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REACTOR ENGINEERING DIVISION QUARTERLY REPORT 

SEC TION II 

PART A. ADVANCED WATER REACTOR PROGRAM 

SUMMARY - J. M. West 

The boiling r eac to r being built a t Argonne will hereaf ter be r e f e r r e d 
to as the Exper imen ta l Boiling Water Reactor ( E B W R ) . Discontinuance of 
the BER designation will avoid fur ther confusion resul t ing from different 
namies being used by Argonne and Washington AEC personnel . 

Since the EBWR plant design is now essent ia l ly complete , this r e p o r t 
contains m o r e detai led information than heretofore . A s u m m a r y of all p e r 
tinent physics ca lcula t ions is included. Semi-deta i led descr ip t ions of some 
nonstandard p a r t s of the plant which w e r e ei ther inadequately descr ibed in 
previous r e p o r t s or which have undergone significant changes a r e a lso given. 

The s tee l cyl inder (400,000 cu ft) in which the EBWR is to be housed 
will be completed about November 1. Tes t s will then be made to verify that 
the specification of 500 cu ft m a x i m u m leakage at a p r e s s u r e of 15 psig has 
been met . After leak and p r e s s u r e tes t ing , openings will be cut in the s teel 
shel l for t e m p o r a r y a c c e s s and for instal la t ion of the pe rmanen t a i r locks. 

The equipment being supplied by AUis -Cha lmers for the power plant 
has begun to a r r i v e and is being s to red a t Argonne until the EBWR building 
r eaches the s tage where this equipment can be instal led. Major t r a n s f o r m e r s 
and switchgear a r e a l ready on hand. The turbine and condenser will be 
shipped in November . All A l l i s - C h a l m e r s equipment is expected to be a v a i l 
able p r io r to the t ime when it is needed. 

The design of support and containment features for the r eac to r has 
been completed. Very heavy ve r t i ca l s tee l columns imbedded in the con
c r e t e base and biological shield, and t ied together by c r o s s bearns above the 
r e a c t o r , a r e used to p reven t the p r e s s u r e ves se l f rom being blown upward 
as a r e su l t of the enormous forces which could conceivably r e su l t from a 
chemica l reac t ion between mol ten c o r e me ta l and wate r . Shock a b s o r b e r s 
consist ing of a l t e rna t e l aye r s of s tee l and wood sheets a r e placed between 
the r e a c t o r and the ve r t i ca l columns to p ro tec t these tension m e m b e r s from 
excess ive bending fo rces . The max imum explosion would re l ieve itself by 
rupturing the lower p a r t of the p r e s s u r e vesse l and shat ter ing the concre te 
shield at the s ides and bottom of the r e a c t o r . The gas- t igh t s tee l building 
would be pro tec ted f rom damage by i ts 2-ft thick concre te lining. 



A comple te control rod and mechanica l dr ive m e c h a n i s m combination 
is being tes ted under geomet r i ca l , t e m p e r a t u r e , and p r e s s u r e conditions 
ant ic ipated in the EBWR. Although some sticking of the cont ro l rod, due to 
foreign p a r t i c l e s in the s m a l l c l ea r ance between r ing s ea l s and shaft, has 
been observed, this type of dr ive mechan i sm is expected to be sa t i s fac tory 
after minor modif icat ions. Other types of rod d r ives a r e being vigorously 
invest igated, however , including: (l) mechanica l d r ives with rotat ing ra the r 
than sliding s e a l s ; (2) hydraul ic , floating p is ton- type; and (s) magnet ic jack 
d r ives . The EBWR design is such that different rod dr ives can be s u b s t i 
tuted after the r e a c t o r has been opera ted , if this p roves to be des i rab le . 

The flexibility being built into EBWR to p e r m i t future operat ion with 
forced c i rcula t ion and convers ion to a DgO reac to r has r e q u i r e d changes 
and addit ions to the p r e s s u r e v e s s e l and shield. A bora ted s tee l t h e r m a l 
shield inside the p r e s s u r e v e s s e l is a necess i ty for opera t ion with D2O. 
Without such a t h e r m a l shield the secondary gamma radia t ion c r e a t e d by 
capture of leakage t he rma l neu t rons in the walls of the p r e s s u r e v e s s e l 
would c r e a t e excess ive t h e r m a l s t r e s s e s . Exper imenta l ba tches of s t a in 
l e s s s t ee l containing one per cent or m o r e of boron have been p r e p a r e d by 
a number of indust r ia l conce rns . Cor ros ion r e s i s t a n c e is good, and duc 
tility is adequate for use in the t h e r m a l shield. 

Two 12-in. d i ame te r pipes a r e to be provided for exhausting cool 
ing water in forced c i rcu la t ion operat ion, ins tead of the four 8-in. d iameter 
pipes desc r ibed previous ly . The complexity of the shielding and the piping 
underneath the r e a c t o r is thereby reduced . 

The r e a c t o r shield has been finalized and m a t e r i a l s a r e being o rde red 
A one-half- inch thick l ayer of f e r r obor on-cement p l a s t e r is applied to the 
outside surface of the lead t he rma l shield. This will reduce radioact ivat ion 
of s t r u c t u r a l m a t e r i a l s and of the a i r surrounding the p r e s s u r e ve s se l . In 
the radia l d i rec t ion , the fe r roboron is followed by a 5-foot th ickness of m a g 
neti te concre te and by 3 ft of o rd ina ry conc re t e . Dense concre te containing 
s tee l punchings is used below the r e a c t o r . A combination of s tee l and water 
is used above the r e a c t o r . Removable magnet i te concre te blocks a r e placed 
in those por t ions of the biological shield t r a v e r s e d by piping. This feature 
will be a convenience during initial cons t ruc t ion and will m a k e subsequent r e 
moval of the p r e s s u r e v e s s e l mechanica l ly feas ib le . No cooling will be p r o 
vided for the concre te b locks . The es t ima ted maximuin t e m p e r a t u r e of 250F 
is not expected to be unduly de t r imen ta l . 

Inasmuch a s the heat t r e a t m e n t s r equ i r ed for the 1.5% niobium - 5% 
z i rcon ium - 93.5% uran ium fuel alloy to achieve diinensional s tabi l i ty and 
co r ros ion r e s i s t a n c e appear to be incompatiblej emphas i s is being placed 
on dimensional s tabi l i ty and clad integr i ty . This introduced the possibi l i ty 
of el iminat ing the niobium const i tuent . It was found, however , that the d e 
c r e a s e d h a r d n e s s of the u r a n i u m - z i r c o n i u m alloy aggrava ted p la te - ro l l ing 
p r o b l e m s . The c o r r o s i o n r a t e is a l so inc reased enormous ly . Niobitim a p 
p e a r s to be a wor th-whi le , even though expensiye, ingredient of the EBWR fuel. 

e« &»e e e e « o »« e e e e o s s a a 
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Sample na tu ra l uranium plates have been made to EBWR specif i 
cat ions by the Argonne Metal lurgy Division. No defects were found in c o r 
ros ion t e s t s in 550F wate r . The techniques for making fuel p la tes and 
mounting them in a s s e m b l i e s appear to be sa t is factory , and production can 
begin when Zi rca loy 2 supplies a r r i v e . 

Cost e s t i m a t e s by industr ia l conce rns for fabricating enriched 
u ran ium "sp ike" p la tes for EBWR a r e much higher than anticipated. As a 
r e su l t , slightly enr iched fuel is being recons idered . A final decision will 
not be made until al l fac tors ino-luding re la t ive flexibility of the two types 
of co re have been thoroughly evaluated. A smal l number of spikes and 
na tu ra l u ran ium a s s e m b l i e s would be r equ i r ed to take c a r e of uncer ta in t ies 
in the r e q u i r e d enr ichment even for the slightly enr iched ca se . 

The p rob lem of detecting cladding failures in EBWR fuel plates 
continues to be a formidable one. Calculat ions indicate that the existence 
of a fai lure somewhere in the co re can be detected by radiat ion monitoring 
of the exhaust g a s e s from the main power plant condenser . No s imple 
method for quickly deterroiining which fuel plate has failed is yet evident. 
Mock-up t e s t s have shown that radioact ivi ty quickly d i s p e r s e s throughout 
the c o r e , thereby making it difficult, if not imposs ib le , to de te rmine by 
radioact ivi ty m e a s u r e m e n t s the cooling channel from which the fission 
products or iginated. 

In view of the sca rc i ty and high cos t of hafnium, a l t e rna te m a t e r i a l s 
for control rods a r e under development. One type of control c r o s s has a 
m i x t u r e of s in t e red gadolinium and s a m a r i u m oxides packed in a hollow 
s ta in less s tee l can. Boron- s t a in l e s s s t ee l alloys a l so show p r o m i s e . 

F u r t h e r c o r r o s i o n t e s t s on a luminum-nicke l al loys show low c o r 
ros ion r a t e s in s tagnant neu t ra l wate r . At high water veloci t ies the 
c o r r o s i o n - e r o s i o n inc reases marked ly , but the r a t e is reduced in slightly 
acidic water . Some evidence exis ts that excess hydrogen inhibits cor ros ion . 
This will be s tudied fur ther . 

Tes ts a r e being pe r fo rmed to de te rmine the influence of boiling 
heat t r ans fe r on the co r ros ion r a t e s of Zircaloy 2 and a luminum-nickel 
su r faces . No conclus ive r e su l t s a r e ye t avai lable . 

Clad spec imens of thor ium oxide containing 10% of enr iched UO2 
have been i r r ad i a t ed in 500F water to burnups between 0.05 and 0.3 
a tomic-%. P o s t - i r r a d i a t i o n examinat ions showed varying degrees of 
fracturing of the cyl indr ica l c e r a m i c spec imens , pe rhaps indicating 
excess ive t he rma l s t r e s s e s . No damage to the cladding was observed. 



Boiling heat t r ans fe r t e s t s continue. Both single and mul t ip le 
cooling channels a r e used. The range of data is extended by using both 
forced and na tu ra l c i rcula t ion . Resul t s for any given se t of conditions 
a r e cons idered re l i ab le , but many addit ional va r i ab les m u s t be explored 
and c o r r e l a t e d before the pe r fo rmance of different boiling heat t r ans fe r 
channels can be predic ted in advance . 



I. EXPERIMENTAL BOILING WATER REACTOR ( E B W R ) 

A. Reac to r 

1. Core 

a. Cor ros ion of EBWR-Type Fuel P l a t e s -
C. R. Breden 

EBWR-type fuel p la tes , nnade by the modified p ic ture 
f rame technique, a r e being co r ros ion tes ted to evaluate fabrication t ech 
n iques . All of the p la tes contain u ran ium-5% z i r c o n i u m - l - l / 2 % niobium 
and a r e clad with Zi rca loy 2. The p la tes have not been given the heat t r e a t 
men t now cons ide red bes t for d imensional s tabil i ty. 

The previous t e s t h i s tory of the plates has been r e 
por ted in ANL-5471.1 After addit ional exposure in degassed water for 
142 hr at 420F and 692 hr at 550F, warpage has occur red in pla tes No. 123, 
127, 129, 133, and 134. These p la tes a r e about 55 in. long. The balance of 
the t e s t p la t e s , each of which is about 30 in. long, show no significant changes . 

Eight ro l l - c l ad p l a t e s , each containing uranium-5% 
z i r c o n i u m - l - l / 2 % niobium and clad with 0.022-in. Zircaloy 2, were tes ted 
for 145 hr in 550F degassed wate r . Three pla tes (NOS. 175, 178, and 179) 
were heat t r ea ted (to impar t d imensional stability) in sa l t at 800C for 20 min , 
i so thermal ly quenched in sa l t a t 650C, and held at 650C for 24 hr . The r e 
maining p la tes ( N O S . 176, 181, 183, 184, 185) were not heat t r ea ted . No 
significant changes were noted. 

b . Boiling Water Cor ros ion of Zircaloy 2 - C. Wohlberg 

A boiling c o r r o s i o n t e s t appara tus has been cons t ruc ted 
to de te rmine the co r ro s ion effect of water on t e s t m a t e r i a l s with boiling o c 
cur r ing at the sur face of the m a t e r i a l . The tes t appara tus cons is t s e s s e n 
tial ly of a t h e r m a l siphon loop into which is inser ted a fer romagnet ic thimble 
clad with the m a t e r i a l to be tes ted. This thimble is heated by an induction 
coil p laced within the th imble; the ex te r io r , c lad surface of the thimble is e x 
posed to the water in the loop. A s t e a m space above the loop is cooled by 
radiat ion f rom a l a r g e c losu re flange and by a cooling coil . In operat ion the 
en t i re sys tem is brought to a steady s ta te by means of immers ion h e a t e r s . 
The radio- f requency genera to r supplying the induction coil is then turned on 
and adjusted to give the max imum poss ib le heat throughput without ove rhea t 
ing the cooling water and shutting off the genera to r . 

Reac tor Engineer ing Division Quar t e r ly Repor t - Section II, (September, 
1955), Table IV. p . 101. 



In the c u r r e n t t e s t , a Type 430 s t a in less s tee l thimble, 
clad with Zi rca loy 2 (0.015 in. thick), was exposed for 129 hr in degassed, 
dis t i l led water a t 500F. It is e s t ima ted by observat ion of the deposi t of 
co r ros ion product on the outside of the th imble , that a cy l indr ica l a r e a 5 in. 
long by 1.56 in. d iameter ( a rea 0.17 sq ft) acted a s the miajor heat th rough
put sur face . The es t ima ted heat throughput for the tes t was 30,000 Btu/ 
(hr)(sq ft). 

The Zircaloy 2 - c lad showed the dark g reen i sh d i s 
colorat ion cha rac t e r i s t i c of this me ta l . Some powdery c o r r o s i o n product , 
a s well as meta l l i c chips , were obse rved on the sur face of the heat t r a n s 
fer zone (see F ig . l ) . The bulge or buckling was caused by the surrounding 
water (under p r e s s u r e ) squeezing the jacket tightly around the thimble and 
forcing excess me ta l into a bulge a t a weak spot. 

2. Control Rods and Drive Mechanism 

a. Design and Pro to type Testing - C. F . Buliinger 

The EBWR re fe rence cont ro l rod (Fig. 2) is a c r o s s -
shaped unit of hafnium with a Zi rca loy 2 follower and a Type 304 s ta in less 
s tee l extension shaft. 

The en t i re unit is built up from 0.062-in. thick sheet 
hafnium, Zi rca loy 2, and s t a in le s s s tee l , the shee ts being fastened ei ther 
by spot welding or r ive t ing . The joint between the hafnium rod and the 
Zi rca loy follower is a butt weld, whereas the Zi rca loy to s ta in less s tee l 
connection is a r ive ted lap joint. 

The bas ic philosophy of the design is flexibility. The 
unit is designed so that any warping which may occur cannot exer t enough 
l a t e r a l p r e s s u r e to cause s e v e r e binding in the l / 2 - i n . wide channel guide. 

The EBWR Model 11 re fe rence design control rod 
dr ive mechanisno. (Fig. 3) is of the external mechanica l type featuring a 
lead sc rew, dr iven nut, and s c r a m latch mechan i sm operat ing outside the 
r e a c t o r p r e s s u r e shel l , with the dr ive shaft entering the r eac to r through a 
floating ring sliding sea l . 

The Model II dr ive is the evolutionary design of Model I 
desc r ibed in ANL-537l2 and is bui l t to m e e t the following r equ i remen t s :-

^Reactor Engineer ing Division Qua r t e r l y Report , ( January 15, 1955), 
p . 211. 
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t FIG. I 
BOILING WATER CORROSION OF ZIRCALOY 2-CLAD 

TYPE 430 THIMBLE TESTED FOR 129 hr 
IN 500 F DEGASSED DISTILLED WATER 
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EBWR CONTROL ROD 
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(1) Operat ing p r e s s u r e 600 psig 

(2) Operat ing t empe ra tu r e I6OF 

(3) Number of control rods 9 

(4) Control rod cen te r - l ine 

dis tance 12-3/4 in. 

(5) Control rod t rave l 48 in. 

(6) Rate of t r ave l (max.) 28.8 in . /min 

(7) Rod s c r a m t ime 0.5 sec a t 200 ps i 

(8) Posi t ionabil i ty ±0.025 in. 

(9) Control rod weight 97 lb 

(10) Dash pot (pr imary) external 

(11) Dash pot s t roke 6 in 

(12) Dash pot react ion 

(constant force) 1700 lb 

(13) Leakage ra te (max.) 7 50 c c / m i n / r o d 

(14) Complete "fail safe" c h a r a c t e r i s t i c s 
(15) Control rod and dr ive unit separa te ly removable from 

reac to r without draining reac to r ve s se l . 

In o rder to m e e t r equ i rements (s) and (lO), the o v e r 
all length of the complete mechanismi has been increased by approximately 
22 in. to 9 ft 6 in. 

The inc reased length requirennent has resu l ted in a r e 
design of the latch a r r angemen t . Because of the high column loading of the 
1 in. d iameter x 60 in. long drive shaft in s c r amming , the unit was made into 
a th ree-p iece a s sembly consist ing of the control rod connector , the drive 
shaft, and the stub shaft containing the s c r a m latch groove. This pe rmi t s 
the Armco 17-4 PH shaft to be heat t r ea ted to 45 Rockwell "C " before being 
cen te r l e s s ground to 0.995 -0.996 in. d iamete r for ch rome plating. The 
finished d iameter is 1.0001-0.997 in. Ends a r e threaded before chrome 
plating. 

The maxiraum ha rdness condition of the shaft is r e 
quired to prevent scor ing and sticking of the shaft in the floating seal r ings . 
Use of 30-35 Rockwell "C" hardness ch rome-p la t ed shafts has resu l ted in 
immediate sticking due to smal l p a r t i c l e s and fine ch ips . When a shaft of 
proper ha rdness is used only a slight burnished effect is noticed from such 
action. Any jamming which could occur can be overpowered by the 2900-lb 
force available in the lead s c r ew dr ive . 



The Type 309 cont ro l rod connector (Fig. 3) is th readed 
to the dr ive shaft. Slight adjus tments in ove r - a l l length may be made and 
the two p a r t s locked together with the threaded collet. The connector a lso 
s e r v e s as the velocity-lim.iting piston and auxi l iary dashpot piston. The con
t ro l rod m a y be r e l e a s e d by rota t ing the connector 45 deg rees after the 
safety pin is r emoved . This function may be per formed without draining the 
r eac to r ve s se l . 

The 4340 hea t t r ea ted , ch rome-p la t ed stub shaft th reads 
on to the lower end of the dr ive shaft and contains the s c r a m latch groove. 
The supporting face of the latch is re l ieved a t a 3-degree angle to a s s u r e r e 
l e a s e . The latch ro l l e r c a r r i a g e is spr ing-ac tua ted to r e l e a s e and is held 
c losed by the energized solenoid coi l . Interrupt ion of the c u r r e n t r e l e a s e s 
the latch. 

The column loading l imitat ions of the dr ive shaft, in 
decelera t ion during the s c r a m stop, dictated the necess i ty for a 6-in. long 
dashpot t r ave l a t a constant force of 1700 lb. The dece lera t ion curve for 
600-psig opera t ion is shown in F ig . 4. 

The switches of the control rod dr ive a r e al l ad jus table-
cam opera ted . The rod latch indicating switch shown in F ig . 3 energ izes the 
motor cont ro l c i r cu i t to dr ive the la tch c a r r i a g e nut downward when the latch 
is r e l ea sed . Thus the rod dr ive follows the shaft extension downward after a 
s c r a m . The switch a l so ac tua tes a board pilot light to indicate whether or not 
the rod is la tched to the d r ive . The switch is ac tuated by the ro l l e r leaf 
s t r iking an adjustable cam face on the rod guide. 

The s c r a m timing and position indicator switch shown in 
F ig . 3 is ac tua ted by the adjustable probe at tached to the rod guide and ac tu 
a tes the t ime r c i r cu i t and a pilot l ight to indicate that the control rod is c o m 
pletely inse r t ed in the c o r e . 

The four - swi tch mult iple c i rcu i t t ime r unit is gear 
driven off the posi t ion indicator d r ive . The two-piece sheet me ta l canns a r e 
adjustable over 350 degrees of opera t ion . 

Switch No. 1 ac tua tes a pilot light to indicate the "full 
out" posit ion. 

Switches No. 2 and No. 3 a r e operat ing sequence 
switches and, although adjustable , a r e intended for n o r m a l operat ion at the 
10% level . Each rod may be r a i s e d to a 10% elevation where switch No. 2 
prevents fur ther upward movement until a l l other rods a r e r a i s e d to the 
s ame posit ion. Switch No. 3 of each rod par t ia l ly completes the safety r e 
l ease c i r cu i t when the rod is r a i s e d to the 10% level. When al l rods have 
reached the 10% level , the r e l e a s e c i r cu i t is fully completed, and from this 
location, any rod may be r a i s e d to any elevation at the o p e r a t o r ' s d iscre t ion . 



0.4 0.5 0.6 
TIME-SECONDS 

FIG. 4 
CONTROL ROD SCRAM TIME 



Posi t ion indication is achieved through individual 
Telesyn genera to r t r a n s m i t t e r and r e c e i v e r c i r cu i t s dr iven through a 50:1 
high p rec i s ion gear box. 

The cont ro l rod dr ive is powered by a l / 3 - h p , 200-
inch-lb to rque , 7 2 - r p m , 3-phase , 60-cyc le , 220-volt gear motor with b rake . 
An externa l gear t r a in provides for speed var ia t ion. 

A t e s t facility, shown in Fig. 5, has been constructed 
to t e s t both the control rod in its guide and the control rod dr ive mechan ism 
under s imula ted EBWR condi t ions. At p resen t , a t e s t of a re fe rence control 
dr ive mechan i sm is under way, using a mocked-up s ta in less s tee l control 
rod and guide. The l a t t e r will be rep laced by a re fe rence m a t e r i a l control 
rod and guide (Zirca loy 2) as soon a s the proper m a t e r i a l s become available 
for fabr icat ion. 

b . Zi rca loy 2 - S ta in less Steel Contact Corros ion -
C. R. Breden 

Con tac t -co r ros ion t e s t specimens of Zircaloy 2 bolted 
to Types 304 and 347 s ta in less s tee l s have accumulated a total of 5672 hr in 
dynam.ic (<-'10 fps), degassed , deminera l i zed water (l470 hr at 500F and 
4202 hr at 600F). Static co r ros ion t e s t s on duplicate specinaens in a i r -
sa tu ra t ed and in degassed water have accumulated a total of 5212 hr at 500F 
and 5850 hr at 600F. No contact or c r e v i c e effects a r e detectable . 

3. P r e s s u r e Vesse l 

a. Vesse l - N. Bala i , L . C. Livesey , A. H. Heineman 

Severa l modifications have been made in the ves se l 
c losure des ign: 

(1) The upper r ing forging has been r ev i sed to provide 
a continuous shoulder suppor t for the indexing plugs , in lieu of in termi t tent 
b racke t s welded to the v e s s e l walls ( in ter im design). This revis ion was 
deemed n e c e s s a r y for the solution of the impact problem assoc ia ted with 
the h a z a r d of dropping the indexing p lugs , 

(2) The plug support bear ings have been el iminated to 
avoid the difficulties involved with bea r ings exposed to boiling water . This 
change a l so al lows a n a r r o w e r suppor t shoulder , with resul t ing i raprove-
ment in t h e r m a l s t r e s s condit ions. 

(3) Excess m e t a l from the forging was t r i m m e d further 
in o rde r to m e e t a t h r ee -hou r shutdown and heating-up t ime specification. 
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Calculat ions for the new ring forging dimensions and 
considerat ion of the venting a r r a n g e m e n t provided in the c losure design 
show that at a constant heat input r a t e , the vesse l , including the heavy c l o 
sure cover , can be heated from 70F to 488F in three hour s . The maximum 
cooling down r a t e is 185F per hour . These heating and cooling r a t e s mee t 
the specifications for the v e s s e l and have been confirmed by Babcock and 
Wilcox Company, the fabr icator of the unit. 

The modified design (Fig. 6) features an external r e 
movable turntable to which the plugs a r e lifted and affixed (by bolting) du r 
ing indexing operat ion. 

Erec t ion and fabrication problems assoc ia ted with the 
instal lat ion of biological shielding around the control rod thimbles at the 
bottom of the v e s s e l have necess i t a t ed a redesign of the flange connections. 
The rev i sed design ut i l izes loose th readed flanges which can be removed 
for instal lat ion of shielding, then re ins ta l led and tack welded in place in the 
field after v e s s e l and shielding erec t ion . 

Nozzle connections to the vesse l have been changed in 
that the four 8-inch pump suction connections for future forced circulat ion 
operat ion have been rep laced by two 12-inch connections. 

b. The rmal Shield - R. J. Ricker t 

The projec ted use of the EBWR facility with D2O as the 
mode ra to r and coolantmagnif ies the shielding problems considerably since 
DgO is a ve ry poor neutron a b s o r b e r . The design of the biological shie ld
ing provides for future operat ion with D2O. The D2O core has a lso d i c 
tated the t h e r m a l shield r equ i r emen t s to protect the p r e s s u r e vesse l from 
excess ive the rma l s t r e s s e s due to gamma heating. 

Table I shows the calculated heat generat ion in the 
p r e s s u r e ves se l wall for each type of t h e r m a l shielding. These heating 
values decay exponentially through the wall with the s lopes given. All 
values a r e based on the same neutron fluxes which were de termined in the 
biological shielding calculat ions r epor t ed on page 39. This r e p r e s e n t s the 
mos t ex t r eme condition expected in the EBWR. 

The solution of the differential equation for the rmal 
s t r e s s yields the following equation for an axially unres t ra ined , insulated 
cyl inder with exponentially decaying heat generat ion through the wall. 
Axial tennperature var ia t ions a r e a s s u m e d to be negligible from the t h e r 
ma l s t r e s s standpoint. The rad ia l g a m m a - r a y heating is at a point far 
enough r emoved from the ends of the v e s s e l so that the bending s t r e s s e s 
produced at the knuckles of the heads a r e negligible. The maximum s t r e s s 
occurs at the inside surface and is tangential tensi le s t r e s s . 
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Table I 

RADIATION HEATING IN PRESSURE VESSEL WALL 

Thermal Shielding 

Stainless 
Steel, 

-

1 

1 

1/2 

1 

1 

5 

6 

in. 

None 

Boron, 
% 

-

_ 

1/2 

1 

1 

2 

_ 

^ 

Heat, watts /cm^ 

Inside 
Surface 

>1 

> 1 

0.31 

-vO.34 

0.24 

0.185 

•-^0.36 

--0.2 

Outside 
Surface 

0.075 

0.0675 

0.0663 

^0.077 

.-'0.043 

Exponential 
Slope, 

1 
c m 

0.2235 

0.20 

0.162 

0.243 

0.242 

where 

t 

^ , X E a H 
^ t ^ ^ i ) - (1 ™^)A^k 

2(Rj^ 

+ ( I J M ^ I X T ^ 

2 ( A R , + l) AR, -At 

AR2+ 1 -At ARi+ 1 At 
2 - e 

-At 
- T 2 A'{R,y (1) 

Ci(Ri) - tangential s t r e s s at Rj, ps i 

E - Young's Modulus, ps i 

a = Linear coefficient of t h e r m a l expansion, 1 / F 

H = heating at Rj, Btu/(hr)(cu ft) 

jd ~ P o i s s o n ' s Ratio 

A = exponential slope of heating curve , l / f t (absolute value) 

k = t he rma l conductivity of wall , Btu/(hr)(ft)(F) 

Ri = inside radius of v e s s e l , ft 

R2 - outside radius of ve s se l , ft 
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E q u a t i o n ( l ) i n d i c a t e s t h a t the t h e r m a l s t r e s s i s n o t 
a f fec ted by the h e a t t r a n s f e r c o n d i t i o n s a t t he i n s i d e s u r f a c e , bu t only by 
the r a t e of h e a t g e n e r a t i o n and t h e t h e r m a l conduc t iv i t y of the w a l l . S i n c e 
the c l a d d i n g on the i n s i d e of the v e s s e l i s n o t c o n s i d e r e d in c a l c u l a t i n g the 
s t r e n g t h of the v e s s e l , it is i g n o r e d h e r e . The h e a t i n g a t t he i n s i d e s u r f a c e 
i s a t t e n u a t e d t h r o u g h the c l a d by e " ^ * c l a d to o b t a i n H. 

The c a l c u l a t e d s t r e s s e s in the v e s s e l w a l l for the v a r 
ious t h e r m a l s h i e l d i n g c o n d i t i o n s a r e l i s t e d in T a b l e II . The following 
c o n s t a n t s w e r e u s e d in the c a l c u l a t i o n s : 

E = 29 X 10* p s i 

a = 7 X 1 0 " V F 

jU = 0.3 

k = 24 B t u / ( h r ) ( f t ) ( F ) 

Ri = 3.51 ft 

R2 = 3.70 ft 

T a b l e II 

T H E R M A L S T R E S S E S IN P R E S S U R E V E S S E L WALL 

T h e r m a l Sh ie ld ing 

S t a i n l e s s 
S t e e l , in. 

_ 

1 

1 

1/2 

1 

1 

5 

6 

None 

B o r o n , 

% 

» 

» 

1/2 

1 

1 

2 

_ 

^ 

Heating - HCRJ , 
w a t t s / c m ^ 

> 1 

> i 

0 .289 

' ^ 0 . 3 2 

0 .222 

0 .176 

^ 0 . 3 3 

A / O . I B S 

T h e r m a l S t r e s s -a^{Rj, 
p s i 

E x c e s s i v e 

E x c e s s i v e 

1800 

^ 2300 

1600 

1400 

A/2100 

A^1200 



The ASME Code (Section I - P o w e r Boilers) infers that 
all s t r e s s e s other than the p r e s s u r e s t r e s s whose sum does not exceed 10% 
of the allowable working s t r e s s of the m a t e r i a l at design conditions can be 
ignored. The allowable s t r e s s for SA-212B steel of 17,500 ps i for the EBWR 
tempera tu re range is the working s t r e s s at the design p r e s s u r e of 800 psi ; 
the re fore , the t h e r m a l s t r e s s e s m u s t be held to less than 1750 ps i . 

As shown in Table II, a s ta inless s tee l - 1 wt-% boron 
t he rma l shield (l in. thick) will keep the the rmal s t r e s s to 1600 psi . Recent 
development work by s teel suppl ie rs indicates that 1% boron-containing 
s ta in less s teel will be available at a lower cost than the requ i red thickness 
of o rd inary s ta in less s tee l (6 in./. The samples received thus far a r e strong 
and ducti le; however, i r radia t ion and cor ros ion data a r e not yet available. 

The mechanica l a r r angemen t of the the rma l shield is 
shown in Fig . 6. The cyl indr ica l port ion of the shield is 9 ft high with a 
horizontal ring around the top which pro jec ts inward to a point 6 in. from 
the v e s s e l wall. The DgO core will have an upper fuel e lement support con
sist ing of a horizontal flat plate of boron-s ta in less s tee l (l in. thick x 5 ft-
10 in. dia.) about 2 ft above the co re surface . This plate will act in c o m 
bination with the r ing as a shadow the rma l shield for the upper portion of 
the ves se l . This combination is n e c e s s a r y to prevent se r ious res t r i c t ion 
of the downcomer annulus. The lower port ion of the vesse l is shielded by 
a conical section of bo ron - s t a in l e s s s teel (l in. thick) and by the lower core 
support plate . 

c. Support and Containment Structure - N. Balai , 
A H. Heineman L. C. Livesey, E. H. van Zyls t ra 

The p r e s s u r e v e s s e l support s t ruc tu re mus t se rve 
the dual purpose of supporting the ves se l under both normal static and a b 
no rma l innpact conditions ( resul t ing from accidental dropping of pieces of 
heavy equipment on the vessel) and of containing any m i s s i l e s which naight 
be launched as the r e su l t of a violent me ta l -wa te r chemical react ion within 
the r eac to r core . 

F igu re 7 shows the s t ruc ture designed to meet the 
above r equ i r emen t s . Two sets of th ree pa ra l l e l Caril loy T-1 columns a r e 
anchored in the re inforced concre te below the reac to r and extend upward 
to the top of the p r e s s u r e vesse l . Three paral lel Cari l loy T-1 hold-down 
beams span a 6-in thick m i s s i l e (and biological) shield and a r e connected 
to the two se ts of ve r t i ca l columns with removable wedges. The columns 
a r e protec ted from the full l a t e ra l force of an explosion of the core by two 
b las t shields made up of 1-in s tee l plates and 3-in. l ayers of redwood and 
Celotex. The p r e s s u r e ves se l is supported from the top of the colunans on 
a flexible s t ruc tu re made up from Cari l loy T-1 beams . C-shaped spr ings 
have been placed between the p r e s s u r e vesse l mounting lugs and the sup 
por t s t ruc tu re as added insurance aga ins t damage in ca se a piece of heavy 
equipment is dropped on the p r e s s u r e ves se l . 
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Vesse l Support under Impact Loading 

The ve r t i ca l location of the support s t r u c t u r e with r e 
spect to the building floor is dictated by the water level r equ i r emen t s of 
the turbine and condenser . The top of the p r e s s u r e v e s s e l c losure flange 
has been fixed at 24 in. below the floor l ine. The es tabl ishment of this 
dimension in t roduces a nujiriber of probable impact loadings on the ves se l 
and i ts suppor t s t r u c t u r e . The m a x i m u m free fall, assuming a drop height 
from 6 in. above the floor l ine , and the m a s s e s involved a r e as follows: 

Component 

Unloading coffin 

Vesse l cover 

Indexing plugs 

Indexing plug c a r r i e r plate 

W eight, tons 

15.0 

8.5 

6.0 

10.0 

Maxinnum fall, in. 

18 

30 

42 

30 

The suppor t was calculated, f i r s t , for a stat ic loading 
condition and checked for the impact loading condition as outlined by Roark.- ' 
The s t r e s s intensification for dynamic loading is given by (Art ic le 84): 

where 

d| = deflection on impact , in. 

s j = s t r e s s on impact , ps i 

d = stat ic deflection of beam by impacting m a s s , in. 

s = s ta t ic s t r e s s in beam by impacting m a s s , in. 

h = height of fall, in. 

K s a function of the in terac t ing m a s s e s and i s , by Case 4 
(Art ic le 85), 

K 

, 13 M, M, 
35 M M 

1 + i M i + M, 
V 2 M M 

R. J. Roark , F o r m u l a s for S t r e s s and Stra in , (2nd ed.; New York: 
McGraw-Hill Book Co. , Inc. , 1943), Ar t i c les 84 and 85, pp. 318^321 
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M = impacting m a s s 

Ml = m a s s of beam s t ruck 

Mj = m a s s a t tached to beam and receiving the impact by m a s s M. 

Resu l t s of calculat ions for the va r ious impact con
ditions cons idered a r e s u m m a r i z e d in Table III. It is apparen t from 
Table III that the u s e of o rd inary s t r u c t u r a l s tee l shapes ( A - 7 ) is r i sky 
under impact condi t ions , inasmuch as impact s t r e s s e s a r e very c lose to 
or exceed the u l t imate s t rength of the m a t e r i a l and, in a l l c a s e s , exceed 
the yield s t rength . The r eason for this is that the A-7 sect ions a r e very 
stiff when s ized to suppor t the max imum sta t ic load for the shor t span 
length requ i red . The deflection of a stiff beam is ve ry low and r e su l t s in 
high s t r e s s intensification ra t ios during impact . Since the l a rge calcula ted 
s t r e s s e s suggest the u s e of h igh-s t reng th s t ruc tu r a l a l loys , the miost s e 
ve re imipact condition [No. (5), Table III ] was reca lcu la ted for the U. S. 
Steel Corpora t ion alloy Cari l loy T - 1 . It was found that the T-1 alloy will 
susta in the i inpact loading but at a low factor of safety ( F . S . = 1.25 based 
on the u l t imate tens i le s t rength) . To r a i s e the factor of safety, spr ings 
a r e in terposed between the lug suppor ts of the v e s s e l and the s t ruc tu r a l 
f rame b e a m s , as shown in F ig . 7. 

An eight-point ve s se l support sy s t em has been adopted 
to simplify the framing of the h igh-s t reng th alloy s tee l support s t r u c t u r e . 
A detai led s t r u c t u r a l design by the Arch i tec t -Engineer (Sargent and Lundy 
of Chicago) indicates that a heavier m e m b e r , i .e . , a 12 WF 133, is n e c e s s a r y 
to obtain the n e c e s s a r y rotat ional flange stiffness under impact . 

V e s s e l Containment 

The design of the s t r u c t u r e for v e s s e l containment is 
based upon the assumpt ion that 25% of the meta l in the EBWR core will 
r e a c t with the wate r p r e s e n t so that a h igh-order detonation r e s u l t s . 

The A r m o u r R e s e a r c h Foundation was given a subcon
t r ac t to evaluate the force sys t em for such a h igh-order detonation. The 
energy r e l e a s e used was 0.8 x lO' c a l o r i e s . Exper imenta l data used to 
verify calcula t ions were obtained by Armour for the Office of Naval R e 
s e a r c h . Calculat ions w e r e based on the conserva t ion of m a s s , energy and 
momentum. In th is pa r t i cu l a r c a s e , the energy r e l e a s e was a s sumed to be 
the same a s f rom a spher ica l block of TNT the s i ze of the EBWR c o r e . A 
final P h a s e I r e p o r t was i ssued , l ist ing the following r e s u l t s : 

(l) The lower sect ion of the v e s s e l (in contact with 
the water phase) will fail under a ref lec ted shock wave p r e s s u r e of 40,700 
a tmosphe res a t the s ides and 13,800 a t m o s p h e r e s at the bottom. 

»9 a « B » » e s e » « e e » e « « » « 



Table III 

SUMMARY OF CALCULATED IMPACT LOADING STRESSES 

Stresses, psi 

Reactor 
Type 

Masses, tons p^.^^ p^j^^ In tens i f ica t ion 

DjO 

Inqjact Gsnditions 

(1) 

H„0 Coffin dropped on vessel; 15 

shell full of water; 

cover in place. 

1.7 114 

15 1.7 102 
(2) 

H„0 Cbffin dropped on vessel; 
water at operating level; 
cover in place. 

(3) 
D„0 Vessel cover dropped; 

water at operating level. 

(4) 
D,0 Indexing plugs dropped; 

water at operating level. 

(5) 
DjO Assembly of indexing plugs 16.0 1.7 82.5 

and carrier plate dropped; 
water at operating level. 

8.5 1.7 88.5 

6.0 1.7 82.5 

(6) 
Same as (5) except for 
material in support 
s t ruc ture . 

16.0 1.7 82.5 

i n . 

18 

18 

30 

42 

30 

30 

Ratio 

14.8 

15.5 

21.5 

26.1 

21.2 

12.4 

Allowable 
Bending 

Material* (S t a t i c ) Impact Total 

A.7 

A-7 

A-7 

A-7 

A-7 

T-1 

» , 0 0 0 36,800 56,800 

20,000 38,300 58,300 

20,000 30,100 50,100 

20,000 26,100 46,100 

20,000 56,7(» 76,700 

35,000 49,800 84,8<» 

*A-7 = Ordinary Structural Steel (24 WF 76) 

T-1 = U. S. Steel Alloy Cari l loy T-1 (12 W 79) 
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(z) The top of t h e v e s s e l w i l l no t fa i l , s i n c e t h e m a x 
i m u m s h o c k w a v e p r e s s u r e i s Z60 a t m o s p h e r e s (3800 p s i ) . (Al though t h e 
s t a t i c s t r e n g t h of t h e v e s s e l i s 3Z0O p s i , t h e a c t u a l s t r e n g t h u n d e r i m p u l s e 
l o a d s of s h o r t d u r a t i o n i s m u c h g r e a t e r b e c a u s e of a l a r g e i n c r e a s e in 
s t r e n g t h a t h igh s t r a i n r a t e s .) 

(3) The t r a n s m i s s i o n of t h e s h o c k w a v e t h r o u g h t h e 
c o n c r e t e b i o l o g i c a l s h i e l d in t h e r a d i a l d i r e c t i o n a n d t h r o u g h t h e l o w e r 
s h i e l d i n g p lug in t h e a x i a l d i r e c t i o n w i l l r e d u c e t h e s e m a s s e s to r u b b l e . 

i . e 

(4) T h e d u r a t i o n s of t h e a p p l i e d f o r c e s a r e v e r y low, 
, 1 0 m i l l i s e c o n d s m a x i m u m . 

A r m o u r f r e e f ie ld p r e s s u r e c a l c u l a t i o n s i n d i c a t e d t h a t 
a n u n p r o t e c t e d c o l u m n c o u l d no t w i t h s t a n d t h e o u t w a r d s h o c k w a v e p r e s 
s u r e s . Af t e r h i g h - p r e s s u r e c r u s h i n g t e s t s on p i n e , o a k a n d r e d w o o d h a d 
b e e n r u n , i t w a s d e c i d e d t h a t r e d w o o d h a d the b e s t e n e r g y - a b s o r b i n g p r o p 
e r t i e s . L a t e r t e s t s i n d i c a t e d t h a t o n c e the s h o c k w a v e p r e s s u r e h a d b e e n 
s o m e w h a t r e d u c e d by a c o m b i n a t i o n of r e d w o o d a n d s t e e l l a y e r s , s e v e r a l 
l a y e r s of C e l o t e x wou ld f u r t h e r r e d u c e t h e l o a d t r a n s m i t t e d to t h e h o l d -
down c o l u m n s . A c c o r d i n g l y a b l a s t s h i e l d w a s d e s i g n e d so t h a t t h e s h o c k 
w a v e m u s t p a s s t h r o u g h 3 in . of r e d w o o d a n d 1 in. of s t e e l r e p e a t e d t h r e e 
t i m e s , t h e n t h r o u g h 3 in . of C e l o t e x a n d 1 in. of s t e e l r e p e a t e d two t i m e s . 

The t h e o r y of t h e c o m p o s i t e b l a s t s h i e l d i s to a b s o r b 
s u c c e s s i v e l y t h e s h o c k e n e r g y in t h e c o m p r e s s i b l e wood medi iom, t r a n s 
f o r m i n g s h o c k e n e r g y in to h e a t e n e r g y . T h e s t e e l t r a n s f o r m s t h e m a t e r i a l 
v e l o c i t y c o m p o n e n t b a c k in to a s h o c k w a v e w h i c h i s t h e n p a r t i a l l y a b s o r b e d 
by the n e x t c o m p r e s s i b l e l a y e r . D e t a i l s of t h e b l a s t s h i e l d a r e shown in 
F i g . 8. A th in s h e e t s t e e l c o v e r h a s b e e n p l a c e d o v e r t h e a s s e m b l y a n d 
c a u l k e d to k e e p w a t e r f r o m t h e s h i e l d i n g c o n c r e t e ou t of t h e r e d w o o d a n d 
C e l o t e x . 

The s e q u e n c e of l o a d i n g a s d e t e r m i n e d by the A r m o u r 
f o r c e - t i m e c a l c u l a t i o n s ' * is a s f o l l o w s : 

M e m b e r 

C o l u m n 
Coli i inn 
U p p e r B e a m 
C o l u m n A n c h o r 
C o l u m n A n c h o r 

T i m e S c a l e , 
m i l l i s e c o n d s 

+ 1 
+ 5 
+ 5 
+ 1 
+5 

D u r a t i o n , 
m i l l i s e c o n d s 

(max . ) 

Type of L o a d i n g 

Bend ing 
A x i a l E x t e n s i o n 
B e n d i n g 
C o u p l e 
A x i a l E x t e n s i o n & B e n d i n g 

4 / \ 
D e s i g n E v a l u a t i o n of E B W R (Bo i l i ng E x p e r i m e n t a l R e a c t o r ) in R e g a r d 
to I n t e r n a l E x p l o s i o n s , P h a s e R e p o r t No . 1 A R F N o . M 0 7 3 , (May 10, 
1955) 
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Selection of p ropor t ions for the s t r u c t u r a l m e m b e r s 
was made by succes s ive approximat ions and co r r ec t i ons of the stat ic d e 
sign with applicable dynamic-loading fac to r s . The dynamic load factor is 
defined as the dynamic deflection divided by the s tat ic deflection. 

The constants for the dynamic-loading factors were 
obtained frorn A r m o u r unpublished data. 

F r o m the e a r l i e s t ca lcu la t ions , it was immediate ly 
apparent that the conventional s t r u c t u r a l s tee l design was inappropr ia te . 
The calcula ted sect ion s i zes (with the conventional factor of safety of 3) 
were ex t r eme ly heavy and bulky. Accordingly, the conventional design 
c r i t e r ion was abandoned, along with conventional s t r u c t u r a l s t ee l (ASTM 
A-?) m a t e r i a l s , in favor of a low factor of safety, taking into account the 
inherent i nc rease in s t reng th of m e t a l s as a function of s t r a in r a t e and the 
use of the h igh-s t reng th , quenched and t empered alloy s tee l , Cari l loy T - 1 . 
With th is c r i t e r i o n , beam and column sect ions w e r e de te rmined , using the 
s ta t ic u l t imate tens i le s t rength of the alloy as the allowable s t r e s s with 
stat ic loads reduced by the dynamic load fac tors obtained from A r m o u r . 
The sect ions r e q u i r e d a r e much l a r g e r than any l i s ted conventional ro l led 
sect ions and m u s t be fabr ica ted f rom p la t e s . 

The fac tors of safety in the p r e s e n t design a r e between 
1 and Z, and fur ther reduct ions may be poss ib le . This is not r ecommended 
at this t ime because of: (l) the uncer ta in t i es in the assumpt ions concerning 
r e s t r a i n t of the va r ious sect ions a t points of a t tachment ; (z) uncer ta in t ies 
in loading of the m e m b e r s as a function of the a s s u m e d type of explosion; 
and (3) uncer ta in t i e s in the effectiveness of the final l ayer of the b las t 
shield. 

In o rde r to provide anchor beam subassembl i e s which 
can be ins ta l led in the building at the p rope r t ime in the const ruct ion s e 
quence, the columns a r e made in two p i e c e s . The bot tom of stub columns 
will be welded in p lace on the two anchor beam subasse inb l i e s . These 
subassembl i e s will then be placed in the building shel l . The tops of the 
columns will then be welded to the stub co lumns . 

Reinforcing rods will be welded to the anchor beams 
so that the upward force of Zl,000,000 lb will be r e s i s t e d by the shear 
s t reng th of the conc re t e along a 45 -deg ree line beginning at the edges of 
the bottom flange of each of the anchor b e a m s . Since the building shel l has 
a semie l l ip t ica l bot tom, the outboard anchor beam cannot be bur ied as deep 
as the inboard anchor b e a m ; the re fore two c r o s s anchor b e a m s have been 
provided to keep the outboard anchor beam from pulling out from under the 
m a s s of c o n c r e t e below the fuel s to rage well . 

e e e « « e e « e « 6 9 « e « e 9 
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It should be pointed out that the assumption of a m e t a l -
water reac t ion occurr ing in the forin of a h igh-order detonation is very 
pess imis t i c and is used for design in EBWR only because of lack of suf
ficient exper imenta l evidence and because of the di re effects of such an 
explosion if not p roper ly contained. Meta l -water react ion t e s t s were made 
by Aero je t -Genera l Corporat ion on the EBWR reference fuel alloy during 
June. The alloy was mel ted in an induction furnace and then dropped into 
a container of wa te r ; only 5% of the alloy reac ted with the wa te r , with no 
des t ruc t ive effects. A black oxide coating, 0.0005 in. thick, was formed on 
the remaining me ta l . When a blasting cap, set off under water by the fa l l 
ing me ta l , was used to d i spe r se the molten meta l , all of the meta l reacted 
with the water in a quiet , non-des t ruc t ive manner . It is es t imated that 
pa r t i c le s ize was ZOO mesh . The p r e s s u r e r i s e was only slightly g rea te r 
than that due to the blast ing cap alone. Other tes ts c a r r i e d out by Knolls 
Atomic Power Labora to ry indicate that the reaction of Zircaloy Z and 
water can be susta ined only above the melt ing point of the meta l and p r o 
ceeds in the manner of a p r e s s u r e surge ra ther than as a detonation. 

4. Biological Shielding 

a. Calculat ions for Heavy Water Operation - M. Grotenhuis , 
R. J. Ricker t , A. E. McArthy, S. A. Bernsen, 
C. K. Soppet 

The flux dis t r ibut ions of both neutrons and g a m m a - r a y s 
in the light wa te r - r e f l ec t ed EBWR^ a r e completely outmoded by the p o s 
sibility of using heavy water in the re f lec tor . The higher the rmal neutron 
flux in the ref lec tor necess i t a t e s the use of a borated s ta inless s teel t h e r 
ma l shield as well as heavier , or a th icker , layer of concre te . 

The neutron flux calculations for the heavy w a t e r -
ref lected EBWR in the adjusted shield have been completed and the resu l t s 
a r e p re sen ted in F i g s . 9 to IZ. While the g a m m a - r a y flux distr ibutions a r e 
not comple te , sufficient work has been done to indicate that the heating in 
the ves se l is not prohibi t ive and that the biological shield is adequate. 

The methods of calculating the flux distr ibutions a r e 
outlined in ANL-5Z33. The fast neutron attenuation in heavy water was 
obtained by using the removal c r o s s section as repor ted in ORNL-1843.^ 

^Reactor Engineering Division Quar te r ly Report , ANL-5461 (April 15, 
1955) p . 69. 

M. Grotenhuis , J. W. Butler , Submarine Advanced Reactor Shield 
Design," ANL-5233 (Februa ry Z4, 1954) 

'G. T. Chapman, C. L. S t o r r s , "Effective Neutron Removable Cross 
Sections for Shielding," ORNL-1843 (September 19, 1955) p. 23. 
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Indications a r e that the t he rma l neutron flux dis t r ibut ions a r e l e s s than the 
ca lcula ted va lues . The s lab georaetry employed would indicate this as well 
as other p e s s i m i s t i c assumpt ions in the determinat ion of the source t e r m 
of the t h e r m a l neu t rons . F u t u r e ca lcula t ions in sphe r i ca l georaetry a r e 
contemplated when an AVIDAC p r o g r a m is completed. 

The flux d is t r ibut ions a r e based on a 4-ft diarneter 
c o r e operating at 40 mw. The v e s s e l is designed to hold a 5-ft d iamete r 
co re retaining a 1-ft thick r e f l ec to r ; however , the 1-foot ref lec tor was r e 
tained with the 4-foot c o r e as an e x t r e m e c a s e . 

The co re composi t ion a s s u m e d is given in Table IV. 
The shield composi t ion along the co re cen te r l ines in the th ree d i rec t ions is 
given in Table V. 

Table IV 

CORE COMPOSITION 

(in 

DjO ( p = 0.8) 

U»5 _ u " ^ 

Z r 

Nb 

vol--fraction) 

0.9226 

0.03936 

0.03665 

0.00141 

Table V 

SHIELD THICKNESSES ON CORE CENTERLINES 

(in inches) 

D2O 
Stainless Steel 
D2O 
Steam 
Sta inless Steel ( 2 % B ) 
Steel 
Insulation and a i r 
Lead 
F e r r o b o r o n Cement 
Heavy (Magnetite) Concre te 
Ordinary Concre te 
Steel 

Radial 

12 ( p = 0 
™ 

-
™ 

1 
2 - 1 / 2 

6 
3 

1/2 
60 
36 

8) 

Axial 

24 (p = 
1 (2% 

29 
126 

_ 
22 
_ 
» 
_ 

Up 

3.66) 
B) 

10 (or H2O) 
« 

Axial Down 

12(p= 0.8) 
4 

25 
-
_ 

2-1 /2 
6 
3 
1 
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b. Phys ica l A r r a n g e m e n t - E. E. Hamer , J. H. Monaweck 

The biological shielding is built up around a 3/4- in . thick 
carbon s tee l tank surrounding the p r e s s u r e ve s se l . There is a 6-in. thick 
annular space between this tank and the p r e s s u r e v e s s e l , 3 in. of which is 
occupied by s t a in le s s s tee l wool insulat ion; the remaining 3 in. is a i r space . 
Horizontal cooling coi ls a r e a t tached to the outer surface of the s tee l tank 
on approxi inate ly 12-inch c e n t e r s , in o rde r to mainta in the reac to r sh ie ld 
ing at reasonably low t e m p e r a t u r e s . Lead b r i cks , some with grooves to 
r ece ive the cooling co i l s , a r e s tacked around the shield tank, and molten 
lead is poured into the grooves to su r round the cooling co i l s . Lead br icks 
(3 in. thick) a r e used in the lower p a r t of the s t ruc tu re surrounding the r e 
ac tor c o r e ; 2- in . thick b r i cks a r e used in the upper port ion. A l /Z - in . 
thick layer of fe r roboron cement is placed around the lead br ick s t r u c t u r e . 

The r ema inde r of the shielding space , between the 
fe r roboron cement and the outer octagonal concre te (Z ft-lO in. thick) 
shield retaining wall , is filled with e i ther heavy concre te or ordinary con 
c r e t e , depending upon ve r t i ca l e levat ion. At the bottom of the r e a c t o r 
(where it is n e c e s s a r y to min imize the thickness of the shielding in o rder 
to keep the cont ro l rod nozz les , which mus t penet ra te the shielding, to a 
reasonable length) heavy concre te uti l izing s teel punchings and fine nnag-
net i te o r e as the c o a r s e and fine aggrega te , respec t ive ly , is used. This 
formulation co r r e sponds to a final density of 290 Ib /cu ft. F r o m an e l e 
vation cor responding approximate ly to the bottom of the r eac to r ve s se l i t 
self to a point s e v e r a l feet above the top of the c o r e , concre te util izing 
c o a r s e and fine magnet i te o re as the c o a r s e and fine aggregate (density 
220 Ib/cu ft) is used . Ordinary concre te is used for the upper p a r t of the 
bulk shielding. 

The shielding above the co re includes the heavy s tee l 
v e s s e l cover , and a composi te shield consis t ing of a water tank (-vll in. 
thick) at tached to a 6-in. thick s tee l p la te . Above this s tee l plate , the heavy 
beams compr i s ing the r e a c t o r conta inment s t ruc tu re a lso s e r v e as sh ie ld
ing. All shielding above the r e a c t o r v e s s e l is removable for a c c e s s to the 
v e s s e l for refueling opera t ions . 

At points up the s ide of the r eac to r v e s s e l , where 
pipes m u s t pene t r a t e the shielding and a t tach to the v e s s e l , s tepped r e c 
tangular holes a r e left in the bulk shielding by insert ing pe rmanen t forms 
made up of l / 4 - i n . thick carbon s tee l pla te p r io r to pouring the bulk sh ie ld 
ing. These pe rmanen t forms a r e welded at their inner end to the s teel tank 
surrotmding the v e s s e l . P ipes a r e brought out from the v e s s e l through holes 
in the s tee l tank, and after going through a t r ip le offset to e l iminate d i rec t 
paths for neut ron s t r eaming , the pipes pa s s through the outer concre te r e 
taining wall through l a r g e r pipes se t in the concre te . The l a r g e r pipes a r e 
welded a t one end to the l / 4 - i n . thick pe rmanen t forms and at the other end 
(through bellows) to the p r o c e s s piping. The space within the s tepped 



46 

rec tangular holes surrounding the p r o c e s s piping is filled with removable 
lead, heavy c o n c r e t e , and o rd ina ry concre te b locks . The filled holes a r e 
sealed with gaske ted s tee l plate c l o s u r e s at the other face of the r eac to r 
shield. 

F e r r o b o r o n cement has been incorpora ted in the 
shielding design a s an inexpensive m a t e r i a l to a t tenuate slow neutrons 
escaping from the lead gamma shield. Exper imen t s have been c a r r i e d out 
to de t e rmine the opt imum formula for such a cement to enable it to be a p 
plied in a 1/2-in. thick ve r t i ca l wall around the lead shield. 

A s tee l suppor t consis t ing of s t andard fence m a n u 
factured from interwoven wi r e ('vO.ll in. dia.) was fastened to a flat v e r 
t ical sur face and s e v e r a l cement formulat ions containing var ious p r o 
por t ions of sha rp building sand, c ru shed fe r roboron (lOO mesh) , m o r t a r 
cement , por t land cement , and wate r , w e r e applied. The following fo r 
mulat ion appea red to give the m o s t sa t i s fac tory r e s u l t : 

Building Sand (sharp) 2 lb 

Crushed F e r r o b o r o n 

(100 m e s h ; 1 7 - l / 2 % B, min.) 1 lb 

M o r t a r Cement 1 lb 

Water 0.151 lb. 

The quick-se t t ing p roper ty of m o r t a r cement enabled 
application of a 2-foot high t e s t a r e a without sagging. Thorough wetting a t 
l ea s t once after init ial se t was found to improve h a r d n e s s ma te r i a l l y . 

5. H i g h - P r e s s u r e Bor ic Acid Injection Sys tem - V. C. Hall 

The h i g h - p r e s s u r e bor ic acid injection sys tem is a standby 
emergency s y s t e m to reduce the r e a c t o r c o r e activity below cr i t ica l i ty . The 
boron solution is injected if, after a s c r a m signal , two adjacent control rods 
do not fully enter the c o r e . A two-second delay is allowed for the complete 
inser t ion of con t ro l rods after a scranri s ignal . The amount of bor ic acid 
solution which can be injected is sufficient to ove rcome 1 2 - l / 2 % react iv i ty . 
This amounts to 4740 gm H3BO3 for the EBWR c o r e . 

The h i g h - p r e s s u r e tank location is inside the re inforced 
shield on the ma in floor. The injection will be through one of the four 6-in. 
forced rec i r cu la t ion inlet l ines on the bottom of the r e a c t o r . The connecting 
l ines will be 2 - l / 2 - i n . Schedule 40S s t a in le s s pipe (approximately 75 ft. long). 
There will be two 2 - l / 2 - i n . solenoid t r ip va lves ( R A I Z ) and a check valve in 
the line a t the exit of the h i g h - p r e s s u r e tank. The t r ip valves may actuate 
automat ical ly or manual ly by a mechan ica l t r ip lever located inside the s e r v 
ice building. The equivalent length of s t r a igh t pipe to account for p r e s s u r e 
drops in the va lve s , elbows, e t c . , is approximate ly 225 ft. 
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t In o r d e r to in j ec t t h e so lu t ion in to the r e a c t o r , the h i g h -
p r e s s u r e t ank w i l l h a v e an a i r v o l u m e m a i n t a i n e d a t 1600 p s i g , a b o v e the 
l i q u i d . Dur ing t h e i n j ec t i on t h i s a i r w i l l e x p a n d a s the l iqu id l e v e l d r o p s , 
r e d u c i n g the o v e r - a l l h e a d p r e s s u r e . It i s a s s u m e d t h a t the a i r e x p a n s i o n 
w i l l be a d i a b a t i c , fo l lowing t h e r e l a t i o n s h o p 

±-i 

w h e r e k = 1.56 for a i r a t 75 a t m o s p h e r e s . 

A s s u m p t i o n s w h i c h h a v e b e e n m a d e to c a l c u l a t e the t i m e 
r e q u i r e d for s o l u t i o n in j ec t ion a r e a s f o l l o w s : 

(1) V a l v e s open i n s t a n t a n e o u s l y 

(2) T o t a l t a n k v o l u m e : 

(3) V o l u m e of b o r i c a c i d s o l u t i o n : 

(4) Vol t ime of a i r : 

(5) In i t i a l t a n k p r e s s u r e : 

(6) P i p e c o e f f i c i e n t of f r i c t i o n : 

(7) V o l u m e of p i p e f r o m b o r i c a c i d 
t ank to r e a c t o r v e s s e l : 

60 cu ft (450 gal) 

22 cu ft ( l 6 5 gal) 

38 cu ft (285 gal) 

1600 p s i g 

0.02 

3.5 c u ft 

In c a l c u l a t i n g t h e a m o u n t of b o r i c a c i d r e q u i r e d to shu t 
down t h e r e a c t o r i t w a s a s s u m e d t h a t 3% r e a c t i v i t y w a s t i e d up in v o i d s , 
bu t t h a t su f f i c i en t b o r i c a c i d s h o u l d b e i n j e c t e d to o v e r c o m e a r e a c t i v i t y of 
1 2 - 1 / 2 % . A r e d u c t i o n of 3% r e a c t i v i t y would r e q u i r e a p p r o x i m a t e l y 4 - l / 2 cu 
ft of c o n c e n t r a t e d b o r i c a c i d s o l u t i o n . A r e d u c t i o n of 1 2 - l / 2 % r e a c t i v i t y 
wou ld r e q u i r e a p p r o x i m a t e l y I 8 - I / 2 cu ft of b o r i c a c i d so lu t i on . 

The fo l lowing t a b u l a t i o n l i s t s the amiount of p o i s o n , in j ec t ion 
t i m e , a n d r e a c t i v i t y c o n t r o l e f f ec t ed for v a r i o u s o p e r a t i n g p r e s s u r e s . 

O p e r a t i n g R e a c t i v i t y 

t 

P r e s s u r e , 
p s i 

650 

650 

700 

700 

800 

800 

C o n t r o l , 
% 

3 

1 2 - 1 / 2 

3 

1 2 - 1 / 2 

3 

1 2 - 1 / 2 

H3BO3 
F o r R e a c t i v 

4 - 1 / 2 

e e 
e e 
e e 
e e 

I 8 - 1 / 2 

4 - 1 / 2 

1 2 - 1 / 2 

4 - 1 / 2 

I 8 - I / 2 

V o l u m e s 
i ty 

e e s 9 e e oe 
9 9 9 9 e e e 
e« e e e e e 
e Q e e e e e 

e e « e « « e 9 e ee 

CU 

P i p i n g 

3 - 1 / 2 

3 - 1 / 2 

ee e e e e e 
e e e e 

e e e e e 
e a e e 

e e « a e 

ft 
To t a l 

8 

22 

8 

22 

8 

22 

e e e ee 
e e e 
e e e e 
e 6 e 

e e e e e 

Injec : t ion T i m e , 
s e c 

4 .6 

26 

4 .8 

31 

5.3 
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6. Reac to r Water Puri f icat ion System - C . J . Zitek 

After an extensive study of the water s y s t e m s of var ious 
operat ing r e a c t o r s , it was decided that no water t r e a t m e n t as such would 
be applied to the r e a c t o r wa te r , a t l eas t for the init ial operat ion. O p e r 
ational pe r fo rmance and exper ience may indicate the need for some type 
of t r ea tmen t to min imize co r ros ion and ent ra inment in the s t eam. 

The r e a c t o r sys t em will be initially filled with deionized 
water (not deaerated) having a specific r e s i s t a n c e of 6 megohms (total 
solids about 0.2 ppm). It is impera t ive that the total sol ids (both soluble 
and insoluble) of the r e a c t o r water be kept at a m i n i m u m to prevent : 
(l) deposit ion of soluble and insoluble const i tuents f rom r e a c t o r water 
to heat t r ans fe r s u r f a c e s ; and (2) excess ive radioact ivi ty build-up in the 
turbine and condenser sys t em and r eac to r auxi l ia ry components , i .e . , 
s t e am d r i e r , s t a r t - u p hea t e r , feed-water pumps , va lves , and the piping. 
The prevent ive m e a s u r e s include: (a) full-flow f i l t rat ion of condensate 
and (b) a continuous b y - p a s s purif ication loop. 

a. Full-f low F i l t r a t ion of Condensate 

Two "Fulflo" f i l te rs of 180-gpm capaci ty each a r e in 
pa ra l l e l between the r e a c t o r feed-water pumps and the r eac to r ves se l . 
Each unit contains 75 cotton thread fi l ter c a r t r i d g e s , which r e s u l t in a 
m o d e r a t e loading of 2.4 gpm per c a r t r i d g e . Labo ra to ry t e s t s have ind i 
cated that a t this loading no difficulty should a r i s e f rom excess ive p r e s 
s u r e drop due to packing of the cotton t h r e a d s . Normal ly only one unit 
will be in opera t ion. The second unit will be a s tand-by which will be 
switched into the sy s t em when the differential p r e s s u r e a c r o s s the opera t 
ing unit r e a c h e s a p r ede t e rmined value indicating clogging of the fil ter 
s u r f a c e s . 

The cotton th read fi l ter c a r t r i d g e s a r e capable of 
removing pa r t i cu la t e m a t t e r down to 2 to 5 -mic ron s i ze . It is difficult to 
p red ic t what pe rcen tage of the c o r r o s i o n - e r o s i o n products from the 
tu rb ine -condenser s y s t e m will be r e t a ined in the f i l te r . Utility power 
plant opera t ion indicates between 25 to 50% of the iron in the condensate 
is in the insoluble form. However, the pa r t i c l e s ize dis t r ibut ion is not 
known and the g r e a t e r pe rcen tage probably is in col loidal form or con 
s t i tu tes p a r t i c l e s l e s s than one m i c r o n . There is the possibi l i ty that the 
cotton f ibers will ad so rb or exchange colloidal co r ro s ion products and 
meta l l ic ions such a s Fe++ and Fe+++; thus the effectiveness of these 
fi l ter units may be g r e a t e r than expected. 

No a t tempt has been m a d e to de te rmine the r a d i o 
activity level that will be a t ta ined in the fil ter un i t s , but it should not be 
high. Because of the expected low activi ty level these units will not have 
in tegra l shielding. If the act ivi ty level does i nc rease to a high level 
(10 to 20 r / h r ) , t e m p o r a r y shielding will be instal led. 



Removal of the hot fil ter c a r t r i d g e s is facili tated 
by having the f i l ter c a r t r i d g e s in a removable cage a s sembly . The ent i re 
a s sembly will be lifted from, the v e s s e l and placed in a container for r e 
moval and u l t imate disposal . 

b . By-pass Pur i f icat ion Loop 

The by -pass purification loop has a three-fold p u r 
pose : (l) mainta in r e a c t o r water quality of 1-megohm specific r e s i s t ance 
(equivalent to 0.5 to 1.0 ppm total sol ids) ; (2) afford p r i m a r y clean up of 
r e a c t o r sy s t em after a fuel plate fa i lu re ; and (s) supply normal shutdown 
cooling facility. 

The quality of the r e a c t o r water will be maintained 
at 1-megohm specific r e s i s t ance by continuous rec i rcu la t ion of a maximum 
of 10 gpm through the purification loop. The flow r a t e n e c e s s a r y to m a i n 
tain the above water quality was calcula ted to be l e s s than 5 gpm, using the 
co r ro s ion data supplied by A l l i s - C h a l m e r s . This co r ros ion data was for 
an Admira l ty Meta l - tubed condenser . Because of the change to aluminum 
condenser tubes - subsequent to the sizing of the loop - the 5 gpm value is 
probably high and the actual flow r a t e through the loop will probably be l ess 
than 5 gpm. 

The loop will be operated at a max imum flow ra te 
following a fuel plate fa i lure in an a t tempt to remove the major port ion of 
the contaminat ion - uranium, plutonium, and fission product oxides and 
soluble compounds. 

O v e r - a l l Descr ip t ion 

Two complete sy s t ems (lO gpm each) a r e to be in
s ta l led in pa ra l l e l to afford continuous cleanup operation during renewal 
of components . Each loop cons i s t s of a r egenera t ive heat exchanger , 
secondary cooler , p r e - f i l t e r , mixed-bed ion exchange unit, a f ter - f i l ter 
and c i rcula t ing pump. 

Both sy s t ems can be opera ted sinnultaneously, and by 
p rope r valving, the r egenera t ive heat exchanger , f i l t e r s , and ion exchange 
column a r e by -pas sed , leaving only the secondary coo le r s and circulat ing 
pumps in the sy s t em. The secondary coo le r s and pumps a r e designed for 
50-gpm capaci ty each and when operat ing at this capaci ty will fulfill the 
norrnal shutdown cooling r equ i r emen t - d iss ipate 1% of full r eac to r power 
(682,600 B t u / h r ) . Seven hours after a no rma l shutdown the co re decay 
heat amounts to 1% of full power. During the f i r s t seven hours the reac tor 
s t eam will be condensed in the condenser and the r eac to r water t e m p e r a t u r e 
should drop to 212F. At that t ime , the above-ment ioned cooling facility will 
be put into effect and the r e a c t o r water t empe ra tu r e brought down and m a i n 
tained at 120F. 



Fi l t e r Units 

"Fulf lo" f i l ter uni ts of 10-gpm capacity a r e used in 
the purif icat ion loop. Each unit contains 12 cotton th read c a r t r i d g e s (2 -
m i c r o n size) in a r emovab le cage a s s e m b l y . The loading is low - 0.84 gpm/ 
c a r t r i d g e - t© prevent packing and subsequent inc rease in differential p r e s 
su re a c r o s s the unit. 

The p r e - f i l t e r units a r e expected to r emove about 90% 
of the insoluble " c r u d " arid to p reven t plugging of the ion exchange columns 
during n o r m a l s e r v i c e . The 90% efficiency value was de te rmined by l a b o 
ra to ry test ing using synthetic "c rud" (Fe304). The u l t imate s ize was b e 
tween 0.02 and 0.04 m i c r o n but the agg lomera te s ize was from 5 to 10 
m i c r o n s . During cleanup of the r e a c t o r water after a fuel pla te fai lure, 
these units a r e expected to r emove about 40% of the total co r ro s ion p r o 
ducts . 

The a f t e r - f i l t e r s a r e intended to remove any r e s i n 
pa r t i c l e s which may be flushed out of the ion exchange co lumns . 

During n o r m a l s e r v i c e , the radioact ivi ty level of the 
pref i l te r is expected to be a s high as 30 to 40 r / h r . However, rough c a l 
culat ions indicate that the activi ty level may be as high a s 400 r / h r at one 
m e t e r one week after fuel plate fa i lu re . Because of the possibly high 
activity level , the two p r e - f i l t e r s a r e designed to have 4 in. of lead sh ie ld 
ing as an in tegra l p a r t of the un i t s . The activity level of the a f t e r - f i l t e r s 
is not expected to be high and no shielding is planned. 

Mixed-Bed Ion Exchange Unit 

Two mixed-bed ion exchange units a r e the main c o m 
ponents of the purif icat ion loop. Each bed is made up of 6 cu ft of highly 
basic anion r e s i n (lRA-400 or equivalent) and 3 cu ft of cation r e s in ( iRA-
120 or equivalent). The mixed r e s i n s a r e to be contained in a removable 
basket a s sembly for ease of loading and unloading. The p r e s s u r e v e s s e l 
is not designed for back-flushing or r egene ra t ion of r e s i n s in place. (At 
the p r e s e n t t ime , r egenera t ion of the loaded r e s i n s is not being considered.) 
The r e s i n volume of these units was sca led down (by ra t io of flow ra tes) 
from those being used on the production r e a c t o r s at the AEC Savannah 
River s i t e . 

The ion exchange beds will take out al l ionic i m 
pur i t i e s in the r e a c t o r water and poss ib ly some of the finer insoluble 
and colloidal m a t e r i a l which gets pas t the p r e - f i l t e r s . The effluent flow 
from these units is expected to have a specific r e s i s t a n c e of 12 megohms 
and a pH about 7.0. No es t imate can be m a d e of the life expectancy of 
these uni ts because of the va r i ab l e s involved. Break- th rough of the column 
will be de te rmined by s t r i p cha r t conductivity readings in the cont ro l room. 



51 

t 

t 

During no rma l se rv ice the activity level in these 
units will i nc rease gradual ly to possibly 30 to 40 r / h r . Calculations i n 
dicate an i nc r ea se in activity of about 10 r / h r at one m e t e r after one week 
of decay due to cleanup after a fuel plate fai lure, assuming only 1% of the 
f ission products a r e soluble and would be picked up by the r e s i n s . There 
is a possibi l i ty that these units will become considerably "hotter" due to 
fi l tration or adsorpt ion of colloidal pa r t i c l e s which pass through the p r e -
fi l ter . Because of the poss ib le high radiat ion level these units a r e de™ 
signed with 4 in. of lead shielding. 

Disposal of "Hot" F i l te r Assembl ies and Resin Beds 

Both the p r e - f i l t e r s and ion exchange units will be r e 
moved from the EBWR building for r ep lacement of the removable a s s e m 
bl ies . Because these units a r e heavyj due to the in tegral shielding, they 
a r e mounted on mobi le c a r r i e r s on r a i l s for ease of installat ion and m a i n 
tenance . 

After a r easonab le decay period, the shielded unit 
will be t r a n s p o r t e d to the Site bur ia l ground where the filter or r e s in bed 
will be removed and s tored . The shielding ves se l will be decontaminated 
and re tu rned to the EBWR for re loading. 

7. Feed Water Make-up System ^ C. J. Zitek 

Two mixed-bed ion exchange units ( lO-gpm, 6000-gallon 
capacity) will supply deminera l i zed water (not deaerated) having a 
specific r e s i s t a n c e of 6 megohms and a pH of 7.0. The total solids will 
be below 0,2 ppm. A ' 'Fulf lo" fil ter unit (lO gpm.) is in each of the ef
fluent d ischarge pipes to p ro tec t aga ins t c a r r y - o v e r of r e s i n fines or 
ext raneous m a t e r i a l into the r e a c t o r water sys tem. The quality of the 
water from the operat ing unit will be r e co rded in the control room. 

This water will be used for the initial filling of the r e 
ac tor systems m a k e - u p water r e q u i r e m e n t s , shield cooling sys t em, and 
r e a c t o r shield flooding. 

The ion exchange units a r e to be located in the se rv ice 
building basemen t and the effluent will be piped to a ZOO-gallon s torage 
tank located on the turbine floor of the r eac to r building. Because of the 
expected low m a k e - u p water r e q u i r e m e n t , the 200-gallon s torage tank 
will be ample . The water level in the tank will be indicated in the control 
room. 

8. Retention Tanks - C. J. Zi tek 

Two 3000-gallon s to rage tanks , located in the reac tor 
building basement , will be used to col lect al l the drainage from the 
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var ious sys t em components . The l abora to ry sink dra inage will be co l 
lected in a 1500-gallon tank located in the basemen t of the s e rv i ce building. 

When any of these tanks a r e full, the contents will be m o n 
i tored for act ivi ty . If non-radioac t ive the contents will be pumped to the 
si te sewer sy s t em. If rad ioac t ive (and depending upon the activi ty level) 
the contents will e i ther be pximped through a por table ion exchange bed to 
reduce the activi ty level , or pumped d i rec t ly into Dempste r tank t rucks 
for t r a n s p o r t to a decontaminat ion a r e a for u l t imate d isposal . 

B. S team P lan t 

« 

1. C a r r y - o v e r of Radioactive Ma te r i a l in Steam - C . J . Zitek 

The amount of activity c a r r i e d over to the turb ine and 
condenser sy s t em depends on the extent of en t ra inment in the s team of 
soluble and insoluble sol ids and volat i le const i tuents in the r eac to r water . 
An extensive en t ra inment study was made by the Argonne Chemical Engi 
neer ing Division at conditions approximating those of full-power operat ion 
of EBWR. This work was done using a nonvolati le const i tuent Cs*"*"̂  CI as 
the t r a c e r . The decontamination factor ( ra t io of concent ra t ion of the t r a c e r 
in boi ler to that in the steam) va r i ed between 1 x 1 0 * and 4 x 10*. 

Calculat ions of the activity that will be c a r r i e d over into 
the turbine during n o r m a l operat ion were made , using a decontamination 
factor of 1 X 10 ' to be on the p e s s i m i s t i c s ide ; the r e s u l t s indicated that 
shielding of turbine or condenser will not be n e c e s s a r y . 

Conditions will be en t i re ly different after a fuel plate 
fa i lure . No a t t empt has been made to calculate the resul t ing activity 
levels in the ex te rna l steam, sys t em. All of the fission product gases and 
50% of the iodine r e l e a s e d by the fuel during c o r r o s i o n will be c a r r i e d 
over into the turbine by the s t eam. Mos t or al l of the iodine is expected 
to condense somewhere in the turbine and e i ther "p la te" out on the turbine 
in terna ls or be dissolved by the wet s t e a m and r e tu rned to the r eac to r 
v e s s e l in the condensa te . The fission product gases a r e expected to be 
drawn out of the sys t em through the a i r ejector and be d i scharged to the 
a tmosphere through the r e a c t o r building vent. An AEC filter will be placed 
in the exhaust l ine to t r ap any pa r t i cu la te m a t t e r which may be inadvertently 
c a r r i e d over . 

2. A i r -Dry ing and Fluid Recovery Sys tem - V. C, Hall, 
E. A. Wimunc 

The sy s t em shown schemat ica l ly in F ig . 13 is designed 
(l) to min imize in- leakage and to r ecove r m o s t out- leakage of radioact ive 
gases and vapor s and r e t u r n this leakage to the s t eam s y s t e m ; and (z) to 
min imize contaminat ion and los s of D^O during the poss ib le use of heavy 

s 
s e e e e e e ee e« e e e e e e e 
e e e e e e e e s e a e e e e 

e s e e e e e e e e e e e 



53 

t AIR & POSSIBLE VAPOR FROM HORIZONTAL TURBINE CASING SEAL 

AIR & VAPOR FROI/ TURBINE SEALS & PRESSURE CONTROL VALVE 

AIR & VAPOR FROM AIR EJECTOR AFTER-COOLER 

A!R FROf/ REACTOR FEED PUMPS 

CONDENSATE FROM AIR EJECTOR AFTER-COOLER 

WATER FRCM CONTROL ROD THIMBLE SEALS 

WATER FROM REACTOR FEED PUMPS 

TO REACTOR 
FEED PUMPS 

TO TURBINE SEALS AND 
PRESSURE CONTROL VALVES 

-COMPRESSED 
AIR SUPPLY 

DRY AIR >,'ANIFOLD 

EXPANSION VALVE 

t 

ATMOSPHERIC AIR 

BLOWER 

REACT I VAT ING 
VENT 

A iR MAKE-UP SYSTEM 

•TC MAIN CONDENSER 

FIG. 13 

AIR-DRYING AND FLUID RECOVERY SYSTEM 

e e e s e e e s ee ee e e ee e e ee e« e e e e e e e e 
e e e e e e e e e e s e e e e e e e e e 

ee e ee e e e e e e e e e e e e e e e ee 
e e e e e ft e e e e » e e o e e e e e e 
e e e e e a e e e e e e e « e e e e e e 

e e e a e e ee ee e e e e e aa e e e e e ee ee e e e e e e 



water as the EBWR working fluid. The sys tem cons i s t s of two sec t ions , 
one for drying a tmospher i c make-up a i r and the other for separa t ing and 
recover ing the working fluid and sealing a i r . 

a. Equipment to be Sealed 

Table VI shows the components that a r e to be sealed; 
Fig . 14 shows the es t imated flows under no rma l operat ing condit ions. 

Table VI 

ESTIMATED GLAND SEAL FLOWS 

Item and Supplier 

HP Turbine Gland (AUis 
Chalmers) 

L P Turbine Gland (Allis 
Chalmers) 

Turbine Lift Rods 
(2) (AUis Chalmers) 

Reactor Feed Pumps 
(2) (AUis Cha lmers ) 

P r e s s u r e Control Va lves : 
By-pass Valve (Schutte 

and Koerting) 

Relief and Regulating 
Valve (Fos te r Engineering) 

Thrott le Valve (Cimpel 
Machine Works) 

TOTAL 

Air Required 
to Seal , 

Ib /h r 

36.4 

36.4 

1.2 

30.0 

Air to 
Recovery 
System, 

Ib /h r 

18.2 

18.2 

1.0 

15.0 

Steam to 
Recovery 

System, 
Ib/hr 

32.7 

32.7 

2.6 

. 

0.6 

0.5 

1.6 

106.7 

0.4 

0.4 

1.0 

54.2 

0.8 

0.7 

7.0 

76.5 

The turbine is equipped with a shaft sea l which m i n i 
mizes leakage of radioac t ive s team to the surrounding a tmosphe re . The 
seal will cons i s t of a labyrinth containing th ree annuli surrounding the 
shaft at the high p r e s s u r e and low p r e s s u r e ends . The outer annulus will 
be supplied with dry a i r a t + 6 in. H2O p r e s s u r e ; the inner will be supplied 
with sys tem s t eam at 2 psig, and the center annulus will exhaust to a v a c 
uum of - 6 in. H2O which will col lect leakage from the adjoining grooves 
and re tu rn it to the r ecove ry sys tem. 
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In addition to t he se s e a l s , the turbine is equipped with 
l ight-gage welded housings covering al l f langed-and-bol ted joints . A sma l l 
r e c e s s cut c i rcumferen t ia l ly into the upper horizontal joint flange face is 
evacuated by the r ecove ry sys t em (-6 in. HgO) to col lec t leakage. The 
in ter ior of the housing flange is held at + 6 in. H^O p r e s s u r e as in the ca se 
of the shaft s e a l s . 

In addition to a mechanica l s ea l , the r eac to r feed 
pumps a r e equipped with a labyrinth fluid recovery s ea l . 

With the exception of the few spec ia l va lves , p r e s s u r e 
relief and regulat ing valve , the turbine thro t t le valve and the s t eam by-^ 
pass va lve , a l l va lves in the s t eam power plant sys t em a r e of the conven™ 
tional globe or gate design with welded or p r e s s u r e sea led bonnets slightly 
modified for deep packing glands , l an te rn r i n g s , and bleed-off openings. 
Teflon or Tef lon- impregnated a s b e s t o s packing will be u sed in mos t of the 
va lves . Although packing will be instal led above and below the l an te rn 
r ings init ial ly, the bleed-off openings will not be used un less operat ion 
dictates the necess i ty for a col lect ion or a l a r m sys tem. P a s t exper ience 
indicates that packing glands hold leakage to a very low value under n o r m a l 
c i r c u m s t a n c e s and only a careful main tenance p r o g r a m should be n e c 
e s s a r y . 

Stem packing is used on the p r e s s u r e - r e g u l a t i n g valve 
and the s t eam b y - p a s s valve; however , t h r e e connections a r e made on the 
gland for tying this seal to fluid r ecove ry s y s t e m . 

Leakage of c i rcu la t ing water in the condenser around 
tube joints into the r e a c t o r sy s t em is prevented by providing a double tube 
sheet with tubes ro l led into each shee t and an evacuated space between the 
sheets to t r ap and b y - p a s s leakage. This leakage will be drained to a 6-in. 
pipe tank inside the 1200-gallon vacuum tank which is main ta ined at con
denser vacuum by the a i r e jec tors ( see F ig . 15). The 6-in. pipe tank is 
used to col lect and indicate s inal l amounts of leakage which would be dif
ficult to detect in the l a r g e r tank. 

If the condenser tube should r u p t u r e , c i rcula t ing 
water would mix with the sys tem wa te r . This leakage can be detected by 
checking the conductivity of the condensate in the hot well (two s ides ) ; 
increas ing conductivity would indicate leakage . In this event the opera tor 
would c lose the c i rcula t ing water inlet and outlet butterfly valves on the 
side which had indicated high conductivity. The c losure of the butterfly 
valves will ac tua te a 6-in. Hills McCanna valve to dump the condenser 
c i rcula t ing water in that half of the condenser to the 1200-gallon vacuum 
tank. The condenser can continue to ope ra t e ; however , the condenser 
p r e s s u r e will r i s e due to the d e c r e a s e in cooling a r e a . The vacuura tank 
can be dra ined to a 3,000-gallon re tent ion tank when n e c e s s a r y . 
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The conditions for the s t e a m plant pe r fo rmance were 
se t forth a s max imum to le rab le out- leakage of working fluid and min imum 
tolerable in - leakage of contaminat ion to the working fluid: 

Total loss of working fluid (DgO) <1 lb /day ; 
Total intake of water from a tmosphe re <0.5 lb /day . 

The m o i s t u r e content of the c i rcula t ing a i r or m a k e 
up a i r was se t a t 0,5 gra in of water vapor per pound of dry a i r , which c o r 
responds to a dew point of - 4 0 F . 

The a i r - d r y i n g sy s t em was designed to be a tight 
o v e r - a l l s t e a m systemi. Sources of in- leakage and fluid loss a r e acknowl
edged; the re fore the following m e a s u r e m e n t s will be m a d e when the sys tem 
is in operat ion: 

(1) Air in- leakage 1 Ib /h r (es t imated) . 
(2) L o s s of fluid through condensat ion of s t eam in the 

vacuum tank. 
(3) Contamination of fluid by water vapor fronn vacuum 

tank enter ing a i r e jec tor . 
(4) Steam and fluid loss through valve s t e m s , cont ro l 

r o d s , e tc . 

b . Operat ion 

The sy s t em will del iver a i r a t a cont ro l led p r e s s u r e of 
6 in. water gage above a t m o s p h e r e . It will take an a i r vapor mix tu re from 
the s ea l s at a cont ro l led vacuum of 6 in. water gage below a tmosphe re . 
These p r e s s u r e s will be contro l led automat ica l ly , except where the total 
a i r a t the suction of the working fluid r ecove ry sect ion exceeds the amount 
of a i r n e c e s s a r y to mainta in the se t sy s t em p r e s s u r e . This condition will 
occur when the a i r - e j ec t i on r a t e f rom the power faci l i t ies exceeds the a i r 
leakage r a t e f rom the sea l s and glands (initial hogging). An automiatic r e 
lief valve will p reven t o v e r - p r e s s u r e during this t ime . 

A vent condenser consis t ing of a p r i m a r y sect ion 
cooled by raw water will be capable of condensing and cooling a 250F water 
vapor and a i r m ix tu re (l50 Ib /h r of vapor and 150 I b / h r of air) to a final 
s a tu ra t ed condition of 120F, and a secondary sect ion cooled by mechanica l 
r e f r ige ra t ion that will fur ther cool and dehumidify to a s a tu ra t ed t e m p e r 
a tu re of 4 0 F . The vent condenser is equipped with a s y s t e m sump capaci ty 
of 50 gallons to which al l condensate f rom the "fluid r e c o v e r y " port ion of 
the s y s t e m will d ra in . 

A sump pump will be r equ i r ed to r e t u r n the condensate 
to the main condenser during s t a r tup and shutdown, a t which t ime the ma in 
condenser is not under operat ing vacuum condit ions. However , it may be 
poss ib le to turn off the sump pump during n o r m a l operat ion to take advantage 
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of the free flow of the working fluid due to the p r e s s u r e differential between 
the sump tank ( - 6 in. H^O) and the main condenser (2.5 in. Hg abs . ) . A 
se lec tor switch s t a r t s e i ther of the two sump pumps in the sys tem. The 
n o r m a l level in the sump tank is control led by a F i s h e r Governor Type 
2500-259 L e v e l - T r o l column-type liquid level con t ro l l e r . This unit would 
control a l - l / Z - i n . F i s h e r - t y p e 555T diaphragm motor valve. The level 
control is independent of the operat ion of ei ther sump pump. 

A high- level Magnetrol float switch is provided to 
s t a r t both sump puinps should the level r i s e too high above the normal 
level posit ion. These pumps will cycle until one pump is se lected by the 
opera tor for continuous operat ion. Actuation of the high-level switch will 
signal an a l a r m in the control room to warn the opera tor of an abnormal 
condition. 

C Ins t rumenta t ion , Contro l , and E lec t r i ca l Power System. 

1. Nuclear Ins t rumenta t ion Fac i l i t i es - E. E. Hamer 

Six faci l i t ies for nuc lear instrumentat ion a r e provided in 
the EBWR s t r u c t u r e . Four of these facil i t ies (for ion chambers) a r e 
through holes (6 in. dia.) tangent to the lead shield surrounding the r e 
ac tor v e s s e l . Two holes a r e located on the nor th side of the ves se l at 
elevations 1 ft above and 1 ft below the co re midplane. The other two 
holes a r e located on the south s ide a t identical e levat ions . The holes 
a r e stepped at each end to accommodate stepped shield plugs, and a r e 
sloped downward slightly toward the eas t face for dra inage . 

Two blind rad ia l holes (for fission chambers) a r e located 
on the west s ide at an elevation para l le l ing the co re midplane. The holes 
a r e 4 in. in d i ame te r , with provis ion for stepped shield plugs , and a r e 
sloped toward the r e a c t o r face for d ra inage . 

A chain hois t suppor t s t ruc tu re is provided above the 
holes on both eas t and wes t faces of the r eac to r to facili tate remova l of 
the shielding plugs as c i r c u m s t a n c e s war ran t . 

2. E l ec t r i c a l Power System - F . Verber 

F igu re 16 is a schemat ic plan view of the EBWR power 
plant and control a r e a s . The e l ec t r i ca l distr ibution and control equipment 
a r e located in the basemen t of the s e rv i ce building. Adjacent to this bui ld
ing is the outdoor- type substat ion which houses the 4160-volt switchgear , 
the Main Power T r a n s f o r m e r , and the R e s e r v e Auxi l iar ies Supply T r a n s 
fo rmer . 

oee ee 
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a. 4160-volt Ci rcu i t s 

With re fe rence to the simplified line d iagram in Fig. 17, 
the 5,000-kw genera tor output is brought direct ly to the 4160-volt, 3-phase, 
60-cycle main bus of the outdoor substat ion switchgear through a IZOO-
a m p e r e , 3 P .S .T. genera tor a i r c i r cu i t b reaker . A 1200-ampere c i rcui t 
b r e a k e r is provided for the main power transfornaer (5000/6Z50 kva) for 
delivery of the genera to r output (minus the EBWR auxil iary power demand) 
to the Labora tory 13-kv power dis tr ibut ion sys tem. 

The auxi l iary power requi rements of EBWR a r e se rved 
from the 4160-volt bus through a 1200-ampere breaker and 7 50/ l000-kva 
main auxi l iary power t r a n s f o r m e r . 

It should be noted that the Labora tory power d i s t r i 
bution sys tem ( l3 kv) is used to provide power for the var ious auxil iary 
c i rcu i t s when the genera tor is not in operation. 

b. 4160-volt Switchgear 

The 4160-volt switchgear is of the outdoor, m e t a l -
clad type with ve r t i ca l lift a i r c i r cu i t b r e a k e r s , equipped with solenoid 
ope ra to r s and shunt t r ip coils for 125-volt, d-c operation. The 3-phase 
interrupting capaci ty of the c i rcu i t b r e a k e r s is 150,000 kva at 4160 volts . 
The 3-phase shor t c i r cu i t kva at the 4160-volt bus is approxiinately 92,500 
when the EBWR facility is connected to the north bus section of Faci l i ty 544. 

c. Rese rve and Emergency Auxiliary Power Supplies 

To provide power supply for the var ious auxil iary 
dr ives in the event of loss of the 13-kv pole line c i rcu i t to Faci l i ty 544 
(when the genera tor is not operating) and /or loss of the 750/ l000-kva main 
auxi l iary t r a n s f o r m e r c i rcu i t , a 750/862-kva r e s e r v e auxil iary t r ans fo rmer 
is incorpora ted in the design. The t r a n s f o r m e r will furnish power to the 
480-volt , 3-phase , 60-cycle bus via the south bus section of Faci l i ty 544. 

In n o r m a l operat ion the 480-volt bus will be fed from the 
750/ l000-kva main auxi l iary t r a n s f o r m e r . Loss of voltage on the bus 
will init iate operat ion of under-vol tage re lays on the 480-volt switchgear 
bus to effect automatic tripping of the c i rcu i t breaker designated M" in 
F ig . 17 and, after a delay of approximate ly one second, will initiate c l o 
su re of c i rcu i t b r e a k e r " R " and r e s t o r e power to the 480-volt bus . A 
se lec tor switch is included on the E lec t r i ca l Auxil iar ies control panel (in 
the Control Room) to interchange the function of the main and r e s e r v e 
power suppl ies . 
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A 60-kw, 480-volt , 3 -phase , 60-cycle diesel g e n e r 
ator se t p rovides emergency power for the reac tor control rod d r ives , 
e s sen t i a l sy s t em ins t rumenta t ion , va lves , and some aux i l i a r i e s , including 
the fluid r ecove ry sys tem equipment, cooling water sys tem pumps and 
shield water c i rcu la t ing pumps . Control is a r r anged to ini t iate automatic 
s tar t ing of the d iese l genera to r se t following approximately 4 seconds of 
sustained loss of voltage on the 480-vol t bus and will r e s t o r e voltage to 
motor cont ro l c e n t e r s Nos. 2 and 3 within ten to fifteen seconds. 

To provide continuity of emergency lighting, an 
automatic th row-over switch is included to t ransfer the emergency l ight 
ing c i r cu i t s to the 125-volt , d-c bus . Transfe r will occur immediate ly 
upon loss of vol tage on the 120-208 volt bus , but will r e tu rn automatical ly 
to the a-c bus posi t ion with r e s to ra t ion of power on the s ame bus . 

d. Auxil iary Loads 

F igu re 18 shows, in block d iagram form, the con
nected h„p. and the 1-hour kw loads for the var ious dis tr ibut ion cen te r s 
of the EBWR facility. The values shown include the loads within each 
block, but do not include loads on the feeders which rad ia te theref rom. A 
total demand of 662 kw on the main 480-vol t , 3-phase, 60 cycle bus leaves 
approximately 4300 kw of the power generat ing capabili ty available for d e 
l ivery to the Station Fac i l i ty 544 and from there to the power distr ibution 
sys tem and /o r the pu rchased power sy s t em. A 662-kw auxi l iary demand 
would r e p r e s e n t 13,24% of the g e n e r a t o r ' s kw rat ing. 

D. Building 

1. Genera l - A. H. Heineman 

The excavation for the power plant building and the s e r v 
ice building was completed ea r ly during this r epo r t per iod, and all footings 
were poured. F a b r i c a t e d m a t e r i a l for the power plant s tee l shel l was d e 
l ivered to the EBWR si te during the l a t t e r half of August. Actual assembly 
of the s tee l shel l was s t a r t ed ea r ly in September . 

Design drawings for al l fea tures of the connecting piping, 
acces s tunnels , removable shielding, lead shielding, cooling coi l s , top and 
bottom shielding, v e s s e l suppor t and containment s t r u c t u r e , ves se l enve
lope s ea l s and vent , thermocouple loca t ions , ins t rument wel l s , and con
sti tuency of the biological shield immedia te ly surrounding the reac to r 
v e s s e l were completed and turned over to the a rch i t ec t - eng inee r s for 
incorporat ion into thei r engineering drawings and specif icat ions. 
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2. Emergency A i r -Lock Doors - J. N. Young 

The design of the emergency a i r lock has been completed 
and submit ted to the building shel l cont rac tor for detailing and fabrication. 
A schematic drawing of the emergency a i r lock is shown in Fig. 19. 

The operat ion of the mechan i sm is completely manual; 
however, the door and valve in ter locks a r e naechanical and positive acting. 
F e a t u r e s of operat ion a r e l is ted below: 

(l) One door is c lamped shut at all t imes ; both doors nnay 
be in the clamped shut position at one t ime . 

(z) The p res su re -equa l i z ing valve connecting the air lock 
to the building is c losed when the outer door is undamped , and the valve 
connecting the a i r lock to the outside is closed when the inner door is un
d a m p e d . 

(3) Each door is u n d a m p e d from the inside by pulling a 
lever away from the door. This d o s e s and clamps the other door. The 
outer door is opened frona the outside by a handwheel. The inner door 
cannot be opened from the outside under ordinary c i r cums tances . 

(4) In an emergency a man with a key is able to enter the 
building through the emergency a i r - l o c k door by unlocking the lever in 
side the a i r - l o c k enc losure . 

(5) The air lock is a i r - t igh t for building p r e s s u r e of from 
- 0.5 to +15 ps ig . 

(6) A vacuum of m o r e than 2.0 psig inside the a i r - lock 
enclosure will be re l ieved to prevent damage to the mechan i sm. 

(7) The valves and doors have adjustments for t ightness. 

(8) The mechan ism has sealed ball bear ings and requ i res 
no lubricat ion. 

(9) A uniform clamping p r e s s u r e of 10 pounds/ inch is 
applied to the door gaske ts . 
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II. SUPPORTING AND ALTERNATE DESIGN RESEARCH AND 
DEVELOPMENT 

A. Al te rna te Methods of Operation of EBWR - S. A. Bernsen, 
R. J. Ricker t 

It has become apparent that significant gains in the specific 
power of boiling r e a c t o r s might be achieved with forced circulat ion. It is 
a l s o felt that g r e a t e r s tabi l i ty and safety might be reached with a DgO-
modera t ed and cooled boiling r eac to r , along with g rea t e r economy in the 
l a r g e r s i zes planned for eventual cen t ra l station power plant use . Fo r 
th i s r eason , the p r e s e n t EBWR, which i s prim.arily a light water na tura l 
c i rcula t ion r eac to r , has been modified in order to pe rmi t future e x p e r i 
mentat ion with both forced c i rcula t ion and D^O operat ion. In order to 
achieve these goals , components which may not be changed in the sys tem, 
such as the r e a c t o r ve s se l and shielding, a r e designed to meet the re~ 
qu i remen t s of al l the above types of operat ion. 

The v e s s e l and shielding design n e c e s s a r y for the mul t ipurpose 
r e q u i r e m e n t s a r e v i r tual ly complete and a r e descr ibed above. However, the 
na tu re of the core s t ruc tu r e , fuel e l ements , and control rods (except for rod 
pene t ra t ion pa t te rn) have only been pursued far enough to a s s u r e that the 
p r e s e n t sys t em can be adapted to future p lans . 

1. F o r c e d Circulat ion - HgO 

The change to forced circulat ion will be accomplished by 
placing a c i r cu l a r shroud around the core support p la te . This shroud will 
sea t on a machined ring on the bottom head of the vesse l and will be bolted 
down to the support plate to fo rm an inlet plenum chamber . The coolant 
wil l enter the chamber through four 6-in. nozzles located outside the 
control rod nozz les , and will flow up through the core a r e a defined by the 
dummy fuel e leraents and poss ibly by a c i r cu la r shroud ring around the core . 
The r ec i r cu l a t ed water then flows down outside the shroud and out of the 
v e s s e l through two 12-in.. outlet nozzles located opposite each other jus t 
above the bot tom head of the v e s s e l . 

The inlet nozzles pene t ra te the biological shield ver t ica l ly 
and enter the control rod dr ive a r e a below the r e a c t o r vesse l , where at 
p r e sen t the l ines t e r m i n a t e in blind f langes, (Auxiliary use is made of 
t h r e e of the nozz les for connection of the ion-exchange sys tem, h i g h - p r e s s u r e 
boron injection sys tem, and s ta r tup hea te r sys t em to the r eac to r ves se l . In 
th i s way ves se l pene t ra t ions a r e minimized . ) When the change to forced c i r 
culation i s made , the nozzle flanges will be connected by a manifold sy s t em 
and led out of the s u b - r e a c t o r rooin to a pump a r e a outside the lower exten-* 
sion of the outer o rd inary concre te biological shield. The number and the 
na tu re of the pumps have not yet been es tabl ished; however, the total pumping 
capacity will be approxi inately 10,000 gpm with a max imum head of 100 ft. 
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A reasonably low NPSH (approx. 5-15 ft) will be r equ i r ed . With these spec i 
f ications the p r e s e n t EBWR core should del iver about 30-35 mw at the same 
void fract ion a s 20-mw na tu ra l c i rcula t ion operat ion. However, since an 
improveinent in r e a c t o r s tabi l i ty should be achieved with forced circulat ion, 
the ave rage operat ing s t eam void fraction may be inc reased and a total r e 
ac to r power in exces s of 40 mw may be feas ib le . 

The m o r e significant a spec t s of forced circulat ion will be 
rea l i zed in operat ion with a s m a l l e r core d i ame te r . The available pumping 
head should be sufficient to i n c r e a s e the coolant velocity through the core 
by a factor of at l eas t 4 with an ave rage s t e a m void fract ion in excess of 
20% . Under these conditions the r e a c t o r power densi ty could be Increased 
poss ib ly five-fold over the na tu ra l c i rcula t ion value of about 26 kw/ l i t e r of 
coolant. At these high power dens i t ies the burnout heat flux factor would 
be l imiting for the p re sen t fuel e l emen t s . 

2, Heavy Water Design 

Heavy •water r e a c t o r s have always been a t t rac t ive for l a r g e -
scale power p r o d u c e r s , p r i m a r i l y in the aspect of high neutron economy. 
Moreover , the l a rge neutron lifetime is a t t r ac t ive f rom the standpoint of 
safety and stabil i ty, the l a t t e r being pa r t i cu l a r ly impor tan t for boiling op
era t ion . In o rde r to evaluate the effect of DgO in a boiling r eac to r , the EBWR 
s y s t e m i s designed to handle a 40-mw D2O core of s ize s imi l a r to the p resen t 
H2O core„ Both the t h e r m a l and biological shielding have been designed to 
mee t the m o r e s t r ingent r e q u i r e m e n t s of the DgO r e a c t o r shielding. P r e s e n t 
specif icat ions on p e r m i s s i b l e leakage f rom the ex te rna l sys t em a r e adequate 
for use of DgO. The fuel-handling coffin and shielding for fuel e lement r e 
moval have a l s o been designed for the higher power densi ty in the fuel and 
the lack of a water shield above the core during fuel inspect ion and unloading. 

All i t ems within the r e a c t o r ve s se l in which a change might 
be requ i red in o rde r to p e r m i t rev i s ions in core s t r u c t u r e , core posit ion, 
and fuel a s sembly , have been designed to be removable and rep laceab le . 
Only the locat ions of control rod pene t ra t ions through the lower head of the 
r e a c t o r v e s s e l a r e unchangeable. The la t te r does not appear to be a s e r ious 
l imita t ion, s ince t h e r e a r e a number of la t t ice a r r a y s that can be located in 
the p r e s e n t control rod pa t t e rn . Specifically the i t ems that may undergo a 
change in s ize , shape and locat ion a r e : 

(1) Lower Support P la te 

(2) Fue l E lemen t s and Assembl i e s 

(3) Control Rods and Guides. 



Additions which will be requi red in any case a r e : 

(1) P r o c e s s tubes around fuel a s sembl i e s to sepa ra t e the 
fuel zone f rom the modera to r zone. 

(2) An upper support plate (boron-s ta in less s tee l in par t ) 
to align p r o c e s s tubes and to shield the upper portion of the r eac to r vesse l 
wal ls f rom heating because of t h e r m a l neutron capture g a m m a s . 

Cer ta in a spec t s of the heavy water design have been 
es tabl ished: 

(1) Natural c i rcula t ion does not appear worthwhile because 
of the lower resu l t an t core power densi ty in a lumped fuel-type r e a c t o r . The 
DgO core would have soinewhat l e s s than half the volume filled with fuel e l e 
men t s , and hence the core power densi ty may only be 10-15 kw/ l i t e r of core 
with na tu ra l c i rcula t ion. A 500-miw core would requ i re about 33,000 -
50,000 l i t e r s of volume, or roughly a core 12 ft in d iameter and 12 ft high 
without re f lec tor , if a 1 0 - 1 5 k w / l i t e r power density could be applied to a 
12-ft high co re . Actually^ it i s felt that the maximum power output of a 
na tu ra l c i rcula t ion channel i s only sl ightly dependent on i ts height once 
above 2 - 4 ft, and hence the co re power density of a 12-ft high core may 
only be 4 - 6 kw/ l i t e r . 

(2) In a boiling D2O r e a c t o r , the void fraction for a given 
s teaming r a t e and the void coefficient in the modera to r a r e high. T h e r e 
fore , the sudden crea t ion of voids in the modera to r (possibly a s the resu l t 
of a sma l l reduct ion in p r e s s u r e ) can shut the r eac to r down to such an e x 
tent that t he re Is cons iderable potential for initiation of an excurs ion when 
the voids col lapse . F o r th is r ea son it i s des i rab le to operate with the 
m o d e r a t o r slightly subcooled. This inay easi ly be achieved^ in forced c i r 
culation operat ion, by pass ing a f ract ion (10% maximum) of the c i rcula ted 
coolant d i rec t ly into the mode ra to r space , with the fuel e lement coolant 
sepa ra ted f rom the bulk of m o d e r a t o r . The shroud designed for the H2O 
forced c i rcula t ion will be adequate for separa t ing the modera to r zone of 
the D2O r e a c t o r f rom the downcomer a r e a . 

(3) The p r e sen t HjO des ign has too much s t a in less s tee l 
c lose to the top and bottom of the act ive core to util ize the benefits f rom 
DgO as a re f lec tor in these d i r ec t ions . If the axial D2O ref lec tor i s des i red , 
It wi l l be n e c e s s a r y to r ep l ace the s t a in le s s s tee l s t ruc tu re with z i r con ium 
for at l eas t 1 ft above and below the core , to Inc rease the dis tance between 
the support plate and the act ive core , and to dr ive the control rods a g r e a t e r 
d is tance out of the top of the co re for the **full out" posit ion. 

(4) The p re sen t fuel a s s e m b l i e s a r e adequate, but not ideal, 
for a D2O design because of pla te th ickness and excess ive m e t a l - t o - w a t e r 
r a t i o . A new fuel e lement consist ing of thinner p la tes and l e s s meta l per 
unit volume would enhance the pe r fo rmance . 
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B. Boiling Heat T rans fe r Studies 

1. Mult i-Channel Natural Circulat ion Boiling Density at 
600 psig - W. H. Cook, J. F . M a r c h a t e r r e 

The preceding qua r t e r ly r epor t^ contained a s u m m a r y of 
s t e a m void fract ion ( a) data obtained for var iab le inlet t e m p e r a t u r e o p e r 
ation of the 600-psig Boiling Density Tes t Fac i l i ty . These data have been 
extended by a s e r i e s of var iab le inlet velocity r u n s where the flow to the 
heated channels was r e s t r i c t e d and in a s e r i e s of var iable s y s t e m p r e s s u r e 
r u n s . Data a r e summar ized in th is r e p o r t ent i re ly on the b a s i s of the r a t io 
of s t eam- to- l iqu id velocity ( C s / C ^ ) , which is a function of s t e a m void f r a c 
tion, quality and the s t eam- to- l iqu id densi ty r a t io . 

The following range of va r i ab les was covered: 

Power densi ty 

Inlet subcooling 

P r e s s u r e 

Steam void fract ion (a ) 

Exit s t e a m weight f ract ion 

L g / L , fract ion boiling length 

0 

0 

100 

0 

0 

0,30 

- 50 kw/ l i t e r of H^O 

- 3 0 F 

- 600 ps ia 

- 0.78 

- 0.14 

- 1.0 

In the prev ious qua r t e r ly r e po r t the var iab le inlet t e m p e r 
a tu re data for voids was cha rac t e r i zed by an i s o m e t r i c plot of average 
voids and the p a r a m e t e r s L g / L , WThfg/QT . Average Cg/C^ values may 
be plotted with the same p a r a m e t e r s a s shown In Fig , 20, F r o m th i s i s o 
m e t r i c plot constant boiling length l ines for poss ib le r eac to r operat ing 
conditions may be obtained. A curve with L g / L equal to 0.65 (the EBWR 
boiling length), valid between velocity l imi t s of 1.0 and 1,8 fps, i s shown in 
F ig . 21 . 

F i g u r e s 22, 23, and 24 a r e plots of exit values of C g / C ^ to 
show the effects of var iab le inlet t e m p e r a t u r e , power, flow and p r e s s u r e upon 
the velocity r a t i o . 

F igu re 22 shows a curve of C g / C ^ vs velocity for sa tura ted 
inlet conditions, a s well a s l ines of constant power and inlet t e m p e r a t u r e . 
At sa tura ted inlet conditions, data at va r ious power levels and flows plot 
well on the single sa tura ted curve shown. Maximum spread of data f rom 
th is curve is i 20%. Data at lower inlet t e m p e r a t u r e s show a s e r i e s of curves 

Reac tor Engineering Division Quar t e r ly Repor t - Section II, ANL-5471 
(September , 1955) p . 80. 
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at each power level and at each subcooling which va ry f rom the curve con
s iderab ly . This effect i s shown in plots of local C / C ^ values vs length of 
channel. F o r runs where sa tura t ion conditions exis t , Cg /C^ is re la t ive ly 
constant along the channel length and the re la t ionsh ip is repea ted for any 
inlet velocity. However, th is is not t r u e for runs with lower inlet t e m p e r 
a tu re where local Cg /Cf values change along the length of the channel and 
r i s e , depending on the power level, to different va lues at the channel outlet . 
It a p p e a r s that th is behavior may be explained on the b a s i s of shortening of 
the boiling length, giving a different d is t r ibut ion of bubble s izes in each 
ca se . 

A line of L g / L = 0,65 has a l so been plotted on F ig . 22; th is 
shows a ve ry rapidly increas ing C g / C i with very l i t t le i n c r e a s e in velocity. 

The extent to which lowering the inlet t e m p e r a t u r e affects 
exit Cg /C^ values a p p e a r s to be affected by the inlet velocity. Fo r inlet 
ve loci t ies g r e a t e r than 1.0 fps the re la t ion shown in F ig . 22 ex i s t s with 
r e s p e c t to lowered inlet t e m p e r a t u r e . When the velocity i s reduced to 
0.75 fps and inlet subcoolings of lOF a r e compared, It is seen (Fig. 23) that 
the data at low veloc i t ies c lus ter very close to the sa tura ted curve . When 
plotting the local va lues of Cg/Cg agains t channel length it i s seen, for these 
low velocity runs , that the curves approach the sa tu ra ted cu rves both in value 
of Cs/C|? at exit and in the fact that the var ia t ion along the channel length i s 
the same a s the sa tu ra t ed va lues . The difference in r e s u l t s at the two 
velocity leve ls i s apparent ly closely re la ted to boiling length, s ince the boiling 
lengths of low veloci ty runs approach those of the sa tu ra t ed data while those 
for higher ve loci t ies a r e cons iderably s h o r t e r . 

The effect of sy s t em operat ing p r e s s u r e upon exit C g / C ; 
values is shown In F ig . 24, The effect of p r e s s u r e reduct ion is to i nc r ea se 
the value of Cg/C_^. 

2, Single Channel Unres t r i c t ed Circula t ion Boiling Studies -
W. S, Fl lnn, P . A, Lot tes , R, J, Weatherhead, H, H, Hooker, 
M. P e t r l c k 

Analyt ical and exper imenta l s tudies a r e being made of the 
600-ps i , un re s t r i c t ed , s ing le-channel c i rcula t ion loop (ArmadlUa) shown In 
F i g . 25, The purpose of these s tudies i s to de t e rmine the effect of channel 
height (2 to 5 ft), channel spacing ( l / 2 to l / S in.), s y s t e m p r e s s u r e (150 to 
600 psig), inlet t e s t sect ion veloci ty ( l / 2 to over 3 - l / 4 fps), and power 
densi ty (16 to about 500 k w / l i t e r ) on na tu ra l c i rcula t ion and forced c i r c u l a 
tion boil ing. 
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a. Exper imenta l Equipment and P rocedure 

The re la t ionship of the t e s t section, r i s e r and remain 
der of the loop is shown schemat ica l ly in F ig . 26. It can be seen that this 
open cycle is ident ical with the type of sys tem that ex is t s in a regula r 
boiling r e a c t o r . The most important single feature of this a r r angemen t 
i s that a constant boiling length is automatical ly maintained for a given 
sys tem p r e s s u r e and make-up water t e m p e r a t u r e r e g a r d l e s s of the power 
densi ty or inlet velocity. 

With re fe rence to Fig , Z6, the s team d ischarge and 
make-up water flows a r e both m e a s u r e d . Test section flow is measu red 
in the downcomer by means of a ventur i sect ion. All of this flow goes 
through the single l /Z x 2 in. flow passage in the t e s t section. Voids a r e 
measu red by means of a thulium oxide source and photomultiplier tube 
a r r angemen t along the channel length. 

Test Section and Rise r 

The single, rec tangular channel tes t section is 
1/2 x 2 in. in flow c r o s s sect ion and 6O-I /2 in, long. It is made of 
s ta in less s teel ( l / l O in. thick) and is heated by passing an a-c cur ren t 
through it . Two 5/8- in . thick, insulated back-up plates support the 2-in. 
span port ion under p r e s s u r e . The tes t section and support plate a r range
ment a r e i l lus t ra ted below. Heat generat ion is uniform along the section 
length and the heat flux at the l / 2 - i n . edge surfaces is the same as the 
heat flux over the surface of the 2-in. s ides . Higher local heat fluxes 
exist in the c o r n e r s of the channel. The c r o s s section of the major p o r 
tion of the 29-in. r i s e r is approximately that of a halved 2-in. d iameter 
c i r c l e . 

INSULATION 

SPACER 

SAFETY SHIELD 

INSULATION 
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Because al l of the v e n t u r i - m e a s u r e d flow goes through 
the sect ion and the r i s e r , veloci t ies and quali t ies a r e known quite accura te ly , 
since al l of the heat goes into this one channel . Another r e a s o n that a single 
channel i s quite des i r ab le from an exper imenta l viewpoint i s that the t e s t 
sect ion, support p l a t e s , and void m e a s u r i n g device can be in tegra l ly con
nected so that t he re i s l e s s chance of an o v e r - a l l r e la t ive shift that might 
affect void r ead ings . Also , a l l void read ings a r e r e p r e s e n t a t i v e of exactly 
one channel . 

Void M e a s u r e m e n t s 

As prev ious ly ment ioned, void m e a s u r e m e n t s a r e 
m e a s u r e d using a rad ioac t ive thulium oxide source and a photomult ipl ier 
tube pickup. The source -p ickup a s s e m b l y i s mounted on a t r a v e r s i n g c a r 
r i age dr iven along the channel length by a m o t o r . 

Rec i rcu la t ing Flow 

The r ec i r cu la t ing flow piping is 2 in. in diam.eter, giv
ing a flow a r e a that i s 3 .14 t i m e s the max imum t e s t sect ion ( i / 2 x 2 in . ) 
flow a r e a . The cor responding p r e s s u r e drop is quite low. 

The ca l ib ra ted ventur i i s 1 in . in d iamete r a t i t s t h roa t . 
Even though the p r e s s u r e drop in the r ec i r cu la t ing piping is ex t remely low, 
t he re i s essen t ia l ly no i n c r e a s e to this r ec i r cu la t ing loss due to the ven tur i . 
In al l of the runs completed thus far , the m a x i m u m ventur i p r e s s u r e drop 
loss (at a t e s t sect ion veloci ty of 3 . 2 fps) was about 1/4 in. HgO. This was 
l e s s than 1% of the net dr iving heat of the sy s t em. Ventur i readings were 
made using an incl ined m a n o m e t e r and using a fluid with a specific gravi ty 
of 1 .25. This gave 4 in . of read ing for every 1-in. s ignal from, the ven tu r i . 

S team and Make-up Flow 

Cal ibra ted or i f ices a r e used to m.easure both the s t eam 
d i scharge flow and the m a k e - u p flow. S teady-s ta te conditions of tes t ing exist 
when, at a constant sys t em p r e s s u r e , the m a k e - u p flow and the s t eam flow 
a r e equal . A steady liquid level read ing a t the sight g lass s e r v e s a s an ad
ditional check for equal flow condi t ions . These flow read ings a l so give a 
s e p a r a t e check of the ca lcula ted exit quali ty of the t e s t sec t ion . 

T e m p e r a t u r e and P r e s s u r e M e a s u r e m e n t s 

T e m p e r a t u r e m e a s u r e m e n t s a r e made with ca l ib ra ted 
i ron -cons tan tan the rmocoup les that have a solid 1 -1 /4 - in . long copper hot 
j-unction end mounted on a s t a in less tube. Cal ibra t ion of thermocouples i s 
within t 0. I F . P r e s s u r e m e a s u r e m e n t s a r e m a d e using ca l ib ra ted Heise 
gages . The sys t em p r e s s u r e i s held within about t l /Z ps i (max. ) during 
a run . 



b . Resul t s 

The init ial t e s t r e s u l t s on the single channel t es t s e c 
t ion (1/2 X 2 X 60 -1 /2 in.) a r e plotted in F ig . 27. P r e l i m i n a r y void data a r e 
not included owing to malfunction of some auxi l iary equipment of the void-
measur ing sys tem. The data a r e based on a constant boiling length approx i 
mate ly the same as the average EBWR boiling length. 

c. Analyt ical 

Analyses of the power r equ i rement s for a r b i t r a r y 
va lues of exit void fract ion have been made to de te rmine if the Mar t ine l l i -
Nelson° two-phase friction factor r a t i o s , or some var iant thereof, can be 
used to pred ic t the pe r fo rmance of Armadi l l a at p r e s s u r e s of 150 and 600ps i . 
Initial a s sumpt ions , based on p r e l i m i n a r y data froin Armadi l la and data f rom 
previous ver t i ca l boiling channel fac i l i t ies , were slip r a t i o s of 1,5 and 2,0 
for 600 and 150 psi , respec t ive ly , an i so the rma l friction factor 20% g r e a t e r 
than that for smooth tubes, and chimney void fract ions equal to 

1 

-^c/-^ex _ (Ac - AgxJ 
ttgjj A e x 

where 

CLQ = c h i m n e y void f r a c t i o n 

cigjj, = ex i t void f r a c t i o n of h e a t e d channe l 

Ag = c h i m n e y flow a r e a 

Agx = h e a t e d c h a n n e l flow a r e a 

C a l c u l a t i o n s u s ing t h e M a r t i n e l l i - N e l s o n t w o - p h a s e 
f r i c t i o n f a c t o r r a t i o s y i e l d e d p e r f o r m a n c e p r e d i c t i o n s a p p r o x i m a t e l y 
10 -30% g r e a t e r t h a n the d a t a v a l u e s . U s e of a modi f ied M a r t i n e l l i - N e l s o n 
f a c t o r , a p p r o x i m a t e l y t w i c e t h e p r e v i o u s l y u s e d v a l u e , r e s u l t e d in a v e l o c i t y 
p r e d i c t i o n a g r e e i n g c l o s e l y wi th t h e A r m a d i l l a da t a , a s shown in F i g , 27 . 

P l o t t i n g of t h e m o d i f i e d M a r t i n e l l i - N e l s o n f a c t o r s a s 
a func t ion of s l i p r a t i o and ex i t and l o c a l void f r a c t i o n , a s shown in F i g s , 28 
and 29, i n d i c a t e s a n i n s e n s i t i v i t y t o p r e s s u r e , p a r t i c u l a r l y in t h e 1 0 0 - 1 0 0 0 p s i 
r a n g e . The c u r v e s w e r e ob ta ined by c r o s s - p l o t t i n g f r o m the M a r t i n e l l i -
N e l s o n c u r v e s - t he po in t v a l u e s of R and R a r e tw ice the M a r t i n e l l i - N e l s o n 
v a l u e s , and ex i t and l o c a l void f r a c t i o n w e r e c a l c u l a t e d f r o m exi t and l o c a l 
s t e a m qua l i t y fo r s l i p r a t i o s a p p l i c a b l e t o t h e 150-600 p s i r a n g e , (it should 
b e e m p h a s i z e d t h a t t h e p o i n t s shown a r e t h e r e s u l t s of c r o s s - p l o t t i n g and 

9 R . C . M a r t i n e l l i and D, B . N e l s o n , ' ' P r e d i c t i o n of P r e s s u r e D r o p Dur ing 
F o r c e d - C i r c u l a t i o n Boi l ing of W a t e r , ' ' T r a n s , A S M E 70, 6 9 5 - 7 0 2 (1948). 
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calcula t ions and a r e not exper imenta l data points .) P r e s s u r e t aps have 
r ecen t ly been instal led a c r o s s the Armadi l l a tes t section and rdugh p r e 
l imina ry checks of the f i r s t two-phase p r e s s u r e drop data indicate fair ly 
good ag reemen t with the curves of F i g s , 28 and 29. 

3, Single Channel Fo rced and Natura l Circulat ion Boiling 
Density at 150 and 250 psig •- E. A. Wimunc, W. S. Flinn, 

P . A. Lo t t e s , R. J. Weatherhead, M. P a t r i c k 

The single channel t e s t s conducted with the 250-ps i p r e s 
su re shell have been completed. The purpose of the t e s t s was to de te rmine 
the dependence of slip r a t i o on voids, s t eam quality, channel height, miass 
velocity, and power densi ty. 

Void data at the channel exit^O have been r e - r u n since it 
was found that a sea l leak had allowed an inde termina te port ion of the flow 
to bypass the t e s t section during some of the e a r l i e r t e s t s . 

Additional forced c i rcula t ion t e s t s were made at na tu ra l 
c i rcula t ion ve loc i t ies , and void data have a l so been obtained at the t h r e e -
qua r t e r and one-half points up the channel. 

As in the prev ious t e s t s , the runs w e r e made on a 
1/2 X 3 -1 /2 X 60 in. channel t e s t sec t ion and covered a veloci ty range f rom 
1.3 to 11 fps and power dens i t i e s ranging f rom 20 to 60 kw/ l i t e r . Data were 
obtained at 150 and 250 ps ig . 

The r e s u l t s a r e s u m m a r i z e d in Tables Vll and VIII. The 
sl ip r a t i o s a r e plotted in F i g s . 30 and 31 . 

The effect of leakage was not sufficient to a l t e r apprec iably 
the conclusions that were drawn f rom the e a r l i e r data: 

(1) Slip r a t i o can be r ep re sen t ed a s a function of inlet 
veloci ty only; the effects of the other va r i ab le s - point along the sect ion 
length, quality, voids, power dens i ty , subcooling - a r e negl igible . 

(2) As shown in F i g s . 30 and 31, t h e r e is no significant 
p r e s s u r e effect on the sl ip r a t i o pa t t e rn in going f rom 150 to 250 ps ig , 

(3) In the veloci ty r ange f rom 2 - l / 2 to 3 -1 /2 fps, t he re 
is a sudden change in the m e c h a n i s m of boiling a n d / o r flow. F o r c e d c i r 
culation runs w e r e made at ve loc i t ies f rom 4 to I - I / 2 fps to check the 
na tu ra l c i rcula t ion data in the veloci ty range where the sl ip r a t i o unex-
plainably changes t rend suddenly. 

^^Reactor Engineer ing Division Q u a r t e r l y Repor t , ANL-5371 
( January 15, 1955) p . 149. 
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t Table VII 

SUMMARY OF SINGLE CHANNEL FORCED AND NATURAL CIRCULATION 
BOILING DENSITY TESTS AT 150 p s i g 

Channel Size: 1/2 x 3-1/2 x 60 in. 

t 

Run 
No. 

271 
272 
273 
275 
276 
277 
288 
289 
290 
292 
293 
295 
296 
298 
299 
300 
301 
303 
305 
306 
320 
357 
358 
359 
360 
361 
362 
363 
364 
365 
366 
367 
368 
369 
371 
375 
376 
378 
379 
380 
381 
382 
383 
384 
385 
386 
387 
388 
389 

Power Density, 
kw/liter 

20,1 
30.0 
40.0 
19.7 
30.0 
31.8 
19.7 
29.8 
40.45 
40.45 
30.0 
30.0 
40.2 
59.7 
SO.l 
40.2 
30.0 
23.85 
40.2 
50.3 
40.1 
20.6 
20.05 
20.35 
20.6 
20.8 
21.8 
30.2 
30.4 
30.4 
30.4 
30.3 
30.3 
30.9 
41.3 
40.0 
34,9 
40.5 
39.97 
40.0 
30.4 
30.1 
30.1 
30.3 
30.1 
30.1 
29.6 
40.4 
39.54 

Inlet 
Water Velocity, 

fps 

2.07 
2.44 
2.72 
1.36 
2.18 
2.55 

10.3 
11.1 
11.1 
7.26 
7.32 
5.1 
5.1 
4.94 
7.26 
7.4 
7.32 

11.1 
11.1 
11.8 
10.7 
2.32 
2.12 
1.91 
1.62 
1.37 
1.18 
2.72 
2.49 
2.22 
1.90 
1.64 
1.42 
1.33 
2.38 
2.24 
1.84 
3.8 
3 . ^ 
2.90 
3.88 
3.42 
2.92 
2.92 
3.91 
3.3 
2.44 
4.12 
4.35 

9 9 e e e e 
e « e e e 
o e o e e 
e e « e 
» 9 9 a 9 
« » s e e 9 

Inlet 
Subcooling, 

F 

Steam 
Wt. Fraction, 

X 

Exit Conditions 

9.0 
7.7 
6.7 

19.7 
14.0 

6.95 
1.9 
5.35 
4.9 
5.07 
6.1 
9.3 
7.8 

10.5 
7.5 
6.4 
6.7 
5.2 
5.2 
5.2 
3.1 
5.9 
6.4 
7.3 
8.8 
9.9 

10.7 
5.0 
5.4 
6.4 
6.5 
8.2 
8.2 

10.3 
7.1 

14.9 
16.7 
3.45 
2.97 
6.20 
3.69 
3.67 
4.35 
4.27 
3.42 
5.05 
5.57 
2.00 
2.40 

e e « 9 e s 
s « e 6 e 
® e 9 « e 
« e e e 9 9 
9 9 9 9 9 

0.01665 
0.0255 
0.0337 
0.0167 
0.02198 
0.027 
0.00329 
0.001066 
0.00439 
0.00967 
0.00418 
0.0053 
0.0129 
0.0215 
0.0104 
0.0076 
0.00342 
0.00121 
0.00393 
0.00655 
0.00717 
0.01835 
0.0196 
0.0217 
0.0259 
0.0321 
0.0423 
0.0203 
0.0296 
0.0327 
0.0407 
0.0456 
0.0543 
0.0573 
0.0349 
0.0361 
0.0373 
0.0267 
0.0292 
0.0320 
0.0179 
0.0206 
0.0241 
0.0244 
0.0177 
0.0199 
0.0277 
0.0255 
0.0229 

9 9 6 9 9 9 9 9 9 0 
9 9 9 9 9 9 
9 9 9 9 9 9 9 9 
9 9 9 9 9 9 
9 9 9 9 9 9 
9 9 9 9 9 9 9 9 

Steam 
Vol. Fraction, 

a(xl02) 

47 
64 
73 
33.5 
57 
67 
19 
16 
28 
41 
20 
25 
53 
68 
52 
45 
22.5 
3 

26 
42 
34 
55.0 
54.0 
56.0 
57.5 
60.0 
63.0 
69 
69 
66 
67,5 
67 
68.5 
74.0 
76.5 
70 
66 
0.65 
0.65 
0.71 
0.555 
0.590 
0.64 
0.670 
0.60 
0.60 
0.650 
0.68 
0.66 

Slip Ratio, 

cjci 

2.98 
2.30 
2.01 
5.47 
2.74 
2.14 
2.195 
0.875 
1.77 
2.19 
2.62 
2.49 
1.81 
1.61 
1.50 
1 . ^ 
1.85 
1.0 
1.75 
1.42 
2.18 
2.39 
2.66 
2.72 
3.07 
3.40 
3.98 
1.45 
2.04 
2.70 
3.18 
3.64 
4.13 
3.35 
1.73 
2,51 
3.11 
2.32 
2.52 
2.10 
2.27 
2.27 
2.15 
1,92 
1.87 
2,11 
2.39 
1.91 
1.82 
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T a b l e V I I ( C o n t ' d ) 

Run 
No. 

390 
391 
392 
393 
394 
395 
396 
397 
398 
399 
400 
401 
402 
404 
405 
406 

216 
219 
221 
223 
224 
225 
226 
228 
230 
231 
232 
234 
235 
236 
239 
241 
242 
244 
245 
246 
247 
248 
249 
250 
251 
252 
254 
256 
257 

2a 

324 

334 
338 
340 

Power Density, 
k w / l i t e r 

39.97 
39.77 
39.54 
39.77 
39.77 
29.6 
29.8 
29.4 
30.3 
30.5 
29.8 
30.7 
30,1 
30,3 
28,67 
29,22 

29,7 
40 
SO.4 
29.8 
29.3 
30,35 
40,8 
40 
40 
29,85 
29,86 
SO 
49,6 
50,6 
50,6 
40,4 
50.6 
40.6 
51.7 
30.5 
40.8 
30 
30 
40.15 
29 
40,2 
20,9 
29,8 
39,3 
51,2 

40.9 
40,8 
30 
40.5 

I n l e t 
Water Veloc] 

fps 

3.25 
3,1 
2.75 
2,28 
1,30 
4.35 
4 .1 
3,7 
3,25 
3.1 
2.02 
1.47 
1,95 
1,58 
1,33 
1,47 

11,02 
11,1 
11,1 
10,5 
7,24 
5,1 
4.88 

11.1 
4.93 
4.88 
7 ,11 

11,0 
7,15 
5,4 

10,9 
7,24 
7 ,1 
4,8 
4.8 
4 .8 
4.93 

10.7 
7,31 
7,31 
2,65 
2,73 
2.34 
2.05 
2 ,5 
2,84 

2.67 
2.56 
2.63 
2.41 

I n l e t 
ty , Subcooling, 

F 

Exi t Ckjnditions 

4 .1 
3.0 
2,95 
4,30 
7,1 
2,4 
3.9 
3,8 
4,0 
3.7 
6.2 
9,4 
5.2 
8.0 
8,9 
7,9 

Steam 
Wt, Frac t ion , 

X 

(Cont'd) 

0.0302 
0.0330 
0,3725 
0,0443 
0,0577 
0,0159 
0,0160 
0,0179 
0,0219 
0,0236 
0,0346 
0,0482 
0,0377 
0.0445 
0.0503 
0.0468 

Three-Quarter Point Gjndit ions 

3.0 
4,24 
6,7 
2,35 
2.43 
3.5 
3.0 
4,84 
8.54 
8.53 
6.3 
5.04 
4,93 
7,47 
4,6 
5.8 
5,1 
7.9 
7,6 
2 ,4 
3,6 
2,6 
2,3 
1,7 
6,4 
6,6 
7,1 

16.3 
14.5 
13.6 

0.00207 
0.00248 
0,00146 
0,00315 
0,00567 
0,0084 
0.0142 
0,00174 
0,00676 
0.00254 
0.0012 
0.00356 
0.00872 
0.0108 
0,00425 
0,00479 
0,0(B91 
0.0084 
0.0137 
0,0107 
0,0133 
0,00277 
0,00592 
0,00963 
0,0156 
0.0234 
0,0104 
0,00898 
0,0157 
0,0219 

ftje-Half Point Conditions 

6.1 
13,4 
6.7 

13.7 

0,0131 
0,00623 
0,00798 
0,0061 

Steam 
Vol. Frac t ion , 

aCxlO^) 

0,715 
0,74 
0,74 
0,77 
0.815 
0.565 
0,55 
0.59 
0,63 
0,64 
0.70 
0.725 
0.75 
0,75 
0,72 
0,72 

13,5 
24 
22,5 
17 
29 
41 
58 
14 
43.5 
17.5 
10 
27 
41 
50 
28 
25,5 
45 
41 
55 
44 
56 
21 
35 
44,5 
56 
66,5 
41 
32 
52 
66,5 

50,5 
34 
37 
31.5 

S l i p Rat io , 

C s / C / 

1.93 
1,87 
2,11 
2,16 
2,17 
1.93 
2.07 
1.97 
2,04 
2,11 
2,39 
2.99 
2.03 
2.41 
3.21 
2.97 

2,07 
1,23 
0,785 
2 ,4 
2,18 
1,9 
1.63 
1,67 
1.38 
1,87 
1,69 
1.5 
1,98 
1,71 
1,71 
2,19 
1,71 
1,9 
1,78 
2.13 
1,65 
1,63 
1.73 
1.89 
1,91 
1,88 
2,32 
2.97 
2,3 
1,76 

2,03 
1,90 
2,13 
2,08 
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t Table VIII 

SUMMARY OF SINGLE CHANNEL FORCED AND NATURAL CIRCULATION 
BOILING DENSITY TESTS AT 250 psig 

Oiannel Size: 1/2 x 3-1/2 x 60 in. 

I 

Run 
No. 

280 

281 
282 
a 4 
285 
307 
308 
309 
310 
312 
313 
314 
316 
317 

259 
260 
261 
263 
264 
265 
266 
267 
268 
269 
270 

327 
329 
330 
342 
345 

Ptswer Density, 
kw/ l i t e r 

20.35 
30.0 
40 .1 
29.7 
39.4 
30 
40 
50.2 
60.2 
40 
50. 2 
60.2 
39,5 
50.4 

27.6 
40. 1 
51.7 
30.5 
41.0 
50.3 
20.3 
30.0 
41.0 
41.0 
41.0 

7 . 5 
13 
13.5 
10,35 
15.25 

In l e t 
Water Velocity, 

fps 

2,06 
2.52 
2.96 
2,06 
2,35 

11,3 
11.2 
11.15 
11,15 
7.23 
7 , 5 
7 . 5 
5,2 
5.26 

Tliree-

1.87 
2,38 
2.63 
1.87 
2.38 
2.56 
2.22 
2.58 
2.75 
2.75 
2.75 

Ctae 

2.59 
2.44 
2,63 
2.50 
2.38 

I n l e t 
Subcooling 

F 

Steam 
Wt. Fraction, 

X 

Exit Conditions 

8.7 
10.85 

5 .9 
IS. 4 
16,0 

4.7 
3,85 
4 . 3 
4 . 3 
4 . 9 
4,0 
5,24 
6.8 
7 , 0 

0.0189 
0.0222 
0.0338 
0.0228 
0.0304 
0.00198 
0.005«) 
0.00816 
0.0109 
0.0105 
0.01522 
0.0177 
0.0139 
0.0202 

Qjarter Point Conditions 

19.4 
15 
14,2 
18,6 
16.1 
14 
7 , 1 
5 .5 
5 .8 
5.2 
5.4 

-Half Point 

30 
26 
33.5 
30 
27.5 

0.00841 
0.0191 
0.0266 
0.0132 
0,0185 
0.027 
0.0117 
0.0196 
0.0267 
0,0275 
0.0272 

Qsndi t ions 

0.00805 
0.00953 
O.OllS 
0.00501 
0.00620 

Steam 
Vol. Fraction, 

a(xlO^) 

45 
62 
70 
49 
57.5 
11 
23 
31.5 
42 
34 
41.5 
51.5 
42 
50 

21.5 
45,5 
57 
27 
44 
56 
32 
49 
60 
60 
60 

30,2 
42.4 
50.05 
30.4 
40.8 

Sl ip Ratio, 

C s / C / 

2.44 
1.325 
1,39 
2. » 
2.21 
1.52 
1.89 
1.69 
1.42 
1,93 
2.08 
1,58 
1.85 
1,96 

2,94 
2.22 
1 . % 
3.43 
2.27 
2.07 
2,38 
1.97 
1,74 
1,79 
1,77 

1,8 
2,61 
2 , 2 
1.12 
1,57 
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Thus far , slip r a t i o vs inlet veloci ty appea r s to be the mos t 
p rac t i ca l and convenient way of plotting slip data . Poss ib ly , Reynolds Num
b e r s should r e p l a c e the inlet velocity coord ina tes . P lo t s of s l ip r a t i o vs 
powers of veloci ty a r e smoother than those of F i g s . 30 and 31; however, the 
discontinuity in the Z - l / z to 3 - l / 2 fps range s t i l l ex i s t s , 

C, F u e l E lements 

1. Cor ros ion Tes t s on Fue l and Cladding Ma te r i a l s 

a. Z i rca loy 2-Clad Uramum-5% Zirconium. P l a t e s -
C, R. Breden 

Since heat t r e a t m e n t for s tabi l i ty and heat t r e a t m e n t 
for co r ro s ion r e s i s t a n c e w e r e found to be incompatible , it was decided to 
heat t r e a t for stabil i ty and to depend on the clad for co r ros ion r e s i s t a n c e . 
Because the niobium had been added in the f i r s t p lace to improve co r ros ion 
r e s i s t a n c e , e l iminat ion of co r ro s ion r e s i s t a n c e a s a specification of the co re 
alloy apparen t ly e l iminated the need for niobium, a ve ry expensive ingredient . 
To t e s t th is hypothes i s , somie p la tes were made up by the Argonne Metal lurgy 
Division with u ran ium-5% z i rcon ium core clad with Zi rca loy Z. The alloy was 
found to be much m o r e difficult to fabr ica te than the u r a n i u m - 1-1/2% 
niobium-5% z i r con ium re f e r ence al loy. 

F o u r of t he se p la te s (Nos, 153T, 154T, 155T, and 158T) 
w e r e tes ted in 550F degassed wa te r . After 70 h r a p r e s s u r e buildup (hydro
gen) indicated a rup tu re , and the t e s t was stopped. As shown in F i g . 32, 
P l a t e 158T had ruptured," P la t e 153T had developed a l a rge b l i s t e r on one 
end above the Z i rca loy 2 bond a r e a ; and P l a t e s i54T and 155T showed 
warping. 

P l a t e s 153T, 154T and 155T w e r e r e tu rned to the 
Meta l lurgy Division for fur ther examinat ion. Visual examinat ion showed 
that the shr inkage pa t t e rn del ineat ing the p ic tu re f r ame a r e a had been e m 
phas ized a s a r e s u l t of the c o r r o s i o n t e s t . Ul t rasonic t e s t s indicated that 
the co r ro s ion t e s t had aggrava ted some defects in the co re and bond a r e a s . 
The b l i s t e r on P l a t e 153T was a t t r ibuted to the use of an end plug of s i r ' -
conium, instead of Z i r ca loy 2, which r e su l t ed in a non-co r ros ion r e s i s t a n t 
bond that pe rmi t t ed water to enter and produce the b l i s t e r . 

The poor behavior of these p la tes , both during fabri ' -
cation and in c o r r o s i o n tes t , ind ica tes that the u ran ium-5% z i r con ium core 
alloy is not a s good a s the r e f e r ence al loy. The difference between the 
co r ro s ion behavior of P la te 158T with an unintentionally added defect and 
a r e fe rence alloy plate with an intentionally added defect (see F ig . 33) i s 
s t r ik ing . 
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b . Aluminum-Clad Natural Uranium P la t e s - C.R. Breden 

Tes t s w e r e made to compare the cor ros ion behavior 
(in the p re sence of a known defect) between a luminum-clad, na tura l uraniuin 
p la tes and EBWR re fe rence alloy p la tes . 

Two typical a luminum-clad , na tu ra l uranium pla tes , 
fabr ica ted by the s t ep -p re s s ing technique, were supplied by the Savannah 
River Labora to ry . . The p la tes rece ived were not given unqualified bond 
approval , 

A p r e l i m i n a r y co r ros ion t e s t for 24 hr in 400F showed 
no clad defects . One plate was provided with a 3/32-in , d iameter hole dr i l led 
through the clad near one end and then tes ted for 2 hr in 400F wate r . 

Due to the s ize of the autoclave, it requi red about four 
hou r s to r each t e m p e r a t u r e and 24 hr to cool down after tes t . Increased 
p r e s s u r e suggested a rup tu re and this was confirmed on opening the ves se l . 
The p r e s e n c e of hydr ides was indicated by the spontaneous ignition of a 
cloth used to d ry the plate and by the h igher - than-ambien t t empe ra tu r e of 
the p la te . As a p recau t iona ry m e a s u r e , the plate was re turned to the p r e s 
s u r e v e s s e l and heated in water for 24 hr to decompose the hydr ides . The 
appearance of the plate before the tes t , after the 2-hour tes t , and after the 
24-hour t e s t is shown in F ig . 33. 

The EBWR re fe rence alloy plate shown for purposes of 
compar i son was tes ted at an e a r l i e r da te , 

c. Fue l P la t e End Closures 

Samples of r e fe rence alloy fuel plate end c losures 
fabr ica ted by the Argonne Metal lurgy Division have been continued in c o r 
ros ion t e s t . The fabr icat ion h i s to ry and e a r l i e r tes t r e s u l t s a r e given in 
ANL-5471.^2 

The thi rd induction-welded sample ruptured after 
967 h r in 550F degassed w a t e r . The th ree samples 'with the he l ia rc -welded 
head added after induction welding a r e s t i l l intact after 1731 h r . 

d„ Aluminum Alloys 

Approximate ly 120 speci inens of aluminuiTi-nickel alloy 
M-388 and a luminum-copper alloy X-2219 have been tes ted under varying 
conditions of pH^ velocity^ Hg gas and t e m p e r a t u r e . The total t es t t ime is 

•'•-'•Reactor Engineering Division Quar t e r ly Report , ANL-5471 
(September , 1955) p . 98. 

^^ibid., p . 104. 



8 weeks with loop shut-down and spec imen withdrawal every two weeks . 
In genera l , the a luminum-nicke l m a t e r i a l i s be t ter than a luminum-copper 
f rom the viewpoints of tota l co r ros ion and uniformity of co r ros ion in c o m 
para t ive test ing of only four weeks ' t i m e . Aluminum-copper i s p rone to 
pitting attack, and i ts sca le i s m o r e eas i ly damaged by mechanica l and 
t h e r m a l shock. 

Test r e s u l t s on a luminum alloys have been somewhat 
confusing because of a consis tent difference in co r ros ion of or iginal ly 
loaded samples and rep lacement s a m p l e s . In all c a s e s of no rma l loop 
operations r ep lacement s amples show m o r e cor ros ion . This phenomenon 
is being invest igated and is cur ren t ly believed to be due t© the difference 
in hydrogen gas content of the water in contact with original ly loaded and 
rep lacement s a m p l e s . 

It should be noted that 90% of the a luminum-nicke l 
alloy M-388 samples a s rece ived for t e s t contained inclusions of d i r t and 
foreign m a t t e r at the surface^ and it i s quest ionable whether these inc lu
s ions extend throughout the me ta l . Resu l t s of individual t e s t s follow. 

Loop No, 1 (SOOF, pH S.O) - Original Samples : 

This loopj mainta ined at pH 5.0 by means of a cation 
r e s i n bed r egene ra t ed with H2SO4, has com.pleted the 8-week total t e s t 
per iod for a luminum-nicke l M-388 alloy. The r e s u l t s a r e plotted in F ig . 34; 
each point r e p r e s e n t s an ave rage of at l eas t t h ree s t r ipped samples , and 
va r i a t ions f rom th is ave rage a r e not g r e a t e r than 3%. The co r ro s ion r a t e s 
f rom th i s plot a r e a s follows: 

Water Velocity, fps Pene t ra t ion Rate, m i l s / y r 

21 2.5 

7 1.4 

Semi-Sta t ic 1.2 

In a l l c a s e s the s amp le s cor roded uniformly, with no 
pitting or e r o s i o n - c o r r o s i o n a r e a s . F i g u r e 35 shows the appearance of the 
a luminum-nicke l sca le at the end of two weeks of co r ros ion t e s t . 

Loop No, 3 (50QF, pH 6.5) - Originally Loaded Samples; 

This loop, with the water continuously by -passed through 
a mixed-bed d e m i n e r a l i z e r , has completed 6 weeks of the scheduled 8-week 
t e s t per iod on a luminum-nicke l al loy. The weight l o s s e s of the s t r ipped 
s amp le s (at l ea s t t h r e e s a m p l e s pe r point) a r e plotted in F ig . 36, The points 
do not l ine up too well and extrapolat ion of a co r ros ion r a t e at the end of 
six weeks is difficult. The approximiate co r ros ion r a t e s a r e : 
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Water Velocity, fps Pene t ra t ion Rate, m i l s / y r 

16 2.8 

6 2.0 

Semi-Sta t ic 2.0 

Examinat ion of the 16-fps samples showed e r o s i o n -
co r ros ion a r e a s at leading edges and around the holding combs . The 6~fps 
and s ta t ic samples showed uniform co r ros ion . F igu re 37 shows the s a m 
ples upon remova l af ter 2 weeks of t e s t . It appea r s that at pH 6.5 the total 
co r ros ion is higher than at pH 5.0| however , the cor ros ion r a t e may not be 
too much h igher . 

Replacement Samples of Aluminum-Nickel Alloy 

Saraples used in dynamic loops as r ep l acemen t s to hold 
the a r e a configuration have shown cons iderably higher c o r r o s i o n [at l eas t 
a s concerns in tercept (ordinate)] than original ly loaded s ample s . The p r o b 
lem f i r s t a r o s e in the bor ic acid loop and was a t t r ibuted at that t ime to a 
varying pH. The difference in c o r r o s i o n r a t e is cons iderable and may vary 
a s high a s a factor of 4, The higher the velocity the m o r e pronounced was 
the acce l e r a t i on of r ep lacemen t sample co r ro s ion . F igu re 38 shows the 
difference between smooth adherent p ro tec t ive sca le and ruptured sca le 
with subsequent acce le ra t ed co r ro s ion . 

The acce l e r a t ed co r ro s ion of r ep l acemen t dynamic 
s t r e a m samp le s continued to some deg ree in Loop No. 1 (pH 5) and Loop 3 
(pH 6.5). The re a p p e a r s to be a connection between inc reased r ep lacemen t 
sample co r ros ion and the hydrogen gas content of the flowing loop. Data 
at p r e s e n t show that a luminum-nicke l c o r r o s i o n h a s been l e s s in the p r e s 
ence of h igher hydrogen content, and th is could account for the r ep l acemen t 
sample co r ro s ion problem, since the hydrogen content of the loops i s highest 
in the ini t ial two-week p e r i o d s . A t e s t has been s t a r t ed to invest igate the 
effect of hydrogen a s an inhibitor in a luminum-n icke l co r ros ion . 

Aluminum-Copper Alloy X-2219 

Aluminum-copper al loy X-2219 shows a g r e a t e r s t r ipped 
weight loss than a luminum-nicke l under the s ame water condit ions. The alloy 
exhibited s m a l l surface pi ts and local ized e r o s i o n - c o r r o s i o n a t tack in 16 fps, 
6.5 pH w a t e r . It was m o r e sens i t ive to veloci ty than a luminum-nicke l . (See 
F ig . 39,) The s t r ipped weight l o s s at the end ©f four weeks at pH 5.0 for 
a luminum-copper was 6.70 m g / c m ^ at 21 fps, and 3.75 m g / c m ^ at 7 fps. 

A luminum-copper , l ike a luminum-niekeI j does not show 
e r o s i o n - c o r r o s i o n a t tack in h igh-veloci ty water at pH 5.0| however , surface 
pitting of a luminum-copper s t i l l occu r s at th is reduced pH. 

t 

t 
» » s e w e 999 9 99 99 9 9 9 « » » 9 

9 9 99 9 99 9 9 » » « 0 e e a o 
ft® e « e a ® « s e a e « » e 

%» e e e e 9 e « e e » e 9 e « e e » » » « 



«» n 

e e e 8 9 

'J t 

'% 

% « 

^ ^ 

SST 
Al~Cu 
( X - 2 2 1 9 ) A I - N i ( M - 3 8 8 ) 

AS-
FOR 

FIG. : 
-REMOVED SAMPLES 
2 WEEKS IN 500 F 

(pH-6.5; RESISTIVITY 

37 
AFTER 
WATER 

= 1,500 

EXPOSURE 
AT 16 fps 
,000 ohm-cm) 

%0 

«e « 
9 ft « 
S 9 

SISSS 
9 « 
9 e 9 

9ft 9 

9 9 



SAMPLES 

SAMPLE-
TEST TIME^ 
WT. LOSS-

A - 4 3 6 0 - F 
8 weeks 

6.14 mg/ cm^ 

A - 4 3 6 0 - H 
8 weeks 

7.08 mg / c m * 

REPLACEMENT SAMPLES 

SAMPLE-
TEST TIME-
WT. LOSS •. 

A - 4 3 6 I - G 
6 weeks 

19.2 mg / cm* 

V ' ^ "^ 

• S - .5 • • ' O r -

A - 4 3 6 1 - H 
6 weeks 

18.4 mg / cm* 

REPLACEMENT SAMPLES 

•5 ilt-Ky-
: m 

SAMPLE-
TEST TIME 
WT. LOSS 

Z^' ... £„..'> 'c.rf^^, •-•„.„ „ ^ 

A - 4 3 6 I - J 
4 weeks 

18.7 mg/cm' 

rjfS., ._-•__ - . ' .^^• . . • , , i i£ . '1 

A - 4 3 6 I - K 
4 weeks 

2L0 mg / cm' 

FIG. 38 

VARIATION IN CORROSION RATES OF ALUMINUM-NICKEL ALLOYS 
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| - *— SST - - * - AI-CuCX-2219) - f c ^ . * A I - N i ( M - 3 8 8 ) 

WATER VELOCITY: 21 fps 

|-^— SST — ^ AI-Cu(X-2219) »--^ AI-Ni(M-388) 

WATER VELOCITY: 7 fps 

FIG. 39 
AS-REMOVED SAMPLES AFTER EXPOSURE 

FOR 4 WEEKS IN 500 F WATER 
(PH==5.0; RESISTIVITY =300,000 ohm-cm) 
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s t a in le s s Steel Corros ion at 500F and pH 5.0 and 6.5 

Austeni t ic s t a in less s teel samples were cor ros ion 
tes ted in Loop No. 1 and Loop No. 3 along with the a luminum alloy samples . 
The weight changes a r e plotted in F ig . 40. It appea r s that s ta in less s teel 
gains weight in pH 6.5 water and loses weight in pH 5.0 water , with about 
equal weight change r a t e s . Rates a r e somewhat var iab le a s a r e su l t of a 
varying amount of hydrogen gas f rom period to per iod. F igu re 40 shows 
that the weight change ra t e inpH 5.0 water is approximate ly 0,05 mg/(cm^)(mo), 
in close ag reemen t with the no rma l r a t e . The s ta in less s teel samples a r e 
shown in F i g s . 35, 37, and 39. 

Crevice Cor ros ion Between Aluminum-Nickel and 

i 

s t a in l e s s Steel 

Autoclave work had indicated that alumtinum-nickel when 
coupled to s t a in less s teel Type 304 w a s h e r s tended to se ize together and r e 
quired hainrnering to s e p a r a t e . An autoclave exper iment was run to evaluate 
the p rob lem of sticking of fuel e lement end box cones into a bot tom support 
plate of s t a in less s teel Type 304. A t e s t cone is shown in F ig . 41 after i ts 
r emova l f rom autoclave co r ro s ion at 414F, Three min ia ture cones were 
tes ted and withdrawn at the end of 7, 33, and 44 days, r espec t ive ly . In no 
case was any force requ i red for withdrawal . The unit loading p r e s s u r e of 
the cone during co r ros ion tes t was 3 ps i . The a luminum-nickel cones showed 
evidence of c rev ice co r ros ion pitting, and th is occur red consis tent ly when 
a luminum-nicke l was coupled to s ta in less s teel in a s ta t ic sys tem. It has 
never been observed in dynamic s y s t e m s . 

e. Uran i a -Tho r i a Bodies - R. A, Granacki , R, X. Schiltz 

(1) Water Solubility 

The following b a r e u ran ia - tho r i a spec imens have 
been continued in t es t in s ta t ic , degassed and deionized water at 600F with
out any significant changes: 

Sample Composition 

A-4282-13 Norton thor ia 

A-4291 10% u ran ia - tho r i a 

A-4311 10% u ran ia - tho r i a 

A-433r5c . 2,5% urania (fully enr iched) - thor ia 

The fabr icat ion h i s to ry and e a r l i e r t e s t r e su l t s 
a r e repor ted in ANL-5471 .^^ 

^^Reactor Engineering Division Quar te r ly Report , ANL-5471 
(September, 1955) p . 115. 

t 
9 9 9 6 
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FIG. 41 
MINIATURE END BOX FUEL ELEMENT CORE AFTER 
EXPOSURE FOR 7 DAYS IN STATIC WATER AT 414 F t 
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t (2) I r r a d i a t i o n 

T h r e e i r r a d i a t i o n r u n s h a v e b e e n c o m p l e t e d in 
t h e C P - 5 a u t o c l a v e f ac i l i t y . S a m p l e d e s c r i p t i o n s and t e s t cond i t ions a r e 
g i v e n in T a b l e IX , 

Table IX 

IRRADIATION TESTS ON URANIA-THORIA TODIES 

Aj toc l ave Sample 
Run No. No. D e s c r i p t i o n 

16 A.4383a 90% I W ^ - I O ^ TOj (93% 

e n r i c h e d ) . Four p e l l e t s 

i n Z i r c a i o y - 2 c a p s u l e . 

Wt U^'S = 0 .910 gn. 

Time, 
h r 

1042 

Burnup, 
% T o t a l 
U Atoms 

1.92 

Burnup, 
% To ta l 

Cbre Atoms 

0 .063 

Ope ra t i ng 
Q j a r a c t e r i s t i c s 

500-S15F; 750-

810 p s i . Sys tan 

leakage : 5 l b / d a y 

17 A-4383C 90% ThOg-lO^UOj (93% 

e n r i c h e d ) . Four p e l l e t s 

i n Z i r c a l o y - 2 c a p s u l e , 

Wt U^^^ = 0.910 m-

1592 2.94 0.096 SOO-SISF; 750-

785 p s i . System 

developed leak 

du r ing l a s t day 

of o p e r a t i o n . 

18 

s 

A- 4397-5 90% TM^ - 10% l » j (93% 

e n r i c h e d ) . Four p e l l e t s 

i n 1% Ni-Al a l l o y tube . 

Wt U 235 0 .905 m. 

260 0,48 0,016 490-520F; 725-

800 p s i . Sys t t 

developed leak 

and had to be 

removed. 

u 235 
All spec imens were 90% Th02 and 10% UO2 with 

enr ichment of 93.22% . The consti tuents were mixed by ball millings 
then dry p r e s s e d at 500 ps i and fired at 3360F (1850C). The samples had 
a densi ty of 9.58 g m / c c and an average poros i ty of 9.57% . X- ray exami 
nation indicated complete solid solution of the urania in the thor ia . 

The specimen in each autoclave consisted of 
four 0.25 in. d i ame te r by 0.50 in, long c e r a m i c pel lets jacketed with 
Zi rca loy 2 or 1% nicke l -a luminum alloy. There was an annulus of 0,005 in. 
of lead between pel le ts and cladding in o rder to facilitate heat t r ans fe r 
during i r rad ia t ion . Ai r -cooled , p r e s s u r i z e d water surrounding the spec i 
men in the autoclave acted as a t e m p e r a t u r e control medium. 
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The spec imens w e r e i r r ad i a t ed in dis t i l led and 
deminera l i zed degassed wa te r at 500-515F for 260 to 1590 h r at full CP-5 
power, which resu l t ed in calculated burnups of 0.48% to 2.94% of total u r a 
n ium a t o m s . 

P o s t - i r r a d i a t i o n examination of the autoclaves and 
spec imens was pe r fo rmed in a h igh- level activi ty cave. After opening the 
autoc laves , the water was found to be only faintly d iscolored; the d i s c o l o r 
ation was at t r ibuted to co r ros ion products f rom the autoclave . Activity 
levels of the water showed mild contamination (approximately 300 m r / h r 
at 2 in . ) . 

The pe l l e t s w e r e removed f rom the spec imen 
con ta ine r s by filing the weld off the c losure , melt ing the heat t r ans fe r 
medium, and allowing the pe l l e t s to spi l l out of the tube. The following 
d i scuss ion is made with r e fe rence to F ig . 42. 

Run 16; Three of the pe l le t s suffered end f r a c 
t u r e s but the main body remained intact . Pe l le t No. 3 b roke into sma l l e r 
p i eces of fair ly uniform s ize ( l / 8 in. by l / S in,) . The f r a c t u r e s have def i 
nite c leavage- type p lanes , the b r e a k s being angular and sha rp , A p r e p o n 
de rance of f r a c t u r e s s e e m s to occur radia l ly , a s can be seen f rom pel le ts 
No, 1 and 2. This same type of r ad ia l f i s su re can be seen occur r ing in 
pel le t No, '4, thus indicating that the in te rna l t h e r m a l s t r e s s e s were suffi
cient to rup ture the pe l l e t s . 

Run 17; The four pe l le ts had completely sha t te red . 
The p ieces were al l of uniform size (approximately 1/8 in. by 1/8 in,) with 
only an e s t ima ted 15% of the m a t e r i a l e i ther above or below th i s s i ze . 

Run 18; Pe l l e t No. 2 was the only one r ecove red 
intact; the o the rs had d i s in tegra ted to chips and powder . Examinat ion of 
th i s spec imen showed, a s in the case of the o the r s , angular b r e a k s and 
r ad ia l f r a c t u r e s . 

Contamination of the cave following r emova l of the 
wa te r f rom the autoclaves was negligible; however , when the capsules were 
f i r s t opened, the cave b e c a m e highly contaminated. One-cubic m e t e r a i r 
s a m p l e s showed unusual amounts of act ivi ty which w e r e slow to decay. The 
following tabulat ion is typical of the m e a s u r e d activi ty l eve l s . 

Decay Time Beta Activi ty Leve l Alpha Activi ty Level 

1 -2 min 9 m r / l in . 29 x MPL* 

18 h r - 3 1 min 1.3 m r / l in. 

6 days 70,4 x MPL* 23 x MPL 

15 days 37.8 x MPL 22.7 x MPL 

* Maximum p,erm\s^^ible level for working cave . 

9 e o « e 
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ft 

PELLET NO. I NO. 2 NO. 3 NO. 4 

RUN NO. 16 - 1042 h r 

TYPICAL SHATTERED PELLET 
SHOWING CHARACTERISTIC RADIAL 
FRACTURES. 

PELLET NO. 2 - SINGLE INTACT 
SPECIMEN 

RUN NO. 17 - 1592 hr RUN NO. 18 - 260 hr 

URANIA-
CP-5 

THORIA 
FIG. 42 
BODIES IRRADIATED 

AUTOCLAVE TEST FACILITY 
IN 

s 
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Tes t s of two m o r e tho r i a -u ran ia spec imens with 
lead bonds between pel le ts and the a luminum-1% nickel alloy can a r e in 
p r o g r e s s . 

2. Detection and Location of Fue l Element Ruptures -
W, G. M a r b u r g e r , J . H. Monaweck 

An exper iment was c a r r i e d out to tes t poss ib le methods of 
locating ruptured fuel e lements in the core of a r e a c t o r after cladding fa i l 
ure detect ion and subsequent shutdown. The methods tes ted were : 

(1) Comparing g r o s s gamma act iv i t ies of f ission product 
m a t e r i a l s depositing on the sur faces of sampling devices placed at di f fer
ent points in the circulat ing water sys t em. 

(2) Comparing g r o s s gamma act iv i t ies of water samples 
f rom different p a r t s of the sys tem under different conditions. 

A s ta in less s teel , 3-plate subassembly of s imulated EBWR 
fuel p la tes was placed within a s ta in less s tee l standpipe (6 in. dia . x 10ft long). 
Boiling water at 400F and 250 ps i was pumped through the standpipe with a 
velocity of 4 fps pas t the s imulated e l emen t s . 

A fai lure or hole in the cladding of the fuel plate was s imu
lated by tapping a hole in one of the s ta in less s tee l p la tes perpendicular to 
the surface and screwing rods of slightly i r r ad ia t ed re fe rence fuel alloy into 
the tapped holes until the surface of the alloy was flush with the surface of 
the fuel p la te . The hot water and s t eam pass ing up the channel over the 
exposed surface of the fuel corroded the re fe rence alloy and t r anspor t ed 
the u ran ium throughout the sys t em. The other channel contained no fuel 
and the re fore genera ted no contamination. 

Gr i t -b las ted s ta in less s tee l coupons were placed at var ious 
points in the standpipe to act as sampling su r faces . In addition, one un-
glazed c e r a m i c tube ( l /Z in, dia. x 4 in. long) was placed in the flow s t r e a m 
f rom the channel which had the corroding re fe rence fuel alloy. A s i in i lar 
tube was placed in the flow s t r e a m from the channel containing no re fe rence 
alloy. 

The loop was operated with forced circulat ion at t e m p e r a 
t u r e and p r e s s u r e for 8 to 10 h r , and then cooled to room t e m p e r a t u r e in 
approxi inately 16 h r . The c e r a m i c cyl inders and coupons were removed from 
the standpipe and the contaminating deposit on each was dissolved in acid. 
The concentra t ion of contamination was de te rmined by measur ing the gamma 
activi ty of the acid . 
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The data f rom two runs show no difference in activity b e 
tween m a t e r i a l collected by the ce r amic cylinder over the channel con
taining exposed fuel and the cylinder over the channel containing no fuel. 
The act ivi ty was g r e a t e r on those coupons near the bottom of the standpipe. 
This was expected, s ince the coupon nea r the bottom collected l a rge settled 
p a r t i c l e s of contamination plus the ve ry fine pa r t i c l e s ca r r i ed in the flow 
s t r e a m , while the top coupon collected only those pa r t i c l e s dis t r ibuted by 
the flow s t r e a m . 

In addition to the collect ion of contamination on surfaces , 
s amples of water were taken from the bottom of the standpipe, f rom the 
top of the standpipe, and from the s t r e a m flowing over the fuel a l loys . A 
sample of water was a l so taken from the channel while brushing the surfaces 
of the channel, including the fuel i n se r t . Another sample of water was taken 
f rom the channel containing no fuel while that channel was being brushed. 
Subsequent ana lyses showed the water at the bottom of the column contained 
m o r e contaminating pa r t i c l e s than the top water , but the contamination in 
the c lear and loaded channels was approximate ly the s a m e . 

It i s concluded that after only a few hours of operat ion with 
a ruptured fuel plate , a r e a c t o r s y s t e m would be thoroughly contaminated 
throughout, and samples withdrawn f rom any par t of the container would 
depend only on the sett l ing c h a r a c t e r i s t i c s of solid pa r t i c l e s in that p a r 
t i cu la r p a r t of the r e a c t o r . Neither of the methods tes ted could be used 
for de te rmining the location of a fuel e lement rup ture in the sys tem. 

D. Control and The rma l Shield Mate r i a l s 

1. Al te rna te Control Rods for EBWR - J. H. Monaweck 

An a l t e rna te control rod proposed for EBWR cons is t s of 
t h r e e sec t ions : (a) a welded s t a in le s s s tee l can made up in the form of a 
c r o s s , approximate ly 3 ft long with 10-in. bladesj (b) a gadol inium-
s a m a r i u m powdered oxide mix tu re to fill the can; and (c) a second c r o s s , 
approximate ly 10 in. long with 10-in. .blades, composed of rol led sheet 
hafnium me ta l and r ive ted to the s t a in l e s s s teel can. This coinposite c r o s s 
has two dis t inct advantages in that: (a) it u ses hafnium only at the tip of the 
rod which is c loses t to the core with the rod in the "full out" position; and 
(b) it can be const ructed at considerably l e s s cost than a complete rod 
made solely of hafnium. 

A model of th is rod has been fabr icated. The can is blanked 
frona s t a in le s s s tee l sheet (0.050 in. th ick) . With s imple bending and welding 
it is made to fo rm a container c r o s s with two empty channels, 3 ft long by 10 in. 
wide by 0.150 in. thick. Added support i s supplied by spotwelding 30 evenly 
spaced blind support studs between the wal ls of each blade of the c r o s s . After 
filling with the loose oxides, four s ta in less s teel plugs a r e welded into the 
a r m s of the c r o s s to sea l the container and a l so to allow at tachment of the 
hafnium p la tes . 



The proposed f i l ler powder, known a s 920 mix tu re , i s 
composed of 50% (min.) s a m a r i u m oxide and 25% (min.) gadolinium oxide. 
The balance of the m a t e r i a l is composed of m e m b e r oxides of the r a r e 
ea r th group. The powder a s rece ived has an apparent densi ty of 1.3 which, 
at a l ayer th ickness of 0.150 in. in the c r o s s , is not sufficient for long
t ime use in EBWR. The Argonne Metal lurgy Division has densified these 
powders by p re s s ing them with 1/2% B2O3 added and s inter ing at 1600C, 
The s in tered m a s s was crushed and sc reened . The bulk density of the 
powder sc reened to - 100 + 200 m e s h was 3.58, whereas ' t ha t of the powder 
sc reened to - 3 2 5 m e s h was 2.72. The s in tered oxides used to fill the 
above-desc r ibed c r o s s were sc reened to have a bulk densi ty of 4,4, The 
packed density in the c r o s s i s 4.1 . 

The filled c r o s s control rod is to be subjected to the 
following t e s t s : 

(1) t h e r m a l cycle between 550F and room t e m p e r a t u r e 
to check the amount of warping and change of physical d imens ions ; 

(2) heat in water at EBWR t e m p e r a t u r e and p r e s s u r e to 
de t e rmine any tendency for the can wal l s to col lapse upon application of 
ex te rna l p r e s s u r e . 

Another a l t e rna te control rod cons i s t s of powdered B4C 
incorpora ted into a s t a in less s tee l m a t r i x . The boron may r e m a i n ei ther 
as solid boron carbide p a r t i c l e s incorpora ted into the s t a in less s teel or the 
boron, a s meta l , may dissolve in the s ta in less s tee l . At tempts a r e being 
made to cast c r o s s e s containing high pe rcen tages of boron . The p re sen t 
l imit is approximate ly 2%. The c r o s s i s cas t ove r s i ze and is machined to 
acceptable d imens ions . Efforts at developing boron s t a in less s tee ls a r e 
desc r ibed below. 

2, Boron-Sta in less Steel Development 

a. Fab r i ca t ion - N. Balai 

Sta inless s tee l composi t ions containing high weight 
pe rcen tages of boron (1.0% and above) show p romise a s : ( l ) t h e r m a l sh ie ld 
ing m a t e r i a l s to reduce t h e r m a l s t r e s s e s in r eac to r p r e s s u r e vesse l shel ls , 
and (2) a s control rod m a t e r i a l s . Conversa t ions were held with a number of 
p r o d u c e r s who have had prev ious exper ience in th is alloy field for the p r o 
duction of I - in . thick plate for the EBWR t h e r m a l shield. The conversa t ions 
showed that a l loys a r e obtainable by t h r e e different p r o c e s s e s : ( l ) cas t ings , 
(2) conventional induction furnace a i r mel ted al loys, and (3) vacuum melted 
a l loys . A s u m m a r y of the alloy melt ing (and production) p r o c e s s e s a r e : 
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ft Source P r o c e s s 

E l e c t r i c Steel 
Foundry Co., 
Por t l and , Ore . 

Steel cas t ings 

Republic Steel 
Corp . 

Crucible Steel 
Corp. , Syracuse , 
N.Y. 

A i r - m e l t e d , 
rol led plate 

Vacuum-mel ted , 
rol led plate 

Universa l -Cyclops 
Steel Corp. , 
Br idgevi l le , P a . 

Vacuum-mel ted , 
rol led plate 

Superior Steel 
Corp. , P i t t sburgh , 
P a . 

A i r - m e l t e d , 
rol led plate 

Boron Range, 
(Wt - %) 

over 2.0 

1.5 

1.5 and 2.0 

to 2.2 

1.0 

Comments 

Two 1 x 1 4 x 1 4 in. e x 
per imenta l cast ings 
shipped to ANL 

Two 1 X 14 x 48 in. 
cast ings shipped (2% B ) 

3600 lbs, cast ings on 
o rde r in 5, 6, 7, 8, 9 and 
10%boron by weight 

One 600-lb e x p e r i 
mental ingot on order ; 
to be rol led into 1, 1/2, 
and l / 4 - i n . plate 

One600-lb expe r imen
tal ingot in each alloy 
on order to be rol led 
into 1, 1/2, and l / 4 - i n . 
plate . Product ion of 
labora tory hea ts in 
1.2% B claimed s a t i s 
factori ly rol led 

P la tes to 1/8 in. 
claimed sat isfactor i ly 
rol led . In position to 
bid EBWR r e q u i r e 
ments in 1 x 1 8 x 6 0 in. 
rol led plate 

Strip to 0.015 in. cold 
rolled f rom 300-lb 
ingot. Scaling up p r o c 
ess to 2000-lb ingot in 
1.2% B content. In posi
tion to bid EBWR 1 - in . 
plate r equ i r emen t s . 

t 
E l e c t r i c Steel Foundry Conapany Alloy 

ESCO cas t two exper imenta l 1 x 14 x 14 in. p la tes in a 
nominal 2% boron (by weight) modification of the C F - 8 alloy - one plate in 
the hor izonta l posit ion and the other in the ver t i ca l posit ion. The casting 
qual i t ies were good, a s evidenced by the 2-in. a s - c a s t "shiplap' ' edge joints . 
Accompanying rad iographs of the two p la tes indicated many voids which 
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could be in te rp re ted a s gas pockets . However, s ince many machining op 
era t ions failed to confirm the p re sence of the varying voids, density of the 
rad iographs may indicate g r o s s segrega t ions of the boron phase . 

The hor izonta l ly cas t plate was cut in half and machined 
for weldabil i ty t e s t s . P laner chips were curly, indicating some ducti l i ty. A 
single vee-but t weld, approximately 10 in, in length, was completed, using 
a s t a in less s tee l Type 308-coated e lec t rode without preheat ing the b a s e m a 
t e r i a l . An es t imated o v e r - c o r r e c t i o n (for weld pull) and heavy r e s t r a i n t by 
C-c lamps resu l ted in a badly pulled plate on cooling (approximately 200 d e 
g r e e s f rom the expected hor izonta l plane) . The fluidity of the mel ted base 
alloy was too g rea t for "undercutting,*' An at tempt to cold s t ra ighten a 
sect ion of the welded plate resu l ted in a sudden and b r i t t l e f rac ture in the 
base alloy approximate ly 1/2 in. away f rom the weld fusion l ine. 

Other samples of the welded plate were hot s t raightened 
at 1950 and 2200F without difficulty. The h a r d n e s s of the ho t - s t ra igh tened 
base me ta l ranged from Rockwell B-85 to B-95; the Type 308 welds were 
found to be slightly embri t t led; Rockwell ha rdnes s read ings of C-12 to C-15 
w e r e obtained. 

Four 1 x 14 X 48 in. edge cast p la tes were o rdered for: 
( l ) shielding t e s t s in CP-5 ( three p la tes) , and (z) fur ther m a t e r i a l evalu.-* 
ation t e s t s . In the gate-cut t ing opera t ions p r i o r to shipment, al l four p la tes 
were cracked along one edge by f lame cutting. Two of the bes t p la tes were 
o rdered shipped for the shielding t e s t s . 

Cast m a t e r i a l in a boron-modif ied C F - 8 alloy, totaling 
approximate ly 3600 lb i s on order for m a t e r i a l evaluation t e s t s . Samples 
have been o rdered in round ba r , square p la tes , and c r o s s shapes , 

Superior Steel Corporat ion Alloys 

Superior Steel Corporat ion has succeeded in a i r -
melt ing a 300-lb, 1 wt-% B (nomiinal) ingot and roll ing it to. a ba r 
0.340 in. ga. x 5 - l / 2 in. x 260 in. P i e c e s of the b a r have been cold rol led 
down to 0.015 in. ga. s t r ip in about 8 p a s s e s with in te rmedia te annea ls . A 
chemica l ana lys is of the alloy was r epo r t ed to be; C-0.06, Mn-1,58, 
P -0 .028 , S-0.016, Si-0 .53, Cr-18 .27 , Ni-11,03, B-0 .90 /0 .94% . The alloy 
in the 0,340 in. ga. i s r epor t ed to p o s s e s s the following mechanica l p r o p 
e r t i e s ; 

Tens i le Strength: 100,000 ps i 

Yield Point: 50,000 ps i 

Elongation; 28% . 

9 

t 
u 
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A 2000-lb ingot with 1.2% B content i s to be melted 
for plate mi l l rol l ing exper ience for the production of 1 in. ga. p la te . A 
fur ther sca le -up to a 3500-lb ingot i s planned before the end of the yea r . 
Ma te r i a l is being made avai lable for evaluation t e s t s . 

Crucible Steel Corporat ion Alloys 

Two 600-lb vacuum mel ted ingots, containing 1-1/2 
and 2 wt-% B, respec t ive ly , to be rol led into 1 in., 1/2 in., and l / 4 in. plate 
p roduc t s , a r e on o r d e r . Crucible c l a ims to have rol led smal l exper imenta l 
hea t s down to 1/8 in. s t r ip in the 1% boron range . The alloy is in the 18% 
Cr-15% Ni composit ion. 

b . Cor ros ion - C. R. Breden 

The co r ro s ion p r o p e r t i e s of boron s ta in less s t ee l s of 
var ious composi t ions and f rom var ious sources a r e being investigated- R e 
sul ts to date a r e summar i zed in Table X, It will be noted that al l of the 
al loys tes ted , ranging from 1 to 3% boron, showed good cor ros ion r e s i s t a n c e . 
In mos t of the s ta t ic t e s t s the weight changes were posi t ive, while in the 
dynamic t e s t s they were negat ive . 

3. Cor ros ion of Aluminum-Boron-Nicke l Alloy - C. R. Breden 

Cor ros ion evaluation t e s t s on samples of a luminum-1% 
boron-0 .5% nickel alloy, used in BORAX III a s a burnable poison, have 
been continued.•'•'* In genera l , t h e r e was no significant change in a p p e a r 
ance except for the weld a r e a s , which showed black glossy slag, holes , and 
spall ing. 

Samples of Boral , one a s rece ived and the other rol led to 
a thin sheet about 0.020 in. thick, were tes ted in 420F deg^-ssed wate r . 
After t es t pe r iods of 64 and 160 hr both samples showed high posi t ive weight 
changes, p i ts and b l i s t e r s . 

4. Soluble Po i sons - N. R. Grant 

a. Capacity of Amber l i t e IRA-400 Res in for Bor ic Acid 

Bor ic acid is used in BORAX III for control purposes ; 
it is removed by an anion r e s i n bed followed by a mixed-bed ion exchanger . 
Since avai lable information on anion r e s i n capaci t ies for bor ic acid is 
lim.ited, some capaci ty de te rmina t ions were made on Amber l i t e IRA-400.* 

^'^Reactor Engineering Division Quar t e r ly Report , ANL-5471 
(September, 1955) p . 128. 

*Manufactured by Rohm, and Haas, Phi ladelphia, Pennsylvania . 
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BORON-STAINLESS STEEL CORROSION TESTS 
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9 0 0 
0 0 9 
0 0 

« 0 
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9 

e o 
9 0 9 0 

e 9 
0 9 « 

9 9 9 0 
0 0 

S amp1e 
N o . 

A - 4 9 S 

A - 4 9 6 

A . 4 9 7 

A - 4 4 0 3 - a 

A - 4 4 0 3 - b 

A - 4 4 7 3 a - l 

A - 4 4 7 3 a . 2 

A - 4 4 7 3 b - l 

A - 4 4 7 3 b - 2 

N o m i n a l 

Or 

18 

18 

18 

18 

18 

18 

18 

18 

I S 

C o m p o s i t i o n , % 

Ni B 

8 1 

8 2 

8 3 

14 1 .6 

14 2 . S 

14 2 . 2 

14 2 . 2 

14 2 . 8 

14 2 . 8 

S o u r c e 

ESCO* 

ESCO 

ESCO 

KAPL 

KAPL 

ESCO 

ESCO 

ESCO 

ESCO 

T e s t C o n d i t i 

S t a t i c ® * 

S t a t i c ( a i r 

S t a t i c 

S t a t i c ( a i r 

S t a t i c 

D y n a m i c 

Dynami c 

S t a t i c 

S t a t i c 

S t a t i c 

S t a t i c 

s a 

so 

on 

t d . ) 

t d . ) 

Temp, 
F 

600 

6 0 0 

60 0 

6 0 0 

6 0 0 

6 0 0 

600 

S50 

5 5 0 

550 

SS0 

T e s t 
P e r i o d , 

h r 

134 
376 

134 
376 

134 
376 

134 
376 

134 
37 6 

6 4 4 
7 2 1 

6 44 
7 2 1 

160 

160 

1 6 0 

160 

R a t e o f 
Wt C h a n g e , 
mg/cm /mo 

+ 0 . 3 4 
+ 0 , 1 4 5 

+ 0 . 4 2 4 
0 , 0 

+ 0 . 3 4 
+ 0 . 0 7 3 

+ 0 . 0 6 8 
+ 0 . 0 4 8 

+ 0 . 1 4 2 
+ 0 . 0 7 6 

- 0 . 1 5 2 
- 0 . 0 7 2 

- 0 , 1 3 0 
- 0 . 0 0 3 

- 0 . 4 1 S 

+ 0 , 3 8 2 

+ 0 , 3 1 6 

+ 0 . 2 5 4 

Commen t s 

A d h e r e n t 

A d h e r e n t 
t a r n i s h . 

A d h e r e n t 

A d h e r e n t 
t a r n i s h . 

A d h e r e n t 
t a r n i s h . 

A d h e r e n t 
A d h e r e n t 

A d h e r e n t 
A d h e r e n t 

A d h e r e n t 

A d h e r e n t 

A d h e r e n t 

A d h e r e n t 

b l a c k c o a t i n g . 

d a r k b r o w n 

b l a c k c o a t i n g . 

b r o w n - b l a c k 

b r o w n - b l a c k 

b l a c k c o a t i n g , 
b l a c k c o a t i n g . 

b l a c k f i l m , 
b l a c k f i l m . 

b l a c k f i l m . 

b l a c k f i l m . 

b l a c k f i l m . 

b l a c k f i l m . 

•Electric Steel Foundry Company, Portland, Oregon. 

**Degassed water used unless otherwise noted. 
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Solutions containing 200 and 500 ppm bor ic acid were 

passed through var ious sized r e s i n s beds supported on s ta in less s teel s c reen 
in P y r e x g lass columns. The r e s i n s were used in a completely regenera ted 
fo rm. P r o c e d u r e s were c a r r i e d out in accordance with the manufac tu re r ' s 
published recommiendations for the r e s i n . 

Bor ic acid concentra t ions were determined by a modi 
fication of the Young ^^ method, based on ini t ial neutra l izat ion followed by 
t i t ra t ion in the p r e s e n c e of manni tol . Solutions were protected f rom a t m o s 
pher ic CO2I r e s i s t iv i ty and pH m e a s u r e m e n t s were taken at r egu la r in te rva l s . 

Resu l t s a r e summar ized in Table XI and in F i g s . 43 and 
44. It a p p e a r s that under the t e s t conditions emiployed, the unit capacity 
(mil l iequivalents of bor ic a c i d / c c of res in ) i n c r e a s e s with increased bed 
volume for a given concentra t ion of bo r i c acid in the influent solution. How
ever , at a bed volume of 865 cc (1 -1 /2 in. ID by 33 in. high) the unit capacity 
a p p e a r s to be approaching a maximumi. F o r a given bed volume, a higher 
unit capaci ty was obtained with an influent solution containing 500 ppm of 
bo r i c acid than with a 200-ppm influent. 

During the port ion of a typical run p r io r to the b reak 
point (defined a s the point at which l a rge concentrat ions of bor ic acid begin 
to p a s s completely through the bed), the pH of the effluent was above 7 and 
the specif ic r e s i s t a n c e was low, since bo r i c acid was displacing sodium 
hydroxide f rom the bed. At the b reak point, the pH dec reased to 7 and the 
specific r e s i s t a n c e reached a max imum because of a deficiency of both bor ic 
acid and sodium hydroxide at th is point. After the b reak point, the pH d e 
c rea sed to the acid side (below 7) and the specific r e s i s t a n c e dropped b e 
cause of inc reased bor i c acid content. These effects may be seen in F ig . 43. 

A compar i son of the bori.c acid concentrat ion in the 
effluent a s a function of the quant i t ies of bo r i c acid added during the five 
runs completed may be seen in F ig , 44. 

Under the conditions of the exper iment , i .e . , smal l 
scale appa ra tus and absence of i r r ad ia t ion , the unit capacity of Amber l i t e 
IRA-400 anion r e s i n for bo r i c acid ranged from 1.1 to 1.4 m e q / c c of r e s i n 
(4.2 to 5.4 lb bo r i c a c i d / c u ft). 

b . I r r ad ia t ion of Bor ic Acid Solution 

t 
In a r ecen t BORAX III exper iment , pH values a s low as 

2.7 and a s high a s 9.1 were observed in the coo lan t -modera tor water con
taining added bor i c acid for control p u r p o s e s . In an effort to reso lve this 

l^Roland S. Young, Indust r ia l Inorganic Analys is , (New York: 
John Wiley, 1953), p . 36. 
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Table Xi 

REMOVAL OF BORIC ACID USING AMBERLITE IRA-400 RESIN - SUMMARY OF RESULTS 

Al l Res in Beds 100% Conver ted o r R e g e n e r a t e d 

Flow R a t e : 0 . 2 ml B o r i c Acid & > l u t i o n / m i n / c c of Res in 

O v e r - a l l Vol . 4% NiCH Vol . D i s t i l l e d Avg. Cone. Vol . B o r i c Acid T o t a l Vol . U n i t 
Res'^" Bed Average for Convers ion Water for B o r i c Acid I n f l u e n t to B o r i c Acid T o t a l C a p a c i t y , 

Run Column H e i g h t , V o l . , Flow Ra te , o r R e g e n e r a t i o n , Washing, I n f l u e n t , Breakjxj in t , I n f l u e n t , C a p a c i t y , meq,^cc 

No, ID, i n . i n . cc ml/min l i t e r s l i t e r s ppm l i t e r s l i t e r s meq Res in 

1/2 3 1 - 1 / 2 9 8 . 5 20 ,3 i n v e r s i o n 2 . 4 13 205 33 3 7 . 5 110 1.117 

1/2 2 1 - 3 / 4 68 1 5 . 2 R e g e n e r a t i o n 1.0 202 21 26. S 6 8 , 6 1.009 

1/2 2 1 - 3 / 4 68 15 .2 R e g e n e r a t i o n 1.0 514 10 15.0 8 3 , 3 1.225 

3/4 30-1/2 220 45.2 Gsnversion 5.3 24 518 36 47.0 302 1.374 

S 1-1/2 33 865 1 7 4 , 4 Convers ion 21 .0 46 514 144 185 .5 1196 1.382 
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behavior^ a 50-ml sample of 500 ppm bor i c acid solution with an original 
pH of 6.2, in contact with 2S aluminum, was i r r ad ia ted for 110 hr at 450F 
in a s ta in less s teel autoclave p r e s s u r i z e d with heliuin in a CP-5 facility. 
Examinat ion of the resu l tan t solution showed a pH of 2.53 and a n i t r i c acid 
concentra t ion of 200 to 250 m i c r o g r a m s / m l of solution. Also noted were 
smal l red p a r t i c l e s of i ron oxide suspended in the solution. 

To sinnulate BORAX III conditionSj the r ema inde r of 
the sample was run (downward) through a smal l r e s i n column ( l / 2 - i n . dia.) 
containing 6 in. of Amber l i t e anion r e s i n XE-78 and 2 in. of Amber l i te 
mixed-bed r e s i n XE-150 in the o rder of solution pas sage . The pH of the 
effluent for the f i r s t half of the solution was 6.7| for the las t half it was 8 .1 . 
The change in pH during the run may have been caused by channeling through 
the r e s i n bed. It is believed that the low pH resul ted f rom the p resence of 
n i t r i c acid produced by i r r ad ia t ion of a tmospher ic ni t rogen incompletely 
purged f rom the autoclavCj and that t he se fac tors : ion exchanger c h a r a c t e r -
ist icSj and n i t r i c acid format ion f rom a tmospher ic nitrogen, could have 
accounted for the observa t ions noted in BORAX III. 

E. Control Rod Drive Mechanisms 

1. Hydraul ical ly Operated Drive Mechanism - C. F . Bullinger 

The development of the hydraul ic dr ive mechanism, as an 
a l t e rna te safety rod dr ive for the EBWR, continues. As a safety rod dr ive , 
the unit has only two operating positions^ in or out; therefore , continuous 
posit ion indication, which is difficult with a sealed dr ive, is not so impor -
tant , and two-posi t ion indication is eas i ly achieved. The unit descr ibed in 
ANL-b461 " has proved quite stable and easi ly controllable through al l 
sy s t em p r e s s u r e r anges f rom 50 to 650 ps ig . Art if icial ly induced su rges 
of 200 ps i in 30 seconds have not d is turbed the rod posit ion. 

S c r a m t e s t s utilizing a 4-inch, quick-opening, s leeve- type 
valve were unsat i s fac tory . The bes t t ime achieved was 1.5 seconds for a 
48-inch s c r a m t r ave l . Opening t ime for the valve was 0.4 to 0.5 second. 
The high-veloci ty of the water through the la rge valve imposed high s t r e s s e s 
on the sy s t em when stopping the s c r a m if full ra te of flow was allowed; 
the re fo re , it was n e c e s s a r y to r e s t r a i n the r a t e of flow by valving down the 
outlet line and par t i a l ly filling the buffer tank. 

A 1-inch swing check- type valve with a 3-way solenoid op
e r a to r has given sa t i s fac tory pe r fo rmance to date . This valve opens in 
approximate ly 0.20 to 0,25 second f rom the t ime the s c r a m signal i s ini t iated. 
S c r a m t i m e s m e a s u r e d in init ial t e s t s var ied f rom approximately 0.7 second 
for 200-psig opera t ion to 0.45 second for 600-psig operation, for 48-in. t r ave l . 
F u r t h e r t e s t s a r e in p r o g r e s s . 

^^Reactor Engineering Division Quar t e r ly Report , ANL-5461 
(April 15, 1955) p . 29 
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2. Magnetic Jack Drive Mechanism - J. N. Young 

Testing has continued on the magnet ic jack (No. 16).^ ' 
After completion of 500 cycles (4 ft up and 4 ft down at forty 0,010-in. 
s teps per minute) with a 155-pound load, a new set of coi ls of an improved 
design was insta l led to give the jack m o r e s t rength and to reduce the hea t 
ing p rob lem. With the new coi ls , the jack was operated through 230 cycles 
with a 400-pound load, when excess ive g r ipper wear necess i ta ted shutting 
down. During the t e s t s , operat ion was sat isfactory; t h e r e was some slippage 
during running; however, the mechan i sm never failed to s c r a m or to hold. 

To overcome the wear problem, new g r ippe r s with more 
wear surface and with self-aligning pads were fabr icated. This unit (No, 17) 
was tes ted to 330 cycles with a i55-pound load and 105 cycles with a 400-pound 
load. There was p rac t i ca l ly no wear , but during the las t few hours of t e s t 
the rod began to st ick and fail to s c r a m . It was found that the self-aligning 
g r ipper pads were stuck because of co r ros ion of the A r m c o i ron gr ipper 
bodies . 

To e l iminate both the wear problem of Unit No, 16 and the 
sticking p rob lem of Unit No. 17, Unit No. 18 was const ructed and has op
era ted very well with loads up to 120 pounds, at 1300 wat ts input. Testing 
is continuing on th is unit, A modification is in p r o g r e s s to i n c r e a s e s t rength 
and d e c r e a s e input power. 

1'^Reactor Engineering Division Quar te r ly Report , ANL-5371 
(January 15, 1955) p . 214, 
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PART B. FAST POWER BREEDER REACTOR PROGRAM 

SUMMARY - L . J . Koch 

The EBR-II Working Model was filled with sodium and placed in 
working o r d e r . The sys t em was filled d i rec t ly from the s torage tank and 
the sodium cold t rapped as desc r ibed previous ly . ^° After the sys tem was 
filled, the sodium surface was covered by an unbroken, dull f i lm. The 
sodium t e m p e r a t u r e was r a i s e d and, after cold trapping for severa l days , 
the film d i sappea red . No difficulty was encountered in pumping the 5, 000 
gallons of sodium into the model tank or in the p r o c e s s of cold t rapping. 
Very clean sodium (0.002 wt-% oxide) was obtained in this la rge sys tem 
with no difficulty. 

The ambient t e m p e r a t u r e of the sodium was p rogress ive ly r a i s ed 
approximate ly 50 or 100 degrees per day up to a max imum of 700F. Some 
difficulty was exper ienced with sticking of the control and fuel-handling 
m e c h a n i s m s . These conditions were improved by removing the units and 
inc reas ing c l e a r a n c e s between moving p a r t s . Another difficulty a ro se due 
to differential expansion of the tank in which the sys tem components a r e 
mounted. Misal ignment was detected between the stat ions in the fuel e l e 
ment t r ans fe r m e c h a n i s m s . This could not be co r rec t ed because sufficient 
c lea rance was not avai lable between the tank and the mounting plugs. Fue l 
e lement t r a n s f e r s were successful ly c a r r i e d out by compensating for the 
misa l ignment . This condition is being co r r ec t ed by increas ing c lea rances 
to pe rmi t adjustment of equipment at operat ing temipera tures . 

The IjOOO-gpm, d - c , e lec t romagnet ic pump opera ted very s a t i s 
factori ly submerged in sodium. The per formance of the pump was s o m e 
what be t te r than previous opera t ion in a closed loop. This improvement 
was probably due to d e c r e a s e d gas ent ra inment in the sodium. 

The second i r r ad i a t i on t e s t was removed from C P - 5 after an e s t i 
mated 0. 4% burnup. A sect ion at the top of the fuel e lement had mel ted 
through the e lement tube . This fai lure i s believed to be due to a void in 
the sodiiim bond between the fuel e lement and the finned-tube capsule . A 
void may be caused by the repea ted melt ing and freezing of this bond each 
t ime the r e a c t o r i s shut down. These conditions will be duplicated in an 
ex terna l exper iment s imulat ing the i r r ad ia t ion conditions to de termine if 
a void can be c rea ted in th is m a n n e r . 

Reac to r Engineer ing Division Quar t e r ly Report , ANL-5471 
(September, 1955) p . 161 
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An e lec t r i ca l ly heated model of the EBR-II fuel subassem.bly has 
been cons t ruc ted to s imulate decay heating after var ious per iods of cool
ing. The fuel subassembly will not cool in a i r after two weeks of cooling 
in the p r i m a r y s y s t e m . F o r c e d convection of approximate ly 10 cfm of 
a i r is sufficient to r emove the 2300 watts of heat which will be genera ted 
in the hot tes t subassembly after two weeks cooling. Additional t e s t s a r e 
planned to de te rmine the cooling r e q u i r e m e n t s during the p r o c e s s of r e 
moving the hexagonal subassembly container tube and d i sassembl ing the 
individual fuel e l e m e n t s . It appea r s that forced convection cooling will be 
r equ i red until the fuel e l emen t s can be individually sepa ra t ed f rom the 
c lose-packed geomet ry . 

Water p r e s s u r e drop t e s t s were run on a complete EBR-II fuel sub
a s s e m b l y . In addition, the p r e s s u r e drop loop was a r r a n g e d to pe rmi t the 
m e a s u r e m e n t of the hydraul ic ' ' ho ld-down"force exer ted by the w a t e r . The 
r e s u l t s , when conver ted to ant icipated conditions in the r e a c t o r with sodium, 
indicate that the subassembly will be held in posi t ion hydraul ica l ly under a l l 
projected conditions of opera t ion . 

The convers ion ra t io for EBR-I second loading was m e a s u r e d by 
**physical miethods" and found to be 1.03 i 0.05 as compared to a value of 
1.01 i 0.05 m e a s u r e d on the f i r s t EBR loading. ^9 

Activation m e a s u r e m e n t s have been made at var ious locat ions in 
the outer blanket of EBR. Calculat ions were pe r fo rmed to compare the 
exper imenta l m e a s u r e m e n t s with diffusion theo ry . 

t 

^°C. D. C u r t i s , e t a l . , "'A Phys ica l Determina t ion of the Convers ion ^m 
Ratio of The Exper imen ta l B reede r Reac to r , " ANL-5222 (August, 1954.) 
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I. EXPERIMENTAL BREEDER REACTOR I (EBR-I) 

A. Convers ion Ratio Measu remen t s - W. Y. Kato, F . S. Kirn, 
W. F . Mann, D. Metta, G. Main 

The convers ion ra t io has been measu red in the second uran ium 
fuel loading of the Exper imenta l B r e e d e r Reactor I . It i s a m.easure of the 
production of Pu^^' f rom the na tu ra l u ran ium blanket per a tom of U^̂ ^ 
des t royed in the r e a c t o r . The ra t io i s de termined by a knowledge of the 
re la t ive amounts of fuel and blanket m a t e r i a l and the measu remen t of the 
spat ia l neutron capture and f iss ion dis t r ibut ions in U ^ ' and U^'^, r e s p e c 
t ively, together with a de te rmina t ion of the effective alpha for U^̂ ^ through
out the r e a c t o r . 

1. Exper imen ta l P r o c e d u r e 

The capture d is t r ibut ion of U^^* was determined by the 
i r r ad ia t ion of the depleted XĴ ^̂  foils throughout the r e a c t o r . In the core 
and inner blanket, ve r t i ca l d is t r ibut ion m e a s u r e m e n t s were obtained by 
sandwiching U^^* foils between slugs of enr iched U^̂  or natural u ran ium 
to s imulate fuel or blanket rod a s s e m b l i e s . The ver t i ca l dis t r ibut ion t r a v 
e r s e s were made along a r ad ia l d i rec t ion to one corner of the hexagonal 
c o r e . Another s e r i e s of t r a v e r s e s was a l so made toward the flat of a hex
agonal s ide . Normal iza t ion between success ive t r a v e r s e s was accomplished 
by i r r ad ia t ing depleted U^^* foils in the t h e r m a l column and using the foil ' s 
capture r a t e act ivi ty as s t andard . The pr incipal reac t ion in the depleted 
foils which took place during the i r r ad i a t i on wass 

23. 5 m m 56. 6 h r 

The capture r a t e was obtained by observing the 100-kev 
radia t ion in the decay of Np^^' with a thin, Nal scint i l lat ion counter using a 
conventional s ingle-channel pulse height analyzer^ as in a procedure devel
oped by Axtmann and Stuthei t .^^ The d i sc r imina to r and window of the 
ana lyzer were set to observe jus t the max imum of the 100-kev photoelectr ic 
peak of the Np^^' rad ia t ion . 

Following i r r ad i a t i on of the foils the procedure was to 
m e a s u r e the t h e r m a l column foil act ivi ty before and after measur ing the 
act ivi ty of a set of foils i r r a d i a t e d in the fast spec t rum. Thus in each 

^°R. C. Axtmann and J . S, Stutheit, "Scinti l lat ion Counting of Natura l 
Uranium F o i l s , " Nucleonics , 12, 52 (July, 1954). 
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ve r t i ca l t r a v e r s e t h e r e was obtained a d is t r ibut ion of fast cap tures per 
t h e r m a l column capture by taking a r a t io of the counting r a t e of the foil in 
the fast spec t rum to the counting r a t e of the foil i r r a d i a t e d in the t h e r m a l 
column. Since the t h e r m a l column foil was i r r ad i a t ed at the same t ime as 
those in the core or blanket, th is method of normal iza t ion automatical ly 
accounted for any var ia t ions in r e a c t o r power, a s well a s the decay t ime 
of the Np^^'. Since the s ame shape and s ize foil was used for the t h e r m a l 
column as for the c o r e , it was not n e c e s s a r y to in t roduce co r rec t ions for 
geomet ry in the counting r a t e obtained by the ana lyze r . It was , however , 
n e c e s s a r y to i r r a d i a t e the norm.alization foil in the same place in the t h e r 
m a l column each t i m e . The usual co r rec t ions for sma l l var ia t ions in foil 
weight and background were made before computing the fast cap tures per 
t h e r m a l column cap tu re . 

Sufficient act ivi ty for analys is was obtained in an i r r a d i 
at ion of about 20 kwh, which co r re sponds to an in tegra ted flux of about 
7 X 10^^ neu t rons / cm^ . Typical ve r t i ca l t r a v e r s e s a r e shown in F ig . 45 
for var ious p a r t s of the r e a c t o r . A plot of the r ad ia l fast capture r a t e 
dis t r ibut ion is shown in F ig , 46 . Since each fuel e lement has th ree s e c 
t ions , lower blanket, cen t ra l enr iched co re , upper blanket , it was n e c e s 
s a ry to obtain the average fast cap tu res per t h e r m a l column capture in 
each sec t ion . The total cap tu res or plutonium product ion throughout the 
r e a c t o r was obtained by integrat ing the product of the amount of U^^' 
m a t e r i a l and the average fast cap tu res per t h e r m a l column capture over 
the en t i re r e a c t o r volume. 

The re la t ive f ission dis t r ibut ion of U^*^ was m e a s u r e d by 
i r r ad ia t ions of enr iched U^̂ ^ foils throughout the r e a c t o r . The in tegra ted 
g a m m a - r a y act ivi ty of the f iss ion products produced in the foils was m e a s 
ured with a Nal scint i l lat ion counter . The d i sc r imina to r of the amplif ier 
was set so that only gamma r a y s of ene rg i e s g r ea t e r than 0.5 Mev were 
detec ted . This dec rea sed the background co r rec t ion due to u^^* capture 
act ivi ty and na tu ra l act ivi ty of the u r an ium. 

A s e r i e s of ve r t i ca l t r a v e r s e s along two rad ia l d i rec t ions 
f rom the center of the r e a c t o r were m a d e . The U^*^ foils were sandwiched 
between slugs of enr iched U^'^ or na tu ra l u ran ium to s imulate fuel or 
blanket e lements s imi l a r to the depleted u^*' c a s e . Simultaneously with 
the i r r ad ia t ion in the core or blanket , a foil was i r r a d i a t e d in the same 
s tandard t h e r m a l columm posi t ion. The ra t io of the ac t iv i t ies of the fast 
spec t rum foils to the t h e r m a l column foil gave a d is t r ibut ion of the fast 
f i ss ions per t h e r m a l column f iss ion . The total number of U^^^ f iss ions 
was obtained by integrat ing the product of the number of U^^^ a toms and 
the fast f i ss ions per t h e r m a l column f iss ion over the en t i re r eac to r vol
u m e . A typical d is t r ibut ion of fast f i ss ions per t h e r m a l column fission 
for a ve r t i ca l t r a v e r s e i s shown in F ig . 47 . A rad ia l t r a v e r s e of f ission 
r a t e s i s shown in F i g . 48 . 

i 
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t The measurements ©f the U*** capture activity and the U*'̂  
fission activity with th« foils resulted in unnormalized capture and fission 
distribution throughout the reactor . The normalization of the total captures 
and fissions was made using two independent m.ethods. A vertical distribu
tion of captures and fissions was obtained in the central rod of EBR using 
duplicate sets of foils. There were thus two foils for each position and the 
therm.ai column for the capture rate as well as for the fission rate deter
minations. A cadmium ratio measurement was also made for the depleted 
XJ^^ and enriched U^*' foils in the therm.al colxmin foil position. 

With one set of vertical t raverse and thermal column foils 
the capture and fission distributions were obtained as before. Using the 
measured capture and fission distributions with the cadm.ium. ratiosj and 
the thermal capture cross section of U '̂̂  and fission cross section of U' 
the conversion ratio (CR) was calculated from: 

235 

where 

CR = 
f \ 

1 
1 +a 

[ J 

th 
a'" = thermal capture cross section of U , 2.8 barns 

0 = thermal fission cross section of U '̂®, 590 barns 

C = specific activity of depleted U*̂ * foils irradiated in 
fast flux 

.s r238 C = specific activity of depleted 0"* foils irradiated in 
thermal column 

C„ = specific activity of enriched U '̂̂  foil irradiated in 
fast flux 

t C = specific activity of enriched Û *̂  foils irradiated in 
thermal column 

« e e « e © ® 8 e < B e e e « » e » 
e s e 9 • » « « e « e e s » • 

B s e e a e e « » « » © » • © » « 9 ® » « • 
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CR, = cadmium ra t io of U^'^ foil in t h e r m a l column 

CR = cadmium ra t io of u^'* foil in t h e r m a l column 
c 

a = effective alpha of U^*^ in core = 0.143 

The effective alpha, "a j of U *̂̂  in the core was obtained by 
a m a s s s p e c t r o m e t r i c m e a s u r e m e n t of the ij^^yxj^^^ m a s s ra t io in a number 
of i r r a d i a t e d U^'^ samples in EBR. The fract ion of U^^^ f issioned in the 
samples was obtained f rom a rad iochemica l separa t ion of Cs^ using i t s 
m a s s f iss ion yield to de te rmine the to ta l f i s s ions . 

The second method of normal iza t ion involved the d e t e r m i 
nation of the total number of cap tu res in the second set of depleted U 
foils and the total number of f iss ions in the enr iched u^^^ foils using r a d i o 
chemical t echn iques . The technique for capture r a t e de te rmina t ions is 
essent ia l ly to s e p a r a t e the Np^" f rom the i r r a d i a t e d u ran ium foil and count 
the Np betas with a propor t ional gas flow counter . 

The de te rmina t ion of the absolute d is in tegra t ion r a t e of 
Np^^' i s based on a s tandard iza t ion m e a s u r e m e n t in which the number of 
Np a toms in a l a rge sample was de te rmined f rom the growth of the Pu 
in the s amp le , A sma l l e r known fract ion of Np^*^ a toms i s beta counted to 
de te rmine the efficiency of the beta counter . The absolute d is in tegra t ion 
r a t e of Np^^' i s de te rmined on the b a s i s of the Pu^^^ alpha activi ty of the 
l a r g e r s amp le . The specific activi ty of the Np^' ' was a l so checked by c a r e 
ful 47r counting the Np^^' b e t a s . The f ract ion of Np^' ' s epara ted f rom an i r 
rad ia ted u ran ium foil i s de te rmined by introducing a known quantity based 
on the alpha act ivi ty of Np^*'̂  a s a t r a c e r before sepa ra t ion . After the Np i s 
separa ted f rom the u ran ium and f iss ion products the Np alpha act ivi ty 
de t e rmines the chemiical yield. 

The total number of f iss ions occur r ing in a U sample is 
de te rmined by separa t ing , radiochemical ly j the M o ' ' f ission product and 
measu r ing i t s d is in tegra t ion r a t e by beta cotmting. The M o " is separa ted 
by using the solvent ex t rac t ion p r o c e d u r e . The fract ion of Mo'^ separa ted 
f rom the u ran ium and f iss ion products i s de te rmined by weighing the Mo 
c a r r i e r which is in t roduced into the i r r ad i a t ed u ran ium solution before 
separa t ion of the Mo. The absolute beta d is in tegra t ion r a t e is obtained 
from a s tandard iza t ion run by 47r counting a sma l l known fraction of Mo^' 
without c a r r i e r obtained f rom an i r r a d i a t e d sample of Mo. The total f i s 
sion r a t e i s obtained f rom the observed d is in tegra t ion r a t e of the sepa ra ted 
M o " assuming a m a s s f iss ion yield of 6. Z% for M o " . 

i 
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2. Resul t s 

The contr ibut ions of the var ious pa r t s of the r eac to r to the 
convers ion r a t i o a r e given in the following tabulation.: 

Outer Blanket 
Inner Blanket 
Core 
Control Rods 
Lower Cup 

Tota l 

F a s t F i s s i o n s 
P e r T h e r m a l 

Column F i s s i o n 
(xlO^) 

6 .86 
Z.Zh 

123.8 
0.41 
0 .54 

133,87 

% 

5.1 
1.7 

92 .5 
0 .3 
0 ,4 

F a s t Cap tures 
P e r T h e r m a l 

Column Capture 
(xlO*) 

1228 
570 
115.7 

79.2 
120,5 

2113.4 

% 

58.1 
27.0 

5.5 
3.7 
5 .7 

The convers ion r a t io for the second uran ium loading of 
E B R - I with the cup about l / 4 in« below i t s uppermost position was found 
to be 1.03 i 0 .05 , based on the rad iochemica l normal i sa t ion . The sanae 
convers ion r a t i o was found using the t h e r m a l capture and f iss ion c r o s s 
sect ion no rma l i za t ion , 

B . Activation C r o s s Sections in the Outer Blanket - S. G. Kaufm.annj 
W. B . Loewenstein, L . P a M s , F . S. Kirn 

Activation c r o s s sect ion r a t i o s at var ious locations in the outer 
blanket of the EBR have been surveyed . 

1. P r o c e d u r e 

Exper imen ta l b r i cks were p repa red to pe rmi t the exposure 
of foils along the d i rec t ion rad ia l ly outward from the ver t i ca l center line of 
the r e a c t o r , or to accommodate foils in posit ions corresponding to those 
where m e a s u r e m e n t s of the capture to f iss ion r a t i o s of some isotopes had 
been made prev ious ly . Pe r tu rba t i ons due to the p resence of the foils or 
con ta iners was held to a m in imum. A re fe rence foil exposed m a reproduc
ible posi t ion in the t h e r m a l column.5 70 in, away from the tank wall, accom
panied every exposure and was used for normal iza t ion purposes whenever 
the act ivi ty was sufficient to pe rmi t m e a s u r e m e n t . 

All foils were pro tec ted by thin aluminum during the expo
s u r e . The Plutonium foils were covered by somewhat heavier aluminum 
sheet which was cold welded along the edges^ No alpha contamination was 
detected on the outside of the encapsuled plutoaium after a number of neces
s a r y manipulat ions during and after the exposu re . 



Exposed foils were sent back to Argonne and counted after 
a delay of s eve ra l days . Each foil was counted over a per iod of days . The 
constancy of the ra t io of act ivat ion of foils exposed during the same run at 
different points was used a s the c r i t e r i o n for re l iab i l i ty of the data . T h e r 
mal column m e a s u r e m e n t s by means of a moni tor foil proved unrel iable 
for gold and cadmium-covered plutoniumi because the act ivat ion was low. 
The cobalt moni tor foil, however» appeared to have been act ivated stiffi-" 
ciently so that the d i sc repancy between the observed and calculated points 
on the cobalt cu rves can hard ly be re lega ted to i naccu rac i e s of the m e a s 
ured va lues . 

Cap tu res in U^^' were detected in a s ingle-channel analyzer 
c i rcu i t . A dis t inct 100-kev line with the expected t ime decay was v i s ib le . 
The intensi ty of th is line was a s s u m e d to be propor t ional to the number of 
cap tures in U^'^. F i s s i on r a t e s were de te rmined f rom the number of pulses 
whose height was 6 or m o r e t i m e s that of the pulses originat ing in U^^' cap
t u r e . Activation of a l l other foils was mieasured by counting gam.ma-ray 
pulses which appeared dist inct ly above no i se . The decay of the act ivat ion 
was followed and the expected ha l f - l ives were verif ied whenever this seemed 
p rac t i cab le . 

2 . Exper iment vs Theory 

Calculat ions were pe r fo rmed to compare the exper imenta l 
m.easurements with diffusion theory . The bas i s of the calculat ions was 
UNIVAC Prob lem 21D01, a cyl indr ica l descr ip t ion of EBR. The predic ted 
values a r e indicated by the solid cu rves and the exper imenta l values as d i s 
c re te points in F i g s , 49 and 50. 

The solution of P r o b l e m 21D01 gives the group fltixes a s 
R , P ) , where j r e f e r s to the energy group, R to the spat ial region, and 

P to a point in the reg ion . Hence the act ivat ion, a, of a sample , s, at a 
given point would be propor t ional to 

j = 20 

This quantity was evaluated at var ious points in the b r i c k . It was then 
possible to compare the shape of the curve predic ted by diffusion theory 
with that of the exper imenta l da ta . In genera l , the ag reemen t i s pe rhaps 
as good a s can be expected. The r a t h e r s t r ik ing d i sag reemen t near the 
b r i ck -g raph i t e in ter face i s due to a l imi ted r ep re sen t a t i on of the t h e r m a l 
neut rons in the mul t igroup s t r u c t u r e . 

0j( 
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A m o r e demanding compar i son between exper iment and 
theory i s obtained by calculat ing act ivat ion r a t ios at var ious points in the 
b r i ck . These give an absolute compar i son between theory and exper iment . 
The pred ic ted r a t i o of an act ivat ion, a, of a sample , s, to the f ission in 
U' 235 at a points P , in a region , 

j = 20 

R. i s exp res sed a s ; 

arCR.P) 
U' •235 

^ j = 1 ^ ' J J 
P ) 

(R.P) j = 20 „235 

These r a t i o s can a l so be calculated f rom the available exper imenta l data . 
Fo r each sample , s, the act ivat ion Af (x) has been obtained at var ious 
points , X. In addition, the ra t io of the act ivat ions at points , X, in the 
br ick to a point in the t h e r m a l column, TC, has been obtained. Hence 
the act ivation ra t io of i n t e r e s t at point x i s simplys 

< ( x ) a^(TC) 

U' IST 
(x) a 

U s r 
(TC) 

A^(X2) 

A^(TC) a 

U' 235 
(TC) 

U' B T 
(Xj) 

U' 235 
(Xi) 

U' nr (x) 

A^(x) 

A ; ( X 2 ) 'J 
F o r those m a t e r i a l s where the c r o s s sections a r e known 

a s a ftmction of energy the ag reemen t i s quite good. The apparent d isagree
ment between theory and exper iment of 

. P u 
239 

C U' '235 

indicates that the value for 
p 239 * 

A f (0.375 in . ) 

A ^ (TC) 

is not r e l i ab le , since the shape of the calcula ted curve is quite s imi la r to 
that indicated by the exper imen ta l data . 

T h e r e a r e l a rge gaps in the energy spec t rum where the 
act ivat ion c r o s s sec t ions of cobalt and gold a r e not well knowni hence it 
i s not su rp r i s ing that the calcula ted and exper imenta l r a t io s do not a g r e e . 



II. EXPERIMENTAL BREEDER REACTOR-n (EBR-II) 

A. Decay Heat Cooling Requirements of Spent EBR»II Fuel 
Subassemiblies - C. H. Scheibelhut 

After full-power operation of the EBR-II reactor to 1% burn-
up of the fuel, the spent fuel subassemblies will be allowed to decay in 
the reactor storage racks for two weeks. At this tim.e the subassemblies 
that received the highest burnup will be generating about 2300 watts of de
cay heat. 

An electrically heated model of a reference design fuel sub-
assem.bly was constructed to simulate the decay heat after removal from, 
the storage rack. The blanket sections were omitted since their decay 
heat is insignificant. A ceram.ic-instilated, nichrom.e resistance wire was 
inserted 14- l /4 in. (the length of the fuel) into a fuel tube that had one end 
closure and a spiral r ib welded on. Groups of 18 ttibes were' wired in 
series and constituted a single circuit . There were five such circmts ,each 
controlled by an auto-transformer and monitored by an ammeter and volt-
m.eter. This arrangemient left one tube which was controlled by its own 
auto-transformer. A total of 21 thermocouples was welded to various 
tubes to facilitate vertical and t ransverse temperature surveys of the tube 
surface temperatures . The 91 elements were inserted in a reference hex
agonal subassembly tube and mounted in a vertical position. Provision 
was miade so that a blast of cooling air or argon gas could be metered into 
the bottom, of the assembly. 

The first test consisted of a determ.ination of the heat dissipa
tion from the assembly in air without forced cooling. At a power of 261 
watts (11% of expected power), the hottest elem.ent reached a temperature 
of 530C (986F). A 30-in. high stack was attached to the top of the assembly 
to determine if the chimney effect would enhance the cooling? no detectable 
difference. 

Air at the rate of 9.41 standard cubic feet per minute (scfm) 
was introduced into the bottom of the assembly and the power adjusted to 
2330 watts. Under these conditions, a maximum fuel tube surface temiper-
ature of 563C (1045F) was recorded. The air outlet temperature was 444C 
(831F), indicating an air temperature r ise of 422C (760F). This amount of 
air and temperature r i se accounted for 90% of the heat input. 

With a heat input of 2265 watts and an argon gas flow of 
12.2 scfm., a maxim.\im temperature of 536C (997F) was recorded. The 
argon outlet temperature was 453C (847F), indicating an argon temperature 
r ise of 443C (797F). This amount of argon and temperature r ise accounted 
for 96.5% of the heat input. 



133 

t 

t 

The t e m p e r a t u r e d is t r ibut ions effected by the cooling methods 
em.ployed a r e shown in F i g . 5 1 . 

Cooling of the subassembly after r emova l from, the r eac to r will 
be n e c e s s a r y but can be eas i ly accompl ished by blowing about 12 cfm of 
a rgon through the subassembly . F u r t h e r work i s in p r o g r e s s to de te rmine 
cooling r e q u i r e m e n t s during d i s a s s e m b l y of the subassembly and head r e 
qu i r emen t s for the b lower s . 

B . Water P r e s s u r e Drop T e s t s of EBR-II Core Subassembly -
E . L . C u r r i e r , W. H. Bond 

Water p r e s s u r e drop t e s t s have been conducted on the coamplete 
co re subassembly for the EBR-II r e a c t o r . P r e s s u r e drop t e s t r e s u l t s for 
the major individual sect ions of the co re subassembly (upper blanket» corc j 
and lower blanket) have been r e p o r t e d e a r l i e r . 21 The data which a r e now 
shown cover the o v e r - a l l p r e s s u r e drop in 120F water of the complete de 
sign No. 1 co re subassemblys which i s composed of the lower end piece , 
lower blanket, co r e , upper blanket , and upper end p iece . In addition, t e s t 
r e s u l t s a r e given for the p r e s s u r e drop through a modified complete sub
a s s e m b l y in which the upper and lower blanket rods were ins ta l led with no 
spacer r i b s . The r e s u l t s of these t e s t s a r e shown in F ig . 52 (a). The de 
sign core sodium coolant flow r a t e i s 27 fps. At this flow, the subassembly 
p r e s s u r e drops in IZOF water for Design No. 1 and the m.odified design a r e 
80 psi and 45 ps i , r e spec t ive ly . 

A s e r i e s of low flow p r e s s u r e drop t e s t s were run to obtain 
data for ana lys i s of e m e r g e n c y shutdown convection cooling of the EBR-II 
r e a c t o r . The r e s u l t s a r e shown in F i g . 52 (b). 

Since the coolant flow i s upward through the subassembly , the 
coolant i m p a r t s a lifting force on the subassenably. The EBR-II lower 
plenum a r r a n g e m e n t provides an opposing downward hydraulic force against 
the lower end of the subassembly , which ac t s a s a piston in the gr id . Tes t s 
w e r e made to de t e rmine the r e su l t an t hydraul ic hold-down fo rce . 

The exper imen ta l setup of the hold-down te s t (Fig. 53) shows 
the subassembly posi t ioned in a s imula ted lower gr id contained in a 4 - in . 
piping s y s t e m . The r e su l t an t hold-down forces a r e m e a s u r e d by means 
of a lever l inkage pinned to the lower end piece of the subassembly and to 
a fu lcrum in the leakage tank under the t e s t sect ion. 

The r e s u l t s (Fig. 54) indicate that in 120F water , with en t rance 
pump p r e s s u r e of 103 psig and s tandard flow r a t e of 27 fps, the EBR-II 
modified subassembly e x e r t s a force of 245 lb on the seat of the lower 
plenum. 

2 l R e a c t o r Engineer ing Division Q u a r t e r l y Repor t , ANL-5471 
(September , 1955) p . 166. 
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It i s recognized that the p r e s s u r e drop values and the hold-
down forces have been de termined for IZOF water under non~idealized tes t 
condit ions. In the p r e s s u r e drop t e s t s , the flow of the sys tem was con
trol led by a throt t le valve after the orif ice, before the pump. This provides 
a near ly constant pump head p r e s s u r e on the tes t a s sembly . In the actual 
r e a c t o r , however , the flow ra te of the coolant will be controlled by a v a r i 
able pump p r e s s u r e . The pump head p r e s s u r e would equal the sum of the 
subassembly p r e s s u r e drop and the p r e s s u r e drop of the remainder of the 
sys tem, both of which a r e functions of the flow r a t e . Therefore , it was 
n e c e s s a r y to devise a method of calculation whereby the r e su l t s obtained 
by the water t e s t s could be projected to a sodium reac to r sys tem. 

The prominent hydrodynamic features of the idealized model 
fuel subassembly used in the analys is a r e shown in the accompanying i l l u s 
t ra t ion . Pos i t ive values a r e defined as downward fo rces . Analysis of this 
model shows that 

2 i F - "iVe + Pe A^ 

= (w/g)Ve + P e A e . 

where 

^ i F - r esu l t an t in te rna l th rus t , lb 

m = m a s s flow r a t e , s l ugs / s ec 

Vg = exit velocity, fps 

Pg = exit p r e s s u r e , psig 

Ag = flow a r e a of exit, sq in. 

slugs of w a t e r / s e c , 

(1) 

w / g 

and 

2 g F = -PoAo - PiAi - PgAs + PgAg (2) 

where 

2 g p = resu l t an t ex te rna l th rus t , lb 

P = as i l lus t ra ted , psig 

A = as i l lus t ra ted , sq in. 

FLOW 
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Adding E q s . (1) and (2) and including the buoyed weight of the subassembly 
in water , Wg, yields the following equation! 

where 

(w/g) (Vg) + PgAe - PiAi - PeAj + PgAfi + Wg - P ^ o = F 

F = hold-down fo rce , lb 

(3) 

Combining t e rms^ since 

PgAg - PgA3 + PgAg = PgAz 

and in this ins tance P@ = 0 , 

(w/g)(Ve) + PgA2 - PiAi + Wg = F (4) 

Using Eq . (4), a typical calculat ion of the hold-down forces at 230 gpm flow 
i l l u s t r a t e s the var ious fo r ce s ; 

M . (^30 gpm)(0.1337 f tVgal) (6 l . 7 Ib/ft^) ^ ^^^^^ ^ lugs / sec . 

ygj (60 sec /min) (32 .2 ) 

V -_^-J^-. (^30gPm)(0 .1337ftygal ) ^ ^ . . Q , . 
e (sec)(£t ) (^0 sec/mih) (0.016) 

t 

w (-^ (Vg) = (0.982)(32.0) = 31 lb (5) 

P A2 = (103 psi - 77 psi)(7T/4)(2.1)^ = 90 lb (6) 

-P iA i= - P i ( A 2 - Ao) = ^(103 psi)(7T/4) [ ( 2 . 1 ) ^ - (1.885)^] = -69 . 
(7) 

Substitution of the values obtained in E q s . (5) through (7) inclusive into 
Eq. (4) yields the unknown value, F : 

31 + 90 - 69 + 85 = 137 lb force . 

Table XII shows both the r e s u l t s of the exper imenta l t e s t s and 
the calculated r e s u l t s based on the model ana ly s i s . Except for the region 
of flow r e p r e s e n t e d by t e s t No. 1, the calculat ions show good ag reemen t 
with the exper imenta l r e s u l t s . I 



T a b l e XII 

COMPARISON OF CALCULATED AND EXPERIMENTAL HOLD-DOWN FORCES 

EXPERIMENTM, CALCULATED 

F l o w , P r e s s u r e D r o p , 
T e s t N o , gpm p s i F o r c e , l b ( W / g ) ( V g ) P ^ A j P j A j Wg F o r c e , l b 

^ex - ^ c a l c 

230 77 182 3 1 90 - 6 9 8 5 137 0 . 2 5 

17 8 47 237 19 1§4 - 6 9 85 229 0 . 0 3 

123 25 296 2 7 0 •69 85 2 9 5 0 . 00 

9 0 14 3 2 2 3 0 8 - 6 9 8 5 3 29 0 . 02 

60 3 3 5 3 3 3 •69 85 3 5 1 • 0 . 0 5 

42 3 . 5 346 3 4 5 •69 8 5 3 6 1 • 0 . 0 5 

27 1 . 5 354 3 52 - 6 9 85 3 6 9 • 0 . 0 4 

OJ 
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B a s e d on t h e f o r e g o i n g c o n s i d e r a t i o n s , a n e s t i m a t e w a s m a d e 
of the e x p e c t e d p r e s s u r e d r o p a n d h o l d - d o w n f o r c e s d u r i n g n o r m a l r e a c t o r 
o p e r a t i o n . T h e e s t i m a t e d p r e s s u r e d r o p v a l u e s , Ap , w e r e b a s e d on the 
r e l a t i o n s h i p 

A p (Na) 
A p (H2O) 

[ f ( N a ) ] [ p ( N a ) ] 
[ f ( H 2 0 ) j [pCHgO)] 

I 

w h e r e 

f = f r i c t i o n f a c t o r 
p = d e n s i t y 

In a d d i t i o n , a n e s t i m a t e w a s m a d e of t h e p r e s s u r e d r o p for t h e b a l a n c e of 
t h e p r i m a r y s o d i u m coo l an t s y s t e m . T h e c o m b i n a t i o n of t h e two p r e s s u r e 
d r o p v a l u e s c o n s t i t u t e s t h e t o t a l e s t i m a t e d A p of t h e s y s t e m and i s e q u a l 
to the p u m p p r e s s u r e . T h e r e s u l t s a r e g iven in T a b l e XIII . 

T a b l e XIII 

C A L C U L A T E D P R E S S U R E D R O P S AND H O L D - D O W N F O R C E S 
IN E B R - I I P R I M A R Y S Y S T E M 

Ap, p s i 

T e s t 
N o . 

1 
2 
3 
4 
5 
6 
7 

F l o w , 
g p m 

230 
178 
123 

90 
60 
42 
27 

S u b 
a s s e m b l y 

62 
34 
18 
10 

5 
2 . 5 
1 

S y s t e m 

22 
14 

7 
4 
2 
1 
0 . 5 

T o t a l 

84 
48 
25 
14 

7 
3 . 
1 . 

5 
5 

(w/g) (Ve) 

27 
16 

8 
4 
2 
1 
1 

P e A z 

76 
48 
24 
14 

7 
3 
2 

P i A i 

- 5 6 
- 3 2 
- 1 7 
- 9 
- 5 
- 2 
- 1 

Wg 

85 
85 
85 
85 
85 
85 
85 

F o r c e , 
l b 

132 
117 
100 

94 
89 
87 
87 

A n a s s u m p t i o n w a s m a d e t h a t t h e r e a c t o r c o v e r h a d b e e n lef t 
off and t h e m a i n p u m p s t a r t e d . T h i s a s s u m p t i o n c r e a t e s a n " o p e n s y s t e m ' ' 
wi th z e r o p r e s s u r e i n t h e u p p e r p l e n u m . In t h i s c a s e 

i F - f] (Ve) 
- P j A i + Wg 

w - (Ve) - P i A i + Wg (8) I 
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I 

The resul ts a re given in Table XIV and Fig. 55. The estim.ated 
pressure drop of the modified design No. 1 EBR-II core subassembly was 
33 psi at a sodium temperature of 900F and standard flow of 27 fps. The 
estimated pressure drop of the balance of the system was 13 psi . The e s 
timated hold-down force exerted by the subassem^bly on the lower grid seat 
was calculated to be 115 lb . In an open system" - zero pressure in the 
upper plenum - the calculated hold-down force which the subassembly would 
exert on the lower grid seat was 78 lb. The extrapolated flow rat^ of sodium 
at which the subassembly would lift in an'' 'open system^ is seen tcr be well 
above the capability of the pump. 

Table XIV 

CALCULATION OF HOLD-DOWN FORCES FOR EBR-II CORE 
SUBASSEMBLY IN "OPEN SYSTEM" OPERATION 

T e s t No. 

1 
2 
3 
4 
5 
6 
7 

Flow, 
gpm 

230 
178 
123 

90 
60 
42 
27 

Subass 
A p , 

62 
34 
18 
10 

5 
2 . 
1 

embly 
p s i 

5 

/ \ 
f—1 (V ) 

11 

16 
8 
4 
2 
1 
1 

P i A i 

- 4 2 
- 2 3 
- 1 2 
- 7 
- 3 
- 2 
- 1 

Wg 

85 
85 
85 
85 
85 
85 
85 

Forces 
l b 

70 
78 
81 
82 
84 
84 
85 

C. Irradiation of EBR-II Pin Type Fuel Elements - J, E . Kemme, 
E e S . Sows 

Three facilities are now available in the CP-5 reactor for the 
irradiation of EBR-II pin*>type fuel elements. A description of a typical 
facility and test assembly is given in ANL««5371.22 TO date five elem.ents 
have been placed under irradiation. 

Irradiation Test No. 1 is completei test conditions and results 
of post-irradiation inspection are given, in ANL-5371 and* ANL-5471. ^^ 
Recent analyses indicate an average burnup of 0.38 fuel alloy atom, per cent, 
which is in good agreement with the estimated burnup for this element. 

22 
Reactor Engineering Division Quarterly Reports ANL-5371 
(January 15. 1955) p . 184 

^^Reactor Engineering Division Quarterly Report - Section II, 
ANL-5471 (September, 1955) p . 130 
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Tes t No. 2 was t e rmina ted after a tota l i r rad ia t ion t ime (at full 
power) of 1316 h r , cor responding to an es t imated average burnup of 0.40 
fuel al loy a tom per cent . The approximate maximum fuel t e m p e r a t u r e s 
at r e a c t o r opera t ing power and at higher power r eac to r safety checks were 
lOOOF and 1150F, r e spec t ive ly . The e lement accumulated 195 t h e r m a l 
cyc l e s . 

P o s t - i r r a d i a t i o n inspect ion showed the fuel to have mel ted in 
the upperHxost region, damage being g rea te s t at the top and extending 
downward approximate ly two i n c h e s . The r ema inde r of the fuel appeared 
to be in excel lent condition, showing some surface roughening only at the 
bottom sect ion. F igu re 56(a) shows the var ious sect ions descr ibedi a 
typical undamaged por t ion i s included for compar i son . 

F igu re 56(b) shows sect ions of the fuel tube before r emova l 
of the fuel. Complete penet ra t ion of the s ta in less s tee l tubing i s shown 
throughout much of the damaged reg ion . The penetra t ion was probably 
has tened by the format ion of eu tec t ics of u ran ium and e lements of the s t a in 
l e s s s t ee l . Removal of th is tubing d i sc losed a c lean, white Na surface ex 
tending f rom below the damaged sect ion to the bottom of the fuel. 

The type of damage noted does not n e c e s s a r i l y indicate a poor 
fuel e l emen t . The a s s e m b l e d eleinent was placed in a finned capstde for 
i r r ad i a t i on . A 20-mi l annulus of Na was provided for heat t r a n s f e r . In 
Tes t No. 2 only enough Na was provided to place the level at the top of the 
fuel e l ement . When the finmed capsule was opened considerable Na was 
found in a reg ion two to t h r e e inches above this point. Since cooling a i r 
en te red at the top of the t e s t a s s e m b l y , t he re was a region where freezing 
of Na was p robab le . Enough Na in th is posit ion could have prevented com
plete bonding in the armulus a round the fuel, giving a mos t reasonable ex
planation for the type of damage r ece ived . 

Tes t No.* 3 was t e r m i n a t e d during the p resen t per iod and is 
cooling p r io r to p o s t - i r r a d i a t i o n inspec t ion . 

Two m o r e e l emen t s a r e now under t e s t . A sixth e lement i s 
being a s sembled using NaK in the annulus between the e lement and i t s 
finned capsule to prevent any poss ib i l i ty of affecting the t e s t by format ion 
of voids during freezing of sodium during shutdown. 

t 
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III. EBR-II WORKING MODEL 

System Performance Tests 

1. Control Rod and the Cover Raising and Rotating Mechanisms -
D. Nicoll 

These \mits were installed and initially tested inside the empty 
and unheated primary tank. The tank was then filled with helium, and the 
temperature of the tank was increased periodically until the temperature 
of the gas was raised to 565F. All mechanisms performed satisfactorily 
under these conditions. 

The primary tank was then filled with sodium, leaving about an 
18-in. gas blanket. Performance tests were then conducted concurrently 
with periodic increases in temperature until a sodium temperature of 700F 
was reached. 

The control rod operating mechanism performed satisfactorily, 
with the exception of the sensing device which began to stick at 400F. At 
this temperature the dial pointer could be moved by exerting a slight p res 
sure on the pointer. Movement of the sensing device became more difficult 
with increased temperature and it finally stuck completely at 5OOF. The 
cause for this difficulty is believed to be insufficient clearance between the 
sensing shaft and graphite bushing. 

Upon dismantling the mechanism, the sensing shaft was found 
to be colored a dark blue by the temperature, and the presence of oil was 
detected on the shaft. There was also an accumulation of oil and broken 
particles of graphite from one of the bushings. The shaft showed no signs 
of galling or roughening of the surface. It is assumed that the wedging of 
graphite particles between the shaft and bushing, coupled with the burning 
of the oil on the shaft by the high tem.perature, caused the sensing shaft to 
stick. 

The sensing device mechanism, was sealed by gasketed flanges 
and bellowsj however^ there were no indications of sodium leakage into 
the unit. 

The unit is being cleaned and the graphite bushing m.achined to 
permit greater operating clearance prior to installation for further testing. 

The cover raising and rotating mechanism perform.ed satisfac
torily throughout the test . 

file:///mits
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2. F u e l Unloading System - E . Hutter 

The opera t ion of the unloading sys tem (Fig. 57) in the empty 
and unheated p r i m a r y tank was checked f i r s t and then the tank t e m p e r a 
tu r e was r a i s e d s tep-wise up to 565F . It was observed that the compo
nents worked p r o g r e s s i v e l y h a r d e r a s the t e m p e r a t u r e i nc reased , and 
galling occu r r ed between seve ra l s t a in less s tee l s u r f a c e s . To improve 
these condit ions, c l e a r a n c e s on the g r ippe r , t r ans fe r a r m , and the 
bottom p a r t s of the fuel e lements were i n c r e a s e d . The hold-down tubes 
extending downward f rom the r e a c t o r shield cover were removed a l s o . 
After these adjus tments were made the p r i m a r y tank was filled with sodi 
um, leaving ibout an 18-in. gas blanket . P e r f o r m a n c e t e s t s were con
ducted while the sodium t e m p e r a t u r e was gradual ly i nc reased to 700F. 

The equipment worked through the whole t e m p e r a t u r e range 
in sodium for 30 unloading cyc l e s . 

Reac tor Vesse l (l)i After reaching 700F, misa l ignment with 
the rotat ing plugs was not iced. 

Gr ipper Mechanism (£)• The open jaws did not always r e l e a s e 
the fuel rod , due to misa l ignmen t . 

Hold-Down Mechanism (3): Sodium was siphoned inside the 
bellows of the shaft s ea l . 

T rans fe r A r m and Storage Rack (4); Difficulties o c c u r r e d in 
t r a n s f e r r i n g fuel r ods because of differential t h e r m a l expansion. 

Rotating Shield P lugs (5): Inc reased fr ic t ion on the sealing 
surface of the l a rge rotat ing plug s ta l led the dr ive m o t o r . 

It was then decided to lower the sodium t e m p e r a t u r e to allow 
for r emova l and readjus tment of some of the plugs and mechan i sms before 
continuation of the pe r fo rmance t e s t s . 

3 . d-c E lec t romagne t ic Pump - A. H. B a r n e s , R. A, J a r o s s 

The d-c e lec t romagnet ic pump designed to t e s t the feasibi l i ty 
of operat ing a pump completely submerged in the p r i m a r y sodium coolant 
has been opera ted in the EBR-II Working Model. 

The pum.p i s located in the tank^"* in a c i rcu i t which includes 
an e lec t romagne t ic f lowmeter , p r e s s u r e t r a n s m i t t e r , and throt t l ing valve. 
The cu r r en t to the pump is obtained f rom a rec t i f ie r ins ta l la t ion capable of 
supplying up to 30, 000 a m p e r e s . 

^'^Reactor Engineer ing Division Qua r t e r l y Repor t , ANL-5471 , Section lis 
(September, 1955) F ig . 59» 
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The pump has been opera ted at 30, 000 a m p e r e s (design cu r ren t 
i s 50,000 a m p e r e s ) with an ambient sodium t e m p e r a t u r e of 370C. F i g 
ure 58 shows the head-capac i ty cha r ac t e r i s t i c s at input cu r r en t s of 20, 000 
and 30, 000 a m p e r e s . It was observed that the per formance of the pump 
when submerged in sodium was somewhat bet ter than that obtained when 
the pump was t es ted in a closed pipe loop. ^^ The inc rease in capacity (at 
a given head) i s believed to be due to lower gas ent ra inment in the sodium 
in the tank c i r cu i t . 

The efficiency of the pump was de termined by measur ing the 
potential difference at the pump t e rmina l s at the top of the tank cover plate 
and computing the d-c power input to the pump. Efficiency was taken to be 

0.435 (gpm) (p re s su re r i s e through pump, psi) 
(current) (te'rminal p r e s s u r e drop) 

F igure 58 also shows the var ia t ion of efficiency with flow at two input cu r 
ren t s and at a var iab le head. Maximum efficiency occur red at a flow of 
5̂00 gpm against a 26-psi head. 

4 . Sodium Purif icat ion - J. R. Humphreys 

The model tank was f irs t degreased and, following field ins t a l 
lation of the tes t components , par t icula te ma t t e r was removed from all 
meta l surfaces with a vacuum c leaner . No at tempt was made to chemical ly 
clean the me ta l surfaces of the tank to remove adsorbed gases and oxides 
before filling. It was decided to use only those cleaning techniques which 
could prac t ica l ly be employed in a l a rge field ins ta l la t ion and to observe 
the magnitude of added impur i t i e s to clean sodium. 

After filling (approximately 5, 000 gal), the sodium surface was 
covered by an unbroken, dull grey coating. The sodium t empe ra tu r e was then 
r a i s ed from the filling t empe ra tu r e of 300F to 550F, and cold-trapping op
era t ions were begun. After ten hours of cold t r a p operat ion the dissolved 
oxygen content of the tank sodium was 0.002 wt-%. At this t ime the sodium 
surface st i l l re ta ined the grey coating. After 75 hr the sodium surface was 
m i r r o r bright and the dissolved oxygen concentrat ion was 0.001 wt-%. 

It is believed that the init ial grey coating on the sodium was in 
the form of oxide. The two probable sources of this oxide were oxygen i m 
pur i t ies in the argon a tmosphere and sodium reac t ion with adsorbed gases 
and oxides on the meta l su r faces . The exper imenta l evidence indicates that 
the ra te of solution of this oxide film is the r a t e - l imi t ing p roces s in sys tem 
c lean-up, in that the dissolved oxygen concentrat ion was reduced to l e s s than 
0.002 wt-% by cold t rapping while the oxide surface film sti l l exis ted . It i s 

25ibid.^ F ig . 58. 
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probable that higher operational temperatures would result in more com.-
plete wetting of the oxide by sodiums thus increasing its rate of solution. 
ThiSj with the increase in saturation concentration of oxide in sodium at 
high temperaturess would reduce considerably the cold-trapping tim.e nec
essary to clean up a closed sodium system. 

vw a v » « v s a e e e » « a 9 9 « « 0 e 
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IV. SUPPORTING AND ALTERNATE DESIGN RESEARCH AND 
DEVELOPMENT 

A. T h e r m a l Cycling of Molybdenum-Uranium and Zi rconium-
Uranium Alloys - J . E . Kemme, H. O. Monson 

A group of powdered meta l lu rgy spec imens , fabr icated by 
Sylvania E l e c t r i c Products^ were t he rma l ly cycled in NaK to de termine 
the re la t ive stabil i ty of molybdenum-uran ium and zirconiuna-uranium 
a l loys . Some wrought and heat t r e a t e d 2% zirconium-uraniumt spec imens , 
fabr ica ted by the Argonne Metal lurgy Division, were included as a further 
bas i s for compar i son . Of pa r t i cu la r i n t e r e s t was the effect produced by 
cycling above the a lpha-beta transformp-tion t empe ra tu r e of unalloyed 
u ran ium. 

All spec imens were 2 .3 in , long by 0,144 in. in d i ame te r . 
The powdered meta l lu rgy spec imens were in the a s - s i n t e r e d condition. 
The samples p r e p a r e d at Argonne were swaged to size and heat t r e a t e d . 
The stabil izing heat t r ea tmen t consis ted of heating the swaged specimens 
at 800-81OC for 8 min . and furnace cooling in vacuo (5 x 10"^ m m Hg). 
T ime l apse in cooling f rom 800C to r o o m t e m p e r a t u r e was 11.3 h r . 

To obtain the information des i r ed , four specimens of each type 
were used . Two spec imens f rom each set were given 200 cycles f romlSOF 
to 1150F (the high alpha reg ion) . The remaining specimens were given 
200 cycles f rom 200F to 1320F (the beta reg ion) . Holding t ime at each 
t e m p e r a t u r e was t h r e e minu tes , with a t en - second t rans i t ion between t e m 
p e r a t u r e s . All spec imens of a given group were cycled together to obtain 
ident ical cycling condi t ions . 

F igu re 5 9 shows the composit ion, g ra in s ize , and appearance 
of one a lpha- and one be ta -cyc led spec imen of each type, along with the av
e rage pe r cent change of length, weight, and densi ty for each set of spec i 
m e n s . Magnified views of the surface condition of al l spec imens a r e shown 
in F i g . 60. 

As expected, a l l a lpha-cyc led spec imens showed li t t le d i s to r 
t ion. The be ta -cyc led z i rconium al loys exhibited considerable dis tor t ion, 
whereas the molybdenum al loys appeared to be unaffected. There was some 
change in the surface condition of these alloys with decreas ing molybdenum 
content, as shown in F i g . 60| however , no cracking or surface bumping 
was evident . The t he rma l - cyc l i ng s tabi l i ty of the low molybdenum al loys 
make them a t t rac t ive for appl icat ions where operat ion, or cycling, of the 
fuel in the beta reg ion i s contemplated, provided the i r i r r ad ia t ion damage 
r e s i s t a n c e i s sa t i s fac tory . 
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UP TO 1200 

5A 5B 
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6A 60 
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FIG. 59 

MOLYBDENUM-URANIUM AND ZIRCONIUM-URANIUM ALLOY PINS THERMALCYCLED IN NaK 
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t ALPHA CYCLED. 200 CYCLES FROM 1 50F TO 1150F 

BETA CYCLED. 200 CYCLES FROM 200F TO 1320F 
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F I G . 60 
SURFACE CONDITION OF MOLYBDENUM-URANIUM AND 
ZIRCONIUM-URANIUM ALLOY PINS THERMALCYCLED 

IN NaK. MAGNIFICATION: X4 
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B . Induction Heating of a Four - Inch IPS Sodium Tes t Loop -
R. A. J a r o s s 

P rev ious exper ience^o. 27 iias shown that it i s possible to r a i s e 
the t e m p e r a t u r e of an insulateds magnet ic s tee l pipe by winding a simple 
copper conductor continuously around the pipe and applying a 60-cycle cur-
Tent to the coi l . The coil may be wound over the insulat ion and hence r e 
main in a region of low ambient t e m p e r a t u r e . 

Since the 18-8 s t a in less s t ee l s used extensively in sodium cool
ant work a r e non-m.agnetiCs a pipe of th is m a t e r i a l cannot be heated d i rec t ly 
by 60-cycle induction heat ing. It i s n e c e s s a r y to provide a magnet ic m a t e 
r i a l in close proximi ty to the 18-8 s ta in less s tee l so that the heat produced 
in the magnet ic m a t e r i a l can be conducted to the s t a in less s tee l and hence to 
the sodium. 

A previously cons t ruc ted Type 347 s ta in less s teel t es t loop was 
r ev i sed to t e s t th is method of heat ing. The old a r m o u r e d n ichrome wire 
h e a t e r s were rem.oved along with the pipe insulat ion. Since the loop had 
been previous ly opera ted it was known to be leakt ight . The en t i re loop was 
now covered with S . A . E . 1020 H . R . s tee l with a th ickness of 3 / l 6 in . This 
magnet ic s teel was fitted a s closely to the s ta in less s tee l a s possible and 
tack welded in p lace . F igu re 6l (a) shows the loop covered in this m a n n e r . 
It will be noted that the mi ld s tee l does not cover the pipe in the region of 
the e lec t romagnet ic pump. The major port ion of the s tee l covering was 
formed in the shape of half - round shel ls of suitable d iameter and length. 
No effort was made to obtain a close fit between each adjacent piece of s t ee l . 

As shown schemat ica l ly in F i g . 6l (b)^ the loop was the rma l ly 
insulated with Kaylo pipe insulat ion (3 in . wall th ickness for 4 - l / 2 in . IPS 
pipe) whichs in tu rn , was covered with canvas . An induction coil cons i s t 
ing of 2600 ft of Type AA insulatedj 10-gage copper wi re was wound around 
the insulat ion (42 t u r n s per ft). It would have been des i rab le to wind this 
coil over the en t i re loop, buta due to the difficulty in winding over valves 
and elbows, the coil was placed only on the s t ra ight sect ions of p ipe . 

The completed tes t loop i s shown in F i g . 61 (c). It will be 
noted that the e lec t romagnet ic pump is com.pletely without any source of 
hea t . The pump tube has a 2 in, by 2 in . c r o s s section and i s 30 in . long. 
It was found in subsequent t e s t s that sxifficient heat was conducted f rom hot
te r regions to br ing the sodium t e m p e r a t u r e to 275F in the pump tube . 

Reactor Engineer ing Division Quar t e r ly Repor t , A N I J - 5 4 6 1 , 

(April 15, 1955) p . 89. 

Reactor Engineer ing Division Quar t e r ly Report^ ANL-5471, 
(September, 1955) Section II, p . 147. 
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With frozen sodium in the loop the induction coil was ener» 
gized at 235 voltSj single phase , 60 cyc l e s . The coil cu r r en t was 20 amp 
and had an input of 3600 watts with a power factor of 77%. F igu re 62 
shows the r e su l t an t t ime v e r s u s t e m p e r a t u r e curve obtained. At the end 
of th is 72-hour hea t -up per iod the sodium was c i rcu la ted and no difficulty 
was exper ienced in the opera t ion of the va lves , p r e s s u r e taps or pump. 
It mus t be r e m e m b e r e d that the purpose of induction heating a sodiiim s y s 
t em i s m e r e l y to mel t the sodium and allow c i rcu la t ion . Once this i s 
achieved fur ther heating i s eas i ly obtained by va r ious me thods . 

C . Inspection of 1472F Sodium Loop Welds - F . A. Smith, 
J . H. Monaweck, R. A. Stella 

Metal lographic examinat ion of weld samples cut f rom Type 347 
s ta in less s tee l piping of a r ec i r cu la t ing I472F sodium loop r evea l typical 
spheroidizat ion of f e r r i t e and ca rb ides with l imi ted s igma phase format ion 
(Fig. 63). Although the s igma phase fo rms fas tes t at tem.pera tures between 
1350 and 15OOF, genera l weld embr i t t l emen t was not se r ious since the loop 
opera ted at t e m p e r a t u r e only 160 h r . However , extensive cracking in a 
field weld which lacked proper weld p repa ra t ion was evident . 

The na tu re of these cracks^ root c racking , heat-affected zone 
cracking (Fig. 64), and cracking along gra in boundary ca rb ides (Fig . 65), 
emphas izes the need for s t r i c t obse rvance of the welding p rocedu re s c u r 
rent ly used in fabricat ing sodium loops . The welding p rocedu re min imizes 
root cracking by making the f i r s t pa s s with an i ne r t a r c weld rod . Some 
control of heat-affected zone cracking i s poss ib le by using s m a l l - s i z e g ra in 
boundaries where carb ide and s igma phase format ion occur s a n d i s delayed by 
using l o w - f e r r i t e , ex t r a low-carbon weld rod . 

Table XV c o m p a r e s r ecommended weld m e t a l composi t ion with 
the chemical ana lys i s of the c racked field weld desc r ibed above. 

The re la t ive ly l a rge amount of carbon in the c racked weld r e 
sul ts in a weakened m e t a l s t r uc tu r e a s diffusion of ca rb ides to the g ra in 
boundar ies o c c u r s . F igu re 66 shows decarbur iza t ion of the piise inner 
surface to a depth of 0.001 in . 
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FIG. 63 
SPHEROIDIZED CARBIDE AND SIGMA PHASE FORMATION 

AUSTENITE: LIGHT BACKGROUND, CARBIDE* DARK STAIN, 

SIGMA: LIGHT BORDERED AREAS ADJACENT TO CARBIDES. 

¥\Q.m 
HEAT-AFFECTED ZONE CRACK 

ETCH: OXALIC ACID C-xZOO) 

»;•'-. / • 

FIG. 85 
CRACKING ALONG CARBIDES AT GRAIN BOUNDARIES 

FIG. 66 
DECARBURIZATION OF SODIUM-WETTED SURFACE 

ETCH: OXALIC ACID (~200) ETCH : hci -ETHYL ALCOHOL {~300) 
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CHEMICAL COMPOSITION OF DEPOSITED WELD METAL 

(in pe r cent) 
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Recommended* Cracked Weld 

Carbon 

Manganese 

Silicon 

Chromium 

Nickel 

Columbium 

Molybdenum 

Si l icon/carbon r a t i o , max . 

0 .07 -0 .10 

1 .50-2 .50 

0.50 

1 8 . 4 - 2 0 . 5 

9 . 0 - 1 0 , 5 

0 .60 -0 .90 

„ 

5 / 1 

0.24 

1.11 

0.63 

20,40 

10.96 

0.66 

0.13 

2 . 6 / 1 

^^Specification L imi t s for Special Low-Fer r i tCj Type 347 
Welding E l e c t r o d e s . ^^ 

t 2 8 R . M . C u r r a n , A. W. Rankin^ "Welding Type 347 Stainless Steel for 
HOOF Turbine Opera t ion , ' ' The Welding Journal 34 (3), pp. 205-213 
(March, 1955). 



PART C REACTOR TECHNOLOGY - RESEARCH AND DEVELOPMENT 

1. REACTOR SAFETY AND KINETICS - R. O. Brj t tan 

A. Z PR-III 

The r epor t on ZPR-I I I (Fast Reac tor Z e r o Power Assembly) to 
the AEC Advisory Commi t t ee on Reac tor Safeguards was p repa red and sub 
mi t ted . The work was reviewed with the Commit tee in WashingtoHj D . C . j 
on June SOj 1955. Perrm.ss ion to opera te under the r e s t r i c t i ons imposed by 
the r e p o r t (with_ one st ipulat ion) was obtained by l e t t e r f rom the AEC on 
August 3 , 1955. 

B . Machine Solution of Kinet ics Equation 

The AVIDAC R E - I S ^ ^ routine for solution of the k ine t ics equa
t ions proved to be of l imi ted usefulness in dealing with fast r e a c t o r s having 
lifetimies of the o r d e r of 10'"'̂  sec because of the s m a l l t ime in te rva l s r e 
qui red . Only p rob lems in which kg^ is a s tep function or fcgjj i s ve ry l a rge 
can be solved in r easonab le t i m e s . To get a round this l imi ta t ion, a new a p 
proach was made by f i r s t in tegra t ing the equat ions , then working only with 
changes in the p a r a m e t e r s , using t rapezo ida l in tegrat ion where n e c e s s a r y . 
The solution by R. O. Br i t t an was p r o g r a m m e d and coded as RE-29 for 
AVIDAC by E. C. Jutzi and B. Garbow. 

In addition to the p rob lem of obtaining the t ime var ia t ion of n e u 
t ron flux for a p r e s c r i b e d mode of va r i a t ion in reac t iv i ty , it was decided that 
the conve r se p rob lem of obtaining the t ime var ia t ion of react iv i ty consis tent 
with a given t ime var ia t ion in neutron flux would be a useful tool . At tempts 
to a r r a n g e a program, which would accompl i sh th is w e r e s t imulated by a need 
for analyzing the data obtained in the BORAX s e r i e s of expe r imen t s . The s o 
lution by H. J. Wheeler was p r o g r a m m e d and coded as RE-22 for AVIDAC by 
L . K r a m e r and M. L . But le r . 

One fur ther tool of l imi ted usefulness i s the solution of the inhour 
equation yielding asymptot ic per iods cor responding to cer ta in exces s r e a c 
t iv i t i e s , and converse ly . Th is p rob lem has been p rog rammed for AVIDAC as 
RE-19 and RE-23 by J. Hall , L . K a s s e l , and E. McNulty. 

T h e r e follows h e r e in some detai l the development of the two s o 
lutions to the k ine t ics equat ions . 

Reac to r Engineer ing Division Quar t e r ly Repor t , ANL-53 71 
(January 15, 1955) p . 66. 
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1. Solution of the Kinet ics Equations, Given kex ( R E - 2 9 ) 

Because of the s eve re l imitat ion on interval size encoun
t e r e d in e a r l i e r solutions for AVIDAC, an attempt was made to manage the 
computat ions with an in te rva l s ize which need be only smal l enough that n, 
kex and ci m a y b e reasonably a s sumed to vary l inear ly f rom point to point. 
The genera l approach used was to in tegra te the usual kinet ics equations 
over the in terval s ize to obtain the change in the va r i ab l e s . By working 
only with the changes in the v a r i a b l e s , many of the steps involving smal l 
differences between la rge number s a r e el iminated. The formal procedure 
i s : 

Cons ider the usual set of eight kinetic equation for a one-
^group, space-independent model : 

dn _ kex „ dci 

dc 
dt 

= (1 + k 
ex 

n - A-Ci 

y i - 1,2,....6 

dkex 
dt = f(n,t) 

where 

n = neutron densi ty 

C| = density of i ' th delayed neutron p r e c u r s o r 

^ = fraction of neut rons that a r e delayed 

aj = fract ion of delayed neut rons of the i ' th group (Saj 

Aĵ  = d e c a y c o n s t a n t fo r the i ' t h g r o u p 

S = c o n s t a n t s o u r c e t e r m 

k e x = e x c e s s r e a c t i v i t y = ke f f ec t i ve ~ 1 

t = t i m e v a r i a b l e 

i = e f fec t ive l i f e t i m e 

. 1) 

T h e c h a n g e in n b e t w e e n two p o i n t s , j and j + 1, can be o b 
t a i n e d by i n t e g r a t i n g the f i r s t e q u a t i o n : 

*j + 1 1 P J + 1 
^j + i ' ^ r l "̂̂  " i / kexndt - ? ( c i j ^ ^ - ci^) + S(tj + i - tj) 

/tj 7tj 
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U s i n g t h e n o t a t i o n nj ^ j = nj + An; kg,^. = kgj^. + Ak| 

^ i - 1 = Ci. + Aci and t4 . = t ; + At, t h i s b e c o m e s 
J + l J J T I J 

^ r t j + A t 

J t j i 
- ^ A C i + SAt 

I 

If kgjj. and n a r e a s s u m e d to v a r y l i n e a r l y o v e r t h e i n t e r v a l At, t h e n 

k e x = k e x . + ^ ^ ^ - ^ j ^^^ n = nj + A n ^ l ^ j f o r t j < t < t j + i 

T h e p r o d u c t k g x ^ i s f o r m e d f r o m t h e s e and i n t e g r a t e d to y i e ld 

A n = ^ 
,, Ak\ An (,,,. , i|s)l ,, .^,.^ + SAt 

S i m i l a r l y , t h e change in c j b e t w e e n two p o i n t s , j and j + l , 
i s o b t a i n e d by i n t e g r a t i n g t h e s e c o n d equa t i on : 

c i j , , - c i . = 

' t j + i 

c jd t 

A g a i n chang ing the n o t a t i o n , r e p l a c i n g k e x by k e x + Ak— j - ^%n by nj + An " J ; 
( t - t - ) 

and Cj by Cj. + Aci^—T^^^ p e r f o r m i n g the i n t e g r a t i o n s and r e p l a c i n g 

"^'- Wi - H "'(̂ )j 
t h e r e i s ob t a ined 

Aci = i I 
(. , 2Ak^ 

ij Ak + Anl^l + k e x j + " ^ )1»^(^4 At 

( i ^ ^ ^ ) 

T h e s e Ac i c a n be s u m m e d o v e r a l l i ' s and i n s e r t e d in t h e e x p r e s s i o n f o r 
An to f ina l ly y i e ld 

At 

An = 

k + - ^ Kexj ^ 2 (• -' ?^f: 
m At 

/J" ?L(' ̂  ^'f )J 
+ SAt 

1 -
At 
zi, e x i 

% 

0 9 s e e 09 9 « « 9 S e » « « « 
« 9 « 9 9 9 9 9 9 9 9 9 9 9 9 
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The values for Ak can be obtained di rect ly f rom the third 
equation if kg^ i^ dependent on t only, and by i terat ion between Ak and An 
if kex i^ a l so dependent on n. In the la t te r case , the order of p rocedure 
should be : 

Compute Ak̂ ®'' assunaing An has the value between j - 1 and j points. 

Compute AnO) using this Ak(®). 

Compute Ak^^) using An^^^ 

Compute Anl^z using Ak^ ' , 

Continue to convergence . 

Compute Acj. 

Compute (dc i /d t ) j^ j = - ^ - (dc. /dt) j . 

The two fo rms of (dk^^dt) coded to date a re 

(dkex/dt) = A + Bn 

and 

(dkgx/dt) = — coso t 

F o r t h e s e . 

and 

Ak = AAt + B(nj + - ^ ) A t 

Ak = fi| sintt;(tj+At) - sinODtjl 

In the p r o g r a m for AVIDAC, computation of Ak is divorced from the miain 
body of the code so that any number of forms for express ing kgx rnay be u t i 
l ized with l i t t le additional coding t ime . 

It is of i n t e r e s t to note that these solutions may be obtained 
by hand computation in about 15 to 20 minutes per point. The in terval s ize 
i s r e s t r i c t e d to that in terva l in which kgjj., n, and Ci can reasonably be con
s ide red l inear and which will not cause the numera to r of the An express ion 
to go to z e r o for kg^ >A» 

2. Solution of the Kinetics Equat ions, Given n ( R E - 2 2 ) 

T h e r e has been increas ing demand for means of analyzing 
t ime-dependent neutron flux data obtained on r eac to r s with a view to d e t e r 
mining the t ime var ia t ion of react iv i ty requi red to produce such flux data . 
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The means has been provided by ar ranging for a solution of the r eac to r 
k inet ics equations on AVIDAC for a given input of flt ix-time data. This is 
the converse of the solution outlined above for a given excess react iv i ty 
var ia t ion . The procedure is as follows: 

Consider again the f i r s t two kinet ics equations, which a r e 
rewr i t t en he re as 

dn kex(t) (1 - ^ ) - ^ / + w V 1 U^ 1 n(t) + Y, ^Ci(t) 
i=l 

dt 

dc 
dt 

i - 1 + k e x ( t ) ] p a i ^ ip „ (t) - A.iCi(t) ( i= l ,2 . . .6 ) 

(1) 

(2i) 

f 

The neutron density data for which the associa ted kgx v a r i 
ation is des i r ed is available for points in t ime at h-second in t e rva l s . Equa
t ions (2i) can be in tegrated to give 

Ci(t) = ̂ l i e - ^ ^ r [kex(y) + l] n(y)e^iydy + ê î̂ * *̂o) ,.(,^) ^ 
•^tn 

and at t ime h l a t e r , 

Ci(t + h) = e-^ih Ci(t) + ^ e^-'-i^' + ^ j "*" ""[kgxCy) + l] n ( y ) e ^ V . 

This equation can be solved for kgjj.(t + h) in t e r m s of Ci(t + h), 
Ci(t), n(t) and kg^Ct) if the in tegra l i s evaluated by t rapezoidal in tegra t ion . 
The resu l t i s to yield six s imultaneous equations in seven unknowns where 
it is a s sumed that Cj(t), n(t) and kgxCt) a r e known. This i s the case when 
t = tg. Equation (l) provides the seventh equation if we replace - ^ by 

—̂  '——— ^ (which is the th ree-poin t der ivat ive of n at t ) . T h e r e a r e 
2h 

now seven simultaneous equations in seven unknowns if we set t = to. These 
can be solved for Ci(to + h) and kg^C*©+ !>•)• Now set t = to + h and solve for 
C|(t0+2h) and kgx(t0 + 2h), and so on. 

The o rde r of solution used h e r e is 

'^ex(t + i') = , .,. h 
1 . .3f l . | -2>.a . ) 

f i 
2h 

n(t + 2h) - n(t) -I'..-'-
n ( t 

% ( t ) + ^ ^ ^ | 3 a i h n ( t ) 

f h ) 
+ 1 - 1 t 
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U^v.\ -^ih r /.^ . hkex( t ) -Ha , . 1 , h kgx(t + h) + 1 ,, , ^ . 
Ci(t + h} = e 1 ^C i ( t )+ - ^ P a i n ( t ) V + - ^ - j - ^ pajn( t + h) 

The in i t ia l conditions a r e that kg^ has been constant (kg^ ) 

long enough so that the concentra t ion of delayed emi t t e r s have the a s y m p 
totic formi that i s , it i s a s sumed that the flux has the form n(t) = n@ e^A 
(where r is the asymptot ic period) and that t is l a rge enough so that the 
exp res s ion for the delayed emi t t e r s 

Ci(t) = — 

can be rep laced by 

(kexc + l ) M e * ^ + ( l A - ^ i k e x e ) e^^i* 
X.(Xj +^7f) 

, . / , ^ • ^ a i ( k e ^ ^ + l)n(to) 

Because of the use of t rapezoidal rule for integrat ing the 
expres s ion 

' t 
[kex(y)+ l ] n ( y ) e ^ ^ d y , 

e r r o r s have been introduced which depend on the in terval s ize h independ
ently of how the flux and reac t iv i ty change over this in terval . These e r r o r s 
a r e of the o r d e r of magnitude of 

^h^ ^ 3 

and for Hughes ' data,30 when h as 0 .1 , this is roughly -4 x lO"^. F o r h l o . O l 
the only l imi t imposed on in te rva l s ize a r i s e s f rom the assumption that n 
i s l inea r over the in te rva l , essent ia l ly . 

Th is method has been used successfully to analyze data f rom 
the BORAX exper imen t s , EBR osci l lat ion t e s t s , and to do control rod ca l i 
b ra t ions by the rod drop method. 

^ °D . J. Hughes, et a l , "Delayed Neutrons f rom Fiss ion of XJ^s /̂* Phys , 
Rev. , 73, 111 (1948) 



C, Analyt ical Solutions of Kinet ics Equations 

St imulated by a need to analyze some pile osci l lat ion e x p e r i 
m e n t s , Harold Greenspan has succeeded in obtaining analyt ical solutions 
of the kinet ics equations for l imi ted inputs of n or k which pa ra l l e l both 
the synthes is scheme of RE-29 and the ana lys is scheme of RE-22 de s c r i bed 
above. Specifically, the p rob lem of obtaining the flux at any t ime resu l t ing 
f rom a sinusoidal reac t iv i ty input plus a reac t iv i ty r e sponse propor t ional to 
the flux (with a t ime delay) was solved, along with that of obtaining the r e a c 
tivity n e c e s s a r y to produce a s inusoidal ly vary ing flux. Greenspan ' s so lu 
t ions a r e p resen ted h e r e in some deta i l . 

1. Solution for n . Given k 
ex 

An analyt ical solution for the var ia t ion of neut ron densi ty 
with t ime m a one-group, space- independent model has been obtained when 
the reac t iv i ty i s a function of t i m e and a functional of the neutron densi ty i n 
volving a delay tiixie, T . Specifically, 

k = 1 -I- a[n(t) - no] + b H ( t - T )[n(t - F) - no] + c sin 

n i 

ci^ 

« no 

3 ^i^o_ 

cut 

The l inear ized solution is obtained a s follows, using the p r i m a r y definitions 
above: 

Le t 

n = no + ni(t) 

and 

Ci = H^ + ^ifi) 

with z e r o (O) subsc r ip t s denoting s t eady - s t a t e v a l u e s . 

H(t - r) = 0 t < r 

H(t - r) = 1 t > r 

and 

n i ( t - r ) = ni 

Also 

k = 1 + kex • 

Using t he se re la t ionsh ips , the b a s i c k inet ics equat ions set forth previous ly can 
be wr i t t en (ignoring al l squa red t e r m s in % ) : 



,dn ^= ^^'~ = -pni + anoni(l - ^) + bnoHni(l - ^) + n0(l - 3̂) c sina^t-f i 2 / ^ c i 
dt dt 

and 

-— = ,^ = -XjCj + ~ ^ ni -I- anoni + bnoHni -t- noC sinCDt 

Using the information that ni(0) = 0 and cj (O) = 0, one wr i t es 
the Laplace t r a n s f o r m s of these equat ions , where 

^{n, ( t )} =N(s) 
and 

^{ci^(t)} = Ci(s) 

as follows; 

^sN(s) = -^N(s) + anoN(s)(l - ^ ) + bnoe"^^(l - ^ ) N ( S ) + ^2^^^^^+&ZXC.{S) 
S + CD i ^ 

and 

(s-FXi)Ci(s) =f N ( S ) + anoN(s) -I- bngC N ( S ) + ngc 
s^ -f a:^ 

F r o m the l a t t e r , 

i S / sr |AiCi(s) = ̂  ^i( ^-^^) N ( S ) + anoN(s) + bnoe" N ( S ) + n^c ^ J ^ 

i 
This may be substi tuted into the £ S N ( S ) equation above, and by proper alge
b ra ic manipulat ions it is found that 

N ( S ) noco) 
(S^ + O)^) W ( S ) 

where in 
1 - s i 

W(s) = T̂ TTT - no(a -}- be ) 

Q(s) = 

Q ( S ) 

s i + E ^i 
i s -̂  Xi 

1 - s 2 li. 
i s+Xi 

Then ni(t) is obtained f rom the t r a n s f o r m as 

ni(t) = noca: t imes sum of res idues of 
(s^ -h (L^)W{s) 



and i s 

n i ( t ) = UQCO) 
2ja)W(ja)) ^ -2ja)W(-jcb) 

-I- nnCCL V 

i ( ^ i ^ 

Uit 

-I- 03 %4*(=) 
••H 

T h i s m a y b e put in a m o r e c o n v e n i e n t f o r m : 

n i ( t ) = 
noC 

sin(a^t + f ) + nocoo 
gMit 

w h e r e ¥ = a r c t a n 

W(jCD) 

I m . W(ja:) 

V(,i^.oo^)A 
S = / i i 

R e a l W(jo3) 

D e p e n d i n g on t h e c o m b i n a t i o n of noa, nob and F, t he r o o t s of 
W(s ) a r e d e t e r m i n e d and t h e s e d e t e r m i n e t h e c h a r a c t e r of n i ( t ) . In m a n y 
c a s e s nga, ngb and F a r e s u c h t h a t W(s) h a s no r o o t s wi th p o s i t i v e r e a l p a r t s , 
bu t W(s ) m a y h a v e r o o t s w h i c h a r e p u r e i m a g i n a r y , h a v e a n e g a t i v e r e a l p a r t , 
o r b o t h . T h e f o r m u l a above fo r n i ( t ) d o e s not app ly for a l l s u c h v a l u e s of t , 
nga, ngb, F , and O) w h i c h wou ld m a k e ni ( t ) > no, b u t even wi th s u c h c o m b i n a t i o n s 
i t c an b e u s e d to i n v e s t i g a t e the d e v e l o p m e n t of an u n s t a b l e s i t u a t i o n , 

2 . So lu t ion f o r kg^* Given n 

If t h e flux c a n b e r e p r e s e n t e d by a funct ion w h o s e L a p l a c e 
t ransformL e x i s t s , t h e n t h e o n e - g r o u p , s p a c e - i n d e p e n d e n t k i n e t i c s e q u a t i o n s 
c a n b e s o l v e d a n a l y t i c a l l y f o r e x c e s s r e a c t i v i t y . T h e e s s e n t i a l point in the 
s o l u t i o n i s to w o r k w i t h ^ j k e x n j r a t h e r t h a n wi th c ^ j k e x j . T h e so lu t ion i s 
d e v e l o p e d a s f o l l o w s : 

a n d 

C o n s i d e r a g a i n the b a s i c k i n e t i c e q u a t i o n s 

dn 1 - .8, P „ ^ V x . 
^ = ^ ^ k e x n — ^ n + ^A-iCj 

d c i |3i , , ^ i . 
^ = - g - k e x n - l - - j n - X i C i 

(1 ) 

(2) 

Now l e t 

n ( t ) = no + n i ( t ) | Ci(t) = c i j ( t ) + c i | 



^ { n i ( t ) } = N(s) I ^ { c i ( t ) } = Ci(s) ;s^.{kgx(t)n(t)} = G(S) 

At t = 0 assume ni(0) = Ci (O) = kgxCO) = 0 so that 

lo ~ X î 

The transformed equations for dn/dt and dc^/dt are then 

sN(s) = - ^ - ^ G ( s ) - - fN(s) + iXiCi(s) ; 
i 

sCi(s) =-^G(s) + -^N(s ) - X.Ci(s) 

Combining these, 

s N ( s ) = i - = ^ G ( s ) - 4 N ( s ) + ~ [ N ( s ) + G(s)] l - ^ . 

Solving for G ( S ) , the final result is 

G(s) = N (S ) 

The expression 

V 
1 - s 

I 
1 

I 
i 

Pi 
s + A 

^ i 
s -t-; 

\ 

^i 

i!liiM= = Q ( S ) 

1 - s I Pi 
t s + Xi 

(3) 

(4) 

appearing here and in the solution previously treated is of the same form 
as the inhour equation if the asymptotic pile period is substituted for s. It 
can be written as the ratio of two polynomials in s: 

«<='=tlff 
The coefficients of Pi(s) depend only on the lifetime of the pile and on the 
^i ' s and ^ i ' s , and the coefficients of P^ depend only on the ^ | ' s and X^'s. 

Here 

P I ( S ) = j a ŝ"̂  -I- ags^ + agS^ + a4S* 4- asS^ + a^s^ + ajS 



and 

P2(s) = (s - f i i ) ( s - f i 2 ) ( s - M s X s - M 4 ) ( s - M 5 ) ( s -Mi ) 

T h e p r o b l e m h a s b e e n w o r k e d f o r the c a s e w h e r e 
n i ( t ) = c sincDt. 

T h e n 

k e x ^ = coi-^ ..''''PAio:) ^ eZ^^PitM , I 
Uit 

P i (Mi) 

ds 
2ja: P2(ja)) -2ja3 P2(-ja^) Y (MJ^ + oi^) - ^ Pg(s) 

o r , m o r e c o n v e n i e n t l y . 

= Mi 

kgxH = cRsin(cDt + ¥) + ceo Y^ e^i*P.(Mi) 

r(ii'+"^)^P2(s) d s 
s = f i . 

w h e r e 

R =• 
(Rea l Pi)^ + ( Im P^f 

( R e a l P^f + ( Im P^)^ 

^ , I m P i . Im.P2 
f = a r c t a n — --:^ - a r c t a n -——T-~-~ 

R e a l P i R e a l Pg 

S ince | i i < 0, t h e s u m m a t i o n d r o p s out f o r l a r g e enough t . T h e a s y m p t o t i c 
f o r m f o r k g x H t h e n i s 

k g x n = cR sin(oDt + f ) 

F o r t h e H u g h e s s i x - d e l a y g r o u p d a t a , ^ " the v a l u e s of t h e 
a ' s and ji's in the p o l y n o m i a l s above a r e : 

ai = (6 .24021 £•¥ .576232) x 10"^ 

a2 = (7.55841 &+ ,487508) x 10"^ 

aj = (2 .25144 1 + .0662658) 

a4 = (16.2843 i+ .196642) 

ag = (32.8757 1 + ,116456) 

ag = (16.266 1 + .00755) 

Ml = - .012506 

Ma = - .031546 

Ms = - .154319 

M4 = - .457148 

Ms = - 1.61315 

M6 = - 1 4 . 0 0 5 

a.j = i 
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t D. Kinetic Studies 

The calculation methods above have been used in investigating 
osc i l la tory behavior of the kinetic sys tem for a reac tor with a l i fet ime, 
l ike EBR-I , of 4 x 10"^ s e c . As a cor re la t ion check among the methods , 
the response of the flux to a sinusoidal input of reactivity was determined 
for a raodel in which react ivi ty was independent of flux, such as would c o r 
respond to "zero power" operat ion in the r eac to r . Three se ts of ca lcu la
tions were performed; 

( l ) Using RE-29 , the react ivi ty was allowed to osci l la te accord
ing to 

kex ~ "^k sinoit 

A value of Ak = 0.0002 and ng = 1 was used throughout, while var ious values 
of the frequency,a:, between 0.05 and 10 r a d i a n s / s e c were assumed. The r e 
sponse of n for each CD is shown plotted in F ig . 67. F r o m these response 

cu rves the values = An were obtained and the quantity ng Ak/An 

was calcula ted. In addition, the phase shift ,f , represented by the angular 
d isp lacement of peaks on the n curve f rom peaks on the k curve , was m e a s 
u red . These quanti t ies r ep re sen t together the "transfer function'* for the 
mode l . 

(Z) Using the l inear ized analytical method with the coefficients 
of react iv i ty dependence on flux equal to z e r o , the quantities ngAk/An and the 
phase angle ^ were calculated d i rec t ly for the same range of values of d^ , 
These two quantit ies were plotted vs 0) in F ig . 68, The corresponding quanti
t i es obtained with RE-29 were plotted as points on the analytical curve . 

(3) Flux response curves obtained experimental ly on EBR-I by 
use of an oscil lat ing control rod were used to prepare input data for RE-22, 
and the react ivi ty vs t ime relat ion was obtained for a number of f requencies . 
Here HQ/A n was known, and Ak was determined from the AVIDAC output using 
the relat ion 

kgx " kex • 
., max m m 

ZAk = 

Again ngAk/An and ^ were obtained and these also have been super imposed 
on the analyt ical curves of F ig , 68. 

The excellent agreement gives a s su rance that the seve ra l methods 
a r e compat ib le , and that l inear iza t ion has resul ted in no pract ica l loss in 
accu racy . F u r t h e r computations a r e in p rog res s to examine the impor tance 
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of d e p a r t u r e of input informiation f rom a t r u e sine curve^ and to de t e rmine 
the point at which l inear iz ing assumpt ions in the analyt ical method render 
it unusable . It is a lso planned to use RE-29 with a react iv i ty dependence 
like 

^ex ~ ^sinCDt + ^ n(t) - no + A n ( t - r ) - no 

and c o m p a r e with the analyt ica l solution of Greenspan and osci l la t ing power 
runs on EBR-I analyzed by use of R E - 2 2 . 

E . T h e r m a l Ine r t i a 

The t he rma l i ne r t i a of a u r an ium rod in sodium was l a s t r e 
ported in ANL-5371 , p. 90, The solution to the genera l p roblem of obtain
ing t e m p e r a t u r e d is t r ibut ions in two-region cy l indr ica l geomet ry for an 
e x p e r i n t ^ l l ^ r is ing s o u r c e in the cen t ra l region was made by Greenspan , 
but neve r published. It complements the slab and spher ica l geomet ry so lu
t ions by Greenspan appear ing in ANL-4951s p, 13. F o r the sake of comple t e 
n e s s and to make it useful, the solution is p resen ted h e r e . In addition, 
appl icat ion of the solution to the t h e r m a l i ne r t i a p rob lem was expanded over 
that previous ly repor ted for l a rge a t to include sma l l values of a t . The 
scheme used and the r e su l t s obtained a r e p resen ted . 

1. T e m p e r a t u r e Dis t r ibut ion in Two-Region Cyl indr ical 
Geomet ry with ^ ^ O ^ n f e i a l l j ^ Rising Heat Source in 
Control Region 

Solutions to the t ime-dependent heat conduction and 
t e m p e r a t u r e - d i s t r i b u t i o n p rob lems in fuel e lements have been previously 
r epo r t ed for the c a s e s of p la tes and s p h e r e s . Since then t h e r e has been a 
demand for a solution for the case of cy l inders in sorae safety s tud ies . The 
p rob lem has been solved in two- reg ion cyl indr ica l geomet ry for an expo
nent ia l ly r i s ing hea t sou rce in the cen t r a l region, a s follows: 

Cons ider a composi te cyl inder made up of a cen t ra l cyl inder 
of heat sou rce m a t e r i a l sur rounded by a cyl inder of n o n - s o u r c e m a t e r i a l . 
The s o u r c e m a t e r i a l occupies the region 1 (O < r ^ r j ) . I ts densi ty i s P i , 
specific heat Ci, conductivity k i , and source s t rength Q^e'^''. He re a i s the 
i n v e r s e of the e-folding t i m e or period of the source whose s t reng th in 
c r e a s e s exponentially with t i m e . The non - sou rce m a t e r i a l occupies the 
region r^ < r < r j and h a s the p rope r t i e s Pg, C2, k2 with Qj = 0, 

The s p a c e - t i m e dependent equations defining the t e m p e r a 
t u r e s Tj_(rs t) a r e , as u sua l . 

dTi 2 

at ^ ar2 r dr 
at + qje^^ ( i = 1 . 2 ) 
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% 
where 

and 

and 

x-i -

% = 
Qi 

Ac 'i^i 

bT, 
T i = T2 

aTi ^T, 
r = r^ , k ^ ^ . k ^ ^ 

>. at r = ri 

Ti is finite at r = 0 | T^(r,0) = 0 . 

(Such a condition would exis t , for example , if this composite cylinder were 
formed as a r ep resen ta t ive cel l in an a r r a y of ce l l s . This would correspond 
c lose ly to a group of u ran ium rods in sodium.) 

The method of Laplace t ransformat ions is applied to the 
equation above to obtain the t r ans fo rm of T j , thus: 

V i ( r , s ) = Ai(s)lo(Mir) + Bi(s) Ko(Mir) + ^^Z^ (Mi' = ^j) . 

Applying the conditions above, one obtains 

„ / s qiP LIiCMzrjKiJMzrz) ' liifJ-2rz)Ki(ji2^i)\ qi 
^ ^ ^ ' ' ^ ^ = s ( s - a ) D ( s ) I o ( / 4 r ) + - ^ (s - a) 

and 

where 

and 

qi li(Miri) 
^2(^^ s) = ^̂  ' '^\ \ Io(/i2r)Ki(M2r2) + Ii(M2r2)Ko(M2r) 1 

s(s - a) D(s) L J 

p = ki^E 

D(s) = Ii(Miri) [lo(/i2ri)KiCu2r2) + Ii(Mzr2)Ko(^ri)j 

- PIo(Miri) [11(^2^1) KiCMzrz) " Ii(M2r2)Ki(fi2ri)] 

The inverse t ransformat ion is applied to these to obtain the 
t e m p e r a t u r e dis t r ibut ion in the two regions : 

' - ^ 

9 9 9 9 « 9 9 9 9 
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T i ( r , t ) = ^ ( e ^ * ^ l ) + 
a 

P-»'#) <f .)K.g 

j = l 

aD(a ) 

e J 

^j(^/^«)rx°(-^^) X = Xi 

P% 
a 

L'̂ lAj-'̂ '̂J 

.,,„..-€-.)te-(!-)'#•)<•)] 
aD(a) 

- qiTT 

j = l ^jW^-)fxM^^^) X = x^ 

a 

In these equations X. a r e the roots of D ( - X ^ ) = 0. F o r l a rge 
va lues of at, i . e . , after seve ra l per iods (say at = 6), the las t two t e r m s in 
each equation above can be neglected. F o r invest igat ion of the problem 
nea r the beginning of the excurs ion, these t e r m s a r e important . 

Z. Time Var ia t ion of Stored Heat in Sodium-Cooled Uranium 
Rod During Trans i en t 

The study of t h e r m a l iner t ia effects was meant to de te rmine 
the max imum reac to r per iods for which it could be reasonably assumed that 
heat t r ans fe r out of the e lement could be neglected. The solution of the t e m 
p e r a t u r e dis t r ibut ion for an exponentially r i s ing source in a two-region cy 
l indr ica l cel l provided a means of making this study, s ince one can de termine 
the fract ion of total heat produced remaining in the e lement for var ious a t 
a n d a ( ^ = e-folding t ime) . The procedure repor ted in ANL-SSTl^ p. 90, was 
to calculate the ra t io of heat content in the element (region l ) to total heat in 
the cel l as 

t 

O 
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t 
RH = H 

PicJ Ti ZTTrdr 

QiTTrf, e^-tdt 

by s u b s t i t u t i n g G r e e n s p a n ' s e x p r e s s i o n fo r T i , g iven a b o v e . T h e c a l c u l a t i o n 
i nvo lved e v a l u a t i o n of t h e s u m m a t i o n t e r m s , e x c e p t f o r l a r g e o,t. At t h e t i m e 
of t h e l a s t r e p o r t i n g t h e c a l c u l a t i o n had b e e n m a d e fo r a t > 6, wi th the s u m 
m a t i o n t e r m s n e g l e c t e d . S ince t h e n , c a l c u l a t i o n s h a v e b e e n c o m p l e t e d for 
t h e r a n g e of 0 < a t < 6, i n c l u d i n g t h e s e t e r m s . In add i t i on , a s e c o n d s c h e m e 
w a s u s e d to ob t a in the r a t i o R j | by c a l c u l a t i n g the h e a t l eav ing the r e g i o n 1, 
i . e . , Hg. T h e n 

RH = 
H~H,_Q^^^lo 

e«*dt - •^^-"'^^d. ^ r = ri 
dt 

H 
QiTrrf, e^^tdt 

Bo th t h e s e s c h e m e s l e a d to i d e n t i c a l r e s u l t s , t h e l a t t e r l e s s c i r c u i t o u s l y . T h e 
p r o c e d u r e i s w o r t h r e c o r d i n g in the fol lowing d e t a i l : 

( T h e s a m e n o t a t i o n and de f in i t i ons a r e u s e d a s in the above 
s o l u t i o n f o r T j . ) 

F r o m b a s i c h e a t flow c o n s i d e r a t i o n s , t he h e a t l e av ing r e g i o n 
1 i s 

Hi out = Hzin = -27T dt 
r = rj 

P a r t i a l d i f f e r e n t i a t i o n of t h e e x p r e s s i o n fo r T i ( r , t ) w r i t t e n p r e v i o u s l y y i e l d s 

ar, 
r = ri a 1̂ Z. 

N e - ^ J * 

1=1 

w h e r e 

M = 
D(a) 

and 
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T h e t o t a l a m o u n t of h e a t p r o d u c e d ( s e e above) i s 

^at ^ ^y 
= QiTTrH e ̂ *dt = Qi7Tr?'^ 

a 

F r o m t h e s e r e l a t i o n s t h e r a t i o i s found to b e 

. H - H , ZpK, ZpK.jra y N / - X ? t \ 

j = l 

T h e c a l c u l a t i o n s invo lve e v a l u a t i n g D(a) f o r e a c h a i n v e s t i g a t e d . One m u s t 
a l s o m a k e suf f ic ient e v a l u a t i o n s of D(-X^) to d e t e r m i n e t h e f i r s t s e v e r a l 
v a l u e s of X., a t w h i c h D(-X^) i s z e r o and t h e s l o p e s ^ D{-X^) a t e a c h X. 
Nex t , N i s e v a l u a t e d for e a c h ^- and a and t h e s u m m a t i o n ob ta ined f o r e a c h 

T h e Rj i h a s b e e n ob t a ined o v e r t h e r a n g e 1 < a < 10^ and 
0 < <xt < 6 f o r t h e fo l lowing s p e c i f i c p r o b l e m ; 

R e g i o n 1 R e g i o n 2 

M a t e r i a l : U r a n i u m 

Pi = 19 g m / c c 

cj = 0.0432 c a l / ( g m ) ( c ) 

ki = 0.0816 c a l / ( c m ) ( s e c ) ( C ) 

r i = 0 .20828 c m 

M a t e r i a l : Sod ium 

ft = 0 .834 g m / c c 

C2 = 0.3 041 c a l / ( g m ) ( C ) 

kg = 0 .1617 c a l / ( g m ) ( s e c ) ( C ) 

Tz = 0,33 731 c m 

( T h i s i s t h e s a m e p r o b l e m c a l c u l a t e d f o r l a r g e a t n e g l e c t 
ing the s u m m a t i o n t e r m , and shown in ANLi -5371 , F i g . 38 . ) 

T h e r e s u l t s a r e p r e s e n t e d a s F i g . 69 . 

• 

n 
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FIG. 69 
FRACTION OF HEAT REMAINING IN FUEL ROD 
(SODIUM STAGNANT) FOR EXPONENTIALLY 
RISING HEAT SOURCE OF PERIOD I/a 
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XL FUEL AND STRUCTURAL MATERIALS 

A. Expor t -Type Fue l P l a t e s - C. R. Breden 

Two exper imenta l fuel p la tes of a type being considered for 
poss ible export to foreign nations w e r e submitted for co r ros ion test ing 
by the Argonne Metal lurgy Division. These ro l l -c lad p la te s had a na tura l 
u ran ium core and were clad with Grade III z i rconium. They were about 
30 in. long, 4 - l / 8 in. wide and I / I 6 in, thick. 

The p la tes were tes ted for 203 hr in 420F degassed water 
and 692 hr in 550F degassed wa te r . After the t e s t the p la tes were warped, 
and showed quite heavy white co r ros ion on the sheared edge sur faces . 

B. BORAX III F u e l P l a t e s - C. R. Breden 

Three fuel p la tes of a type being made for BORAX III, with 
co r e s of 19% enriched u ran ium-a luminum alloy, clad with a luminum-1% 
nickel, w e r e submitted by the Argonne Metal lurgy Division for co r ros ion 
tes t ing to a s c e r t a i n whether surface inclusions resu l t ed in acce le ra ted 
a t tack. After 147 hr in 420F degassed water , none of the p r e - t e s t ident i 
fied spots showed at tack. One sma l l a r ea , not previous ly identified, on one 
plate showed pit t ing. 

Samples of 2S aluminum, spot-welded to s imulate BORAX III 
a s s e m b l y welds, we re sa t i s fac tory after t e s t s totaling 512 hr in 420F d e 
gassed wa te r . 

C. Examinat ion of Heat Exchanger f rom ANL Water Loop at MTR -
J. H. Monaweck, R, A. Stella 

Examinat ion of some samples f rom the MTR Water Loop w a t e r -
to -wa te r heat exchanger revea led that cracking of the tubes car ry ing p r i m a r y 
sys t em p r e s s u r e (1500 psi) r e su l t ed f rom local ized s t r e s s e s plus chlor ide 
s t r e s s co r ros ion . The heat exchanger was removed in Apri l , 1955, after 
s e r ious cooling water leaks developed. It had inadvertent ly been operated 
e a r l i e r for some months with raw cooling water containing a high concen
t ra t ion of chlor ide . 

The c r o s s sect ion of one tube a s sembly is shown in F ig . 70, 
Twenty-four such tubes , welded into two h e a d e r s , made up the heat e x 
changer a s sembly . P r e l i m i n a r y examiination by MTR personne l indicated 
that five inner p r e s s u r e tubes had cracked at the weld to the outer s leeve . 
Apparent ly the cooling water , which was found to contain 40-50 ppm 
chlor ide , had f i r s t c racked the annular tube, hydrolyzing the magnes ium 
oxide. 

^•'•Reactor Engineering DiiMsion Quar te r ly Report , ANL-5471, 
(September, 1955) p , 137. 
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6'-4''-

1 3/4 O.D, X #12(«109) B.W. GA 
SEAMLESS TUBING 

CRACKING BY COOLING WATER 
AND ACCESS TO INSULATION 

MAGNESIUM OXIDE INSULATION 
(TIGHTLY PACKED) 

"Z^ZIKKKA 
szra.: grrssnss: 
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Z^Z^^^^Z^ 
:^ \ \ -^s—Ksz:^.^^—iJ»—ssnss: 
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z^z:^z^:^^ 

AREA OF CRACKING OF 
PRESSURE TUBE (SEE 
FIG. 711 

^ ^ ^ 

^^^:z^Z2 ^z:^:^^:^:^^^ 

MAGNESIUM OXIDE INSULATION 
(TIGHTLY PACKED) 

w~77\7zr::zzii77~~77~-7zi:::zi::^r^^^ z/ 7r 

z^^:zz:z^^±:z^:^^:z:zz^:^^^z^^z:^z:^:^:^ 

I 1/4 O.D» X #14(,083) 
B.W. GA. SEAMLESS TUBE 

SECTION B-B 

FIG, 70 
TUBE ASSEMBLY FOR MTR LOOP WATER TO WATER 
HEAT EXCHANGER SHOWING AREA OF FAILURE RE-6-I7048-B 
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The combined internal p r e s s u r e and t he rma l s t r e s s e s at the 
point of fai lure never exceeded 4000 psi , but the expansion of hydrolyzing 
magnes ium oxide bear ing against the outer surface of the tube could have 
introduced s t r e s s e s a s high as 9300 psi . In all c a se s , cracking s ta r ted at 
the outside of the tube and p r o g r e s s e d inward (see Fig , 71), which s u b 
s tant ia tes that fa i lure was initiated by external fo rces . Fa i lu r e at low 
s t r e s s mentioned above can be at t r ibuted to corroding chlorides which 
attack the austeni t ic tube m a t e r i a l in the t r ang ranu la r manner shown in 
F ig , 71 . 

Sectioning of the heade r s of one of the failed tubes and of other 
high p r e s s u r e welds failed to revea l any other c r acks in the heat exchanger 
However, previous fai lure of t h r ee b r a s s fittings at the cooling water inlet 
had been identified as typical exanaples of chloride s t r e s s cor ros ion . 

Additional samples of the high p r e s s u r e tube welds a re being 
re tu rned from MTR for further examination. 
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F IG . 71 
STRESS CORROSION CRACK STARTING AT 

OUTSIDE OF HEAT EXCHANGER TUBE. 
ETCH: AQUA REGIA„ (X250) 
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III. INSTRUMENTATION 

Neutron-Sensi t ive Elec t ron Photomul t ip l ier Tubes - G, F . Er ickson, 
S, G, Kaufmann 

Exper imenta l evidence on the secondary e lec t ron emiss ion f rom 
sur faces bombarded with heavy posi t ive ions suggests that photosensi t ive 
sur faces of c o m m e r c i a l photomult ipl ier tubes should r e l e a s e a useful 
number of e l ec t rons when f ission produc ts or alpha p a r t i c l e s p a s s into, 
or through, such a sur face . An exper iment to t es t the hypothesis and to 
use the expected secondary yield in the construct ion of a neutron detec tor 
was conducted in cooperat ion with the Allen B. DuMont L a b o r a t o r i e s , 

A number of g lass covers designed for DuMont 6292 tubes were 
made avai lable to Argonne. The inner flat sur faces of th ree covers were 
coated with a suspension of B̂ ® in oil, A sma l l region in the center of 
each surface was left uncoated to faci l i tate routine l ight -sens i t iv i ty t e s t s 
at the factory. The covers were then baked in vacuo at 400F for 24 h r , 
c a r e being taken that the covers w e r e brought to t e m p e r a t u r e slowly and 
uniformly. Subsequently, a thin layer of a luminum was evaporated upon 
the baked-out boron su r faces . The covers were then re tu rned to DuMont 
for a s s e m b l y into s tandard photomult ipl ier tubes . 

The completed tubes w e r e tes ted in the t h e r m a l beam of the C P - 5 
r e a c t o r . A pulse-height d is t r ibut ion of the observed signals due to the B̂ ® 
(n, a ) reac t ion is shown in F ig , 72(a), The pulses f rom Co gamma rays 
falling upon a l / 4 - i n . an thracene c rys t a l at tached to the tube face for the 
exper iment a r e shown for compar i son . 

A second set of tubes was a s sembled with covers neu t ron-sens i t i zed 
through a s e r i e s of t h r ee coatings evaporated onto the inner surface in the 
success ion : a luminum, na tu ra l u ran ium, a luminum. It was es t imated that 
a tota l of 1 mg of u ran ium was evaporated on each cover, and that the th ick
n e s s of the final a luminum coating was of the o rde r of 0.1 mg/cm^ . 

The pulse-height d is t r ibut ion of the f iss ion s ignals is shown and 
compared with noise and g a m m a - r a y pulses in F ig . 72(b). 

F i g u r e 73 shows two covers p r i o r to shipment and two completed 
tubes . 
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FIG» 72 
PULSE HEIGHT DISTRIBUTION IN 6'° AND IN 
U-AI-U SENSITIZED PHOTOMULTIPLIER TUBES 

RE-7-I6868-A 
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FIG. 73 
NEUTRON-SENSITIVE ELECTRON PHOTOMULTIPLIER 

TUBE COVERS AND ASSEMBLIES 
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