the 

t e s t , the un i t wi l l be dissembled and the materials examined 

by appropriate techniques such as metallographic, electron 

microprobe, electron microscope, and spectrographic means. 

Pro-am Schedule 

The following table shows the estimated schedule for 

the program described above: 

Program Schedule No. of Weeks 

Design & Construction l6 

Testing 52 

Analysis & Report __6 

Total 74 

Present Status 

Fimctional design of the test apparatus is proceeding. 

The test section of the model boiler will consist of a x 

double-pipe counterflow heat exchanger with sodium in , 

the annulus inclined slightly from the horizontal. 

Data pertinent to the 1000 MWe steam generating system 

was received and is being utilized in the design of the 

model boiler to allow duplication of the more important 

/ 
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parameters. These include; l) the tube wall outside 

temperature and the temperature difference across the wall, 

2) the sodium and the water-steam inlet and outlet temperatures, 

and 3) the ferritic! austenitic metal surface ratio and 

metal surface; sodium volume ratio. 

The completion of the test program is being withheld 

until the functional design of the apparatus is finished. 

In this manner, the design parameters and operating 

conditions of the test apparatus may be included. 

EFFECT ON HEAT TRANSFER AND TWO-PHASE FLOW OF COILING TUBES 

Backgroimd Information 

In any once-through boiler, water enters subcooled 

and leaves as superheated steam; so somewhere in the 

boiler, nucleate boiling will break down and film boiling 

set in. The heat transfer conductance under film boiling 

conditions is much lower than under nucleate boiling so that 

with a constant sodium temperat\xre outside the tube, the 

tube wall temperature will increase sharply when film 

boiling begins. The DNB fluctuates up and down the tube 

so that a point on the tube wall will see a cycling, 

boiling conductance and a cycling inner wall temperature. 

This resulting cycling thermal stress is of concern since 

it may cause fatigue failures of the tube wall. 

In addition to the thermal stress considerations, 

the amount of heat transfer surface area required for a 
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boiler will be in error if predictions of the location 

of DNB and film boiling conductance are in error. 

A great amount of work has been done over the past 

15 years by the B&W Company and others on film boiling 

problems, but all of the prior work has been done on 

straight tubes. The boiler being designed under this 

Contract has helical coil tubes to make optimum use of 

the space available in the cylindrical steam generator 

vessel. 

Ob.iective 

The purpose of this program is to determine the 

effect of making a tube in a coil conflgtiration on: 

1) the location of the Departure from Nucleate Boiling, 

2) the nucleate and film boiling heat transfer 

conductances, and 3) characteristics of two-phase flow. 

The results of this program are essential to be 

able to determine accurately the amount of heat transfer 

surface required for the steam generator being designed 

under this Contract and to be assured the tubes will 

not ŝ uffer fatigue or corrosion failures due to temperature 

fluctuations at the DNB point. 

Scape 

In th is R&D Program we are fortunate that the 

t e s t f a c i l i t y i s already in existence a t B&W's Alliance 
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Research Center. This facility has been in use for a 

number of years investigating boiling problems, and the 

operation of the facility and technique for obtaining 

reliable data hare already been proven out. 

A schematic diagram of the test facility is shown 

on Figure 2. It will be noted that there are two 

separate water loops in this test facility. Each has 

pumps, flow measuring devices, and a flow control valve. 

One loop flows through the once-thiTough boiler to the 

mixing tee. By adjusting the flow in this loop and the 

heat input to the gas fired once-through boiler it is 

possible to obtain steam at various enthalpies entering 

the mixing tee. The other water loop is unhealed and 

flows directly to the mixing tee. By mixing the flow 

from these two loops it is possible to adjust the 

enthalpy of the mixture enxering the electrically heated 

test section over a wide range. This allows independent 

control of the location of the DNB point in the test 

section, and the heat input. The versatility of this 

test facility has proven to be of great \ralue in the 

study of the DNB problems and film boiling. The steam 

leaving the electrically heated test section passes 

through throttle valve then is condensed and recirculated 

through the test facility, A dimeneralizer and deaerator 

are installed to maintain the purity of the water in 

- 26 ~ 
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the facility. 

For this program, a curved test section will be 

fabricated and installed in this test facility. This test 

section will be operated over a range of heat fluxes and 

water velocities simulating the operating conditions 

of the full-size boiler. The test section will be 

instrumented with thermocouplesj voltage taps, and 

pressure taps. The location of the point of DNB will be 

determined^ and the affect on tube temperature recorded. 

These data will be compared with similar data for 

straight tubes to determine the effect on boiler design. 

Program Schedule 

The following table shows the estimated schedule 

for the proposed program; 

Program Schedule Ho. of Weeks 

Design & Construction 16 

Testing 20 

Analysis & Report 16 

Total 52 

Presen t S t a tu s 

Design work i s in p rogress on the curved t e s t 

s e c t i o n and i n s t r u m e n t a t i o n , 

SODIUM-WATER REACTION 

The program t h a t was o r i g i n a l l y proposed for i n v e s t i g a t i o n 

- 27 -



of sodium-water react ion was concerned only with the a b i l i t y to 

re l ieve the react ion products from a large leak. Experience 

a t Enrico Fermi Stat ion has demonstrated tha t corrosion in 

the zone near a r e l a t i ve ly small leak is of great concern. A 

proposal was submitted describing a program approximately 

as follows! 

Small Leak Invest igat ion 

1. Corrosion ra tes for Croloy 2 I/4. s t ee l in products 

of a sodium-water reac t ion . 

2, Small leak sodium-water react ion tes t ing in a t e s t 

vessel containing simulated tube bundle. 

Large Leak Testing 

1. Theoretical derivations and mathematical model 

of sodium-water react ion. 

2. Large leak tes t ing in t e s t vessel with tube bundle 

mock-up. 

I t was proposed that the corrosion t e s t be performed a t / 

B&W Alliance Research Center, and that the other work be 

subcontracted to APDA. In a l e t t e r dated August 26, 1963, 

Mr. Mattmueller approved the corrosion work to be done a t 

Alliance Research Center and stated tha t i t i s the Commission's 

in tent ion to contract for the remainder of the sodium-water 

react ion R&D work d i rec t ly with APDA. With th is change in 
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the scope of the work on sodium-water react ion the R&D work 

wi l l be as followss 

Cff iEOai^_£§ies .Xon_.&ols_J jA_s tee l J ,n^^ 

^ t e r _ r e a c t i o n 

S ^ I g £ O M i J n f O T m t l ^ 

Tube f a i l u r e s , due to sodium-water react ions , can 

r e s u l t from s t r e s s corrosion cracking, apparent metal 

fa t igue , and bulk t ranscrys ta l l ine corrosion. Considerable 

i n t e r e s t has been generated in th i s l a t e r type of metal 

f a i l u r e , and l i t t l e i s known of i t s r a t e s under the widely 

varying environmental conditions which can ex i s t . 

Examples of such corrosion can be found in the tube 

fa i lu res a t Enrico Fermi Power Plant . In one area where 

a sodium-water react ion occurred, b l i s t e r s with longitudinal 

cracks were noted. The wall thickness of the tube a t 

the point of the react ion was reduced by about l / 2 . 

With such effects on tubes in a steam generator 

during a sodium-water reac t ion , i t i s necessary to know 

as much as possible about th i s corrosion caused by the 

products of reac t ion . This knowledge affects two 

areas of sodixm-heated steam generator design ™ 

operation and materials se lec t ion, 

Dxjring normal operation, hot sodium i s c i rculated 

through the steam generator. If a sodiimi-water react ion 

oecurs with i t s associated products of react ion, the 

- 29 -



station operator has two choices in regard to sodium 

flow, (l) shut off the sodium flow to the steam generator 

and permit sodium temperature to decay to the Isothermal 

condition, or (2) keep the sodium flowing and maintain 

a specific temperature in the unit. Since the products 

and rates of reaction are temperature dependent, it may 

be advantageous to maintain a predetermined sodium 

temperature to lessen the corrosion effects of a sodium-

water reaction. 

The program described below is directed toward the 

assembly of the necessary test equipment, and the 

determination of corrosion rates for Croloy 2 I/4. steel 

in hot aqueous solutions of sodium hydroxide, and in 

suitably equilibrated solutions of sodium hydroxide in 

molten sodium. Corrosion rates in pure sodium will be 

determined in order to establish base values for this 

work, 

Groloy 2 I/4. steel is used for this project since 

it is more susceptible to gross corrosion in a sodium 

environiwnt than any of the stainless steels to be used 

for other parts of the system. Although the austenitic 

steels are more susceptible to stress corrosion, extensive 

work has already been done in this area by B W and others. 

This data is available for use in the Sodium-Heated Steam 

Generator Development Program. 



Ob.iective 

The objective of th i s program i s to provide 

information per ta ining to the r a t e of corrosion of Croloy 

2 1/4. s t ee l with react ion products of water-to-sodium leak. 

A second objective i s to be able to postulate the mechanism 

of react ion between Croloy 2 I/4. s t e e l and the sodium-water 

react ion products. With such information, i t w i l l be 

possible to determine i f there are operational procedures 

which w i l l reduce the corrosion effect of a sodium-

water react ion on the tube mater ial . Also, the t e s t s 

w i l l indicate what products of corrosion wi l l affect 

the tube material and to what extent . 

Scope 

In a sodium-water reaction, the resulting products 

are podium hydroxide, sodium monoxides, and at a temperature 

less than 800 F — sodium hydride. The most corrosive 

compound resulting from this reaction is sodiiam hydroxide 

(aqueous) . The rates of cqrrosion....-of Groloy 2 I/4. steel ,^ 

in hot aqueous solutions of sodium hydroxide will be 

determined. Corrosion products caused by the reaction 

can exist in almost any concentration. Therefore, the 

concentrations of sodium hydroxide will be varied from 

approximately 25 to 98 per cent.^ and corrosion tests will 

be made at five different temperatures for each concentration. 



Corrosion tests in these solutions will be made to 

temperatures as high as their boiling points at atmospheric 

pressure. 

The corrosion testing of sodium hydroxide in sodium 

will be conducted on Croloy 2 I/4. at the saturation level 

at five temperatures varying from 4.00 to 1500 F, These 

tests will be made under a dry inert atmosphere. The 

solution will be stirred to renew the solid-to-liquid 

Innerface. Other tests will be performed with a partial 

pressure of hydrogen over the sodium-sodium hydroxide 

solutions to simulate the presence of sodium hydride in 

the solutions. 

In order to have a basis for comparison of the tests, 

Croloy 2 I/4 specimens will be subjected to pure molten 

sodium at the same temperature as those used in the test. 

Metallographic examinations of the specimens will 

be performed to ascertain any change which may occur in 

the grain structure of the metal, as well as the form 

of metallurgical danmge. These specimens will be weighed 

before and after the corrosion tests are conducted to 

determine the loss of weight during the test period. 

•••"»--^^f^^-^^g^^jj^gj-^^^-^.^|-^^^ dol}wo 

things. First, it will establish the effect of sodium hydroxide 

on Croloy 2 I/4. steel as a function of concentration and 

temperature. Since the bulk temperature of the sodium 
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i n a steam genera tor can be c o n t r o l l e d , opera t ing procedures 

can be w r i t t e n to minimize the temperature e f f e c t s of 

co r ros ion r e s u l t i n g from a sodium-water r e a c t i o n . 

Second, the amount and na tu re of cor ros ion can be 

determined. With t h i s informat ion , the ex t en t of damage 

t o a b o i l e r tube bundle caused by sodium-water r e a c t i o n 

can be es t ima ted j and tube bundle l i f e can be p r e d i c t e d . 

Program Schedule 

The time t o complete t h i s p r o j e c t w i l l be approximate ly 

56 weeks. 

P r e s e n t S t a t u s 

This p r o j e c t has j u s t been approved and work w i l l 

begin i n October. 

4..U PROCEDURE FOR WELDING TUBES TO BACK SIDE OF TUBE SHEET 

Background Informat ion 

An expanded and s e a l welded t u b e - t o - t u b e shee t 

j o i n t can develop a c rev ice exposed t o the sodium s i d e . 

Sodium vapor w i l l c o l l e c t i n t h i s c r e v i c e . When the steam 

genera tor i s shu t down for maintenance, moisture laden 

a i r f i nd ing i t s way i n t o the sodium s ide of the u n i t w i l l 

r e s u l t in the formation of a s t r ong c a u s t i c so lu t i on 

concen t ra ted i n the c rev ice thus p r e s e n t i n g the c l a s s i c a l 

cond i t ions for s t r e s s co r ros ion of s t a i n l e s s s t e e l or 

" caus t i c embr i t t l ement" of f e r r i t i c a l l o y s . 
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One way to eliminate the above problem i s to machine 

a projection on the sodium face of the tube sheet a t each 

tube and but t weld the tube to th is projection. 

The Company has a machine under development for making 

inexpensive tube-to-tube sheet butt welds. The development 

of th i s welding machine, welding processes, and the 

qual i ty control procedures wi l l be completed to 

demonstrate a commercially feasible process for making 

the tube-to-tube sheet welds on the subject steam generator. 

Scope 

The development work under this program is to complete 

the development of the welding machine and quality control 

procedures and demonstrate the ability to produce sound 

welds in tubes of the sizes and materials used in the boiler 

being designed under this Contract. 

For use with this welding machine, the tube sheets 

will be machined with projections or lips around each 

tube hole on the sodium face. A rod with an expanding 

grip will reach through the tube hole in the tube sheet 

into the end of the tube. An air cylinder will exert 

a pull on the rod to draw the end of the tube tightly 

against the projection on the tube sheet, A carefully 

controlled current will be passed through the rod and 

grip to the tube through the lip to the tube sheet and 

to ground. The resistance where the tube is held against 
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the tube sheet will cause heating at this location and 

the air cylinder will force the tube against the lip and 

produce a weld. (This general procedure has been used 

in making tube-to-tube welds in the B&W shops for a 

number of years.) 

Program Schedule 

It is estimated that this program will be completed 

in approximately 12 months. 

Present Status 

Work on this welding procedure has awaited having 

design work on the Full-Size Steam Generator far enough 

to define the location and types of welds, thicknesses, etc. 

Sufficient layout drawings have been made to define most 

of the welding considerations. Calculations have begun on 

the design of a welding machine to handle all tube 

sizes, thicknesses, and materials for this boiler. 

4.5 RADIOGRAPHIC INSPECTION OF BACK SIDE OF TUBE WELD 

Background Information 

By welding the tube to the back side of the tube 

sheet, it becomes possible to x-ray the weld to prove 

its integrity whereas an expanded and seal-welded tube-to-

tube sheet joint cannot be x-rayed. 

The best way to radiograph these welds is to wrap 

the film around each tube and put a source within the tube 
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to radiograph the whole weld at one shot. The alternate 

method is to take at least two angle shots from outside 

the tube. A conventional gamma ray source inserted 

inside the tube gives off its rays from too large a volume 

to give good definition in the picture. What is needed is 

a point source of x-rays located within the tube. 

Scope 

This program i s to demonstrate the f ea s ib i l i t y of 

constructing a point source for radiographing the tube-

t o - tube sheet welds. 

If a small (1/16" diameter) sphere of some heavy 

element is bombarded with e lec t rons , x-rays wi l l be produced 

emanating from this I / I 6 " point . The source of electrons 

can be a Beta emitter such as Promethium 14.7. The heavy 

element target may be surrounded by the Promethium 14.7 

to produce a composite source yielding x-rays from a 

1/16" diameter point and the whole source wi l l f i t within 

a steam generator tube. Contacts have been made with 

companies who manufacture radioactive sources and they 

fee l i t should be feasible to make such a source. 

Program Schedule 

The whole program of demonstrating the f e a s i b i l i t y 

of producing a point source of x-rays and of building 

a prototype source wi l l take approximately 6 months. 
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Present Status 

The actual design of this source will depend on 

diameters and thicknesses of the tubes for the steam 

generator which is being designed. Work on the x-ray 

source will be begun as soon as the design work on the 

steam generator has advanced far enough to set the 

configuration of the tube ends to be x-rayed, 

CHEMICAL SIMULATION OF SODIUM ENTIRONMENT FOR LEAK TESTING 

Leaching out of minute slag or oxide inclusions by 

sodium is well known. Even though metal components are 

tested by ultrasonics and magnetic particle methods and 

found to be metallurgically sound, oxide inclusions may still 

be present. When hot sodium comes in contact with these 

oxide inclusions, the oxide leaches out leaving areas that 

are subjected to accelerated attack and ultimate failure. 

In a previous sodium-heated boiler proposal, the Company 

considered shop tests whereby the boiler would be immersed 

in sodium at operating temperature for approximately three 

days to leach out any inclusions. The boiler would then be 

subjected to a mass spectrometer test and any leaks repaired 

before shipment. However^ the many problems associated with 

handling sodium in a manufacturing facility, together with 

the problems of cleaning the sodium from the boiler after 

the test to prevent the absorption of water from the air 

and possible setting up of stress corrosion, makes this test 
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undesirable. 

Recent studies have indicated that it may be possible 

to find a solution that will react in the same manner as 

sodium in leaching out oxide but will be easier to handle 

in a manufacturing facility. 

The program to find a suitable reagent to leach out 

oxide inclusions in Croloy 2 I/4, and Type 316 Stainless 

Steel will proceed in the following two phases: 

Phase I - Feasibility of various reagents for removing oxides: 

The two reagents that appear attractive at this time 

are EDTA (Ethylene Diamine Tetracetic Acid) and Sulfamic Acid. 

It is planned to do rough-screening testing of the ability 

of these reagents to remove oxides from Croloy 2 I/4. and 

stainless steel material. 

Weld deposits on Croloy 2 I/4. and Type 316 Stainless 

Steel flat plate will be made under inert atmosphere. No 

fluxing material will be used. The weld beads will consist 

of oxides of elements present in the flat plate material. 

In addition to these, beads of molten slag will be deposited 

on flat plate specimens. Several different fluxes will be 

used to produce slags of different characteristics. 

The ease of removal of the oxides in the beads by either 

EDTA or Sulfamic Acid will be determined. EDTA is more 

effective at higher temperatures, so the tests will be 

conducted at temperatures approaching the breakdown temperature 
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of EDTA (approximately 350 F) . Semi-quantitative evaluation 

wi l l be made by visual and low-power magnification (lOx) 

study of the t e s t specimens after t rea t ing with the solut ions. 

Phase I I 

If either of these two reagents appear feasible for 

this application, test specimens can be made up with known 

oxide inclusions and more exacting techniques used in 

evaluating the effectiveness of these solutions. 

CRITICAL PATH SCHEDULE 

One of the requirements of this Contract is to schedule 

the work according to a PERT schedule or equivalent. 

A Critical Path Schedule has been prepared for the design 

work of Phase I. (This is the preliminary design of the Full-

Size Unit and preliminary design of the 30 MWt Prototype.) The 

schedule will be expanded to include the R&D work as soon as 

the various projects are laid out in enough detail. The schedule 

for Phase II (detail drawings, procurement of materials, fabrication 

and delivery of th© 30 MWt Prototype) will be added as soon as 

possible to facilitate the Commission's planning for SCTI. 

In preparing the portion of the schedule for Phase I, the 

design work was broken down into individual tasks and an arrow 

diagram made showing the inter-relation of these tasks. The 

time to complete each task was estimated. In general, the 

statistical mean time, T^^^^ = Tjjjj_̂  + Tĵ ĝ̂^ + T^ , was used, 

6 
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although this was modified in some cases based on experience. 

The schedule and times were run on a Critical Path Method program 

on the Burroughs 220 Computer. This program developed the Critical 

Path Schedule that was plotted with a time scale as the ordinate 

to poptray the schedule as clearly as possible. 

In Iteport #1, June 1̂  1963? a complete Critical Path Program 

Chart of the design phase of the full-size vessel and its prototype 

was included, To assist the reader, the physical length of this 

chart has been shortened to a double-page size that shows the 

portion of the up-to-date chart pertinent to the present report. 

Periodically the full chart will be included in the Monthly Progress 

Report. 

The critical path can be recognized easily as the dark line, 

and tasks along this line set the overall time span fca? the whole 

project. Other tasks have "float" time — shown as dotted lines. 

These tasks can float over a considerable time period to make 

optimum use of manpower without affecting the completion of the 

overall project. A wavy line above the regular task arrows indicates 

the progress of the task in relation to the calendar times found 

at the bottom of the chart. 

A short vertical line in front of the wavy line indicates 

the task started, and two short vertical lines at the end of the 

wavy line indicate the task finished. Delayed starts are possible 

for all tasks which have "float" time and are not on the critical 

path. If a task on the critical path is started late and not 
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finished on time the whole project may be delayed. 

By comparing the status of each task with the large arrow 

indicating the date of this report it can easily be seen if the 

task is ahead, onj, or behind schedule. 

This schedule chart will be brought up to date each month 

and included in each month's progress report. 

Present Status 

By referring to the schedule chart it will be noticed that 

slippage is showing up along the critical path. On September 30 

work had not been started on Sodium Outlet Nozzle Pressure Discontinuity 

Analysis, Task 92-122 on the schedule. If this slippage were 

allowed to continue it will delay the whole Job. Extra effort 

will be put on this task in October to bring the job back on 

schedule. 

This slippage points out what a powerful tool Critical Path 

Scheduling is. The monitoring program being used with the Critical 

Path Method computer program gives early warning of slippage in 

the schedule and indicates where we can concentrate our effort to 

g0t back on schedule. We are approximately 30 per cent complete on 

Phase I of this Contract. 
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