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HRTREACTORHAZARDS 

A B S T R A C T  

Several potentia! hazards that have been recognized and anticipated in  the design and fabri- 

cation of the pressure vessel for the Homogeneous Reactor Test are discussed. These hazards 

r e s u l t  from the high operating pressure and temperature of the reactor, the exposure of the reactor 

vesse! moteriai to potential embrittlement and other effects o f  fast-neutron irradiation, and the 

need for contoininend of corrosive flowing liquids. The steps taken in recognition o f  these 

hazards are also dircusssd. 

i s  considered. 

writ ing bodies could a s s i s t  in developntent-type reactor design and fabrication. 

The applicabi l i ty of present codes to the reactor vessel fabrication 

AdditioracsB fields w e  suggested where recommended practices developed by code- 

This i s  not a theoret ical  paper; instead,  it i s  a d i s c u s s i o n  of some of the  very 

pract ical  problems of appl ied metallurgy in a spec i t ic  reactor  development  program. 

The objec t ives ,  underlying philosophy, general  des ign  cr i ter ia ,  and just i f icat ion for 

the Homogeneous Reac tor  Test (HRT), now being assembled  at Oak Ridge National 

Laboratory,  have  been presented previously.’  Prior exper ience  with a small-scale 

aqueous  homogeneous experimental  power reactor,  t h e  Homogeneous Reac tor  Experiment 

(HRE), has been descr ibed  p r e ~ i o u s l y . ~ ’ ~  Containment problems of the  H R T  a r e  dis- 

c u s s e d  in another  paper presented  at t h i s  C o n f ~ e n c e . ~  Consequent ly ,  the descr ipt ion 

of the HRT here  w i l l  be limited to tha t  required to s t a t e  the general  des ign  objec t ives  

and hazards  problems which influenced fabricat ion of t h e  reactor  vesse l .  

1. 

2. 

3. 
4. 

Problems of  spec i f ic  in te res t  from the hazards  s tandpoint  result. from: 

the  des ign  and fabricat ion of a v e s s e l  for a high-pressure aqueous  sys tem at e leva ted  

temperatures;  

the poss ib i l i ty  of radiat ion damage, resul t ing from exposure of the pressure-vesse l  

s t ructural  material  to fast-neutron bombardment; 

t h e  u s e  of Q corrosive flowing l iquid medium; 

d i f f icu l t ies  in effect ing rout ine per iodic  inspect ion and rnaintenqnce. 

No at tempt  will be made to deal with these fac tors  in a comprehensive manner, 

s i n c e  they are ,  for t h e  most  part, s u b j e c t s  of major research  and  development programs 

within the project.  Consequent ly ,  they will  be summarized only to the ex ten t  required 

‘5. E. Baal1 and J. A. Swartout, The HomogmreoiLs Rerrrtor Test, presented at Geneva a t  the 

*S. E. Beall and C. E. Winters, “The Homoyeneous Reactor Expertmenif A Chetnicol Engi- 

3W, R. Gall, “The Homogeneous Reactor Experiment, A P i l o t  Model Nuclew Power Plant.,*’ 

‘S.  E.  Beal!, Confninmrnt Ptoblerns z?z Aqueous Horrroguneous Reactot S y s t P m s ,  ORNL-2091, 

!nlernetional Conference, Paper 526h, Session P.7, P.8, Augerst 1955. 

rteeriny Pi lo t  Plant,” Cbsm. 

iMecb. Eng. 77, 975-580 (1955). 

Progr. 50(5), 256-262 (1954). 

presented at USA-UK Joint Meeting on Reactor Haratds in Chicago, I l l . ,  June 12-14, 1956. 



to  indicate the nature of the hazards problems involved and the steps taken in recog- 

ni t ion o f  these hazards. Some effort w i l l  a lso be given t o  the explanation Q f  these 

steps. 

M A T E R I A L S  AND F A B R I C A T l O N  

The achievement o f  neutron economy and minimum cr i t ica l  mass indicates that the 

diameter of CI nuclear reactor should, in general, approximate i t s  length. Th is  i s  in 

contrast wi th the practice i n  high-pressure chemical plants, where capacity in a vessel 

i s  often achieved by designing it wi th o length several times i t s  diameter. To achieve 

a substantial power capacity i n  pressurized aqueous nuclear reactors, using Code- 

approved pressure-vessel materials and safety factors, th is diameter requirerrient and 

the resultant vessel wa l l  thicknesses w i l l  soon tax the current practicable l imi ts of 
conventional fabricaking practice. Fortunately, in the case o f  the HRT, the 5- to IO-Mw 
design power permitted the accomplishment of objectives for the reactor, wi th  a 5-ft-dia 

spherical vessel having a 4-in. wal l  thickness (Fig. 1). While the dimensions of th is 
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pressure vessel did not exceed the l imitat ions of  fabricating Dractice, they did present 

some unusual problems in materials selection and fabrication. The principal structural 

material selected for the vessel was a carbon steel conforming to ASME Boi ler  Code 

specif icat ion SA 212, grade B, firebox quality, manufactured to SA 300, aluminum-killed, 

fine-grained, low-temperature practice. Th is  5-ft-ID spherical carbon steel vessel was 

internal ly c lad wi th a 0.4-in. thickness of a columbium (niobium) stabi l ized 18-8, type 

347 austenit ic stainless steel, conforming essential ly to specif icat ion SA 167. Typical  

chemical compositions and mechanical properties of these materials are indicated in 

Table 1. The relat ively unusual fabrication practices occasioned by the size, design, 

and materials of the reactor included the forming of the hemispherical heads, the closure- 

joint girth weld, which had to  be made entirely trom the outside, and, of course, the 

unique accomplishment of forming and welding the 32-in. zirconium-alloy core vessel. 

The core tank, however, does not  come under the str ict  hazards classif icat ion. The 

detailed fubricafions of the pressure vessel and the zirconium-alloy core tank have 

been previously described.’P6 Some of the wdd ing  practices w i l l  be mentioned later 

in th is  paper. 

’L. F. Bledsoe, F. V. Daly, G. E. Elder, W. R. Gal l ,  and E. C. Miller, Fabrzca~ion  o f t h e  
Homogeneous Reactor TesF V e s s e l  A s s e m b l y ,  presented at Buffalo meeting o f  the American 
Welding Society, May 8, 1956. 

F. Bledsoe, F. V. Daly, G. E. Eider, ~ n d  E. C. Miller, The Fnbiication of a L w g e  7r r -  
conium Y’unk, presented to Engineers Joint Cauncil (AIME) Meefing in Cleveland, Ohio, December 
1955; published in Journal o/ Metals, May 1956. 

lo be published in  The IV~ldzrzg Journal, Sept. 1956. 
‘L. 

TABLE 1. PHYSICAL PROPERTBES A N D  CHEMKAL ANALYSES 
OF PRESSURE-VESSEL MATERilAL.5 

I _ _ _ _ _ _ I _ _ . _ _ ~  _._. _1_--1__ 

Inlet Hand Outlet I-leod 

Basc Clodd ing Base Cladding 
---__-II I___-- 

Physical properties 

Yield strength, p s i  
Tensile strength, psi 

Elongation, % 
Shear strength, psi  

Chemical analyses, % 
c 
Mn 
P 
s 
si 
Ni  
CP 
Nb 

55,000 

32 
78,009 77,509 

24,300 

0.76 0.054 
0.50 1.72 
0.022 0.026 
0.036 0.0 10 
Oe24 0.57 

11.29 
18.63 
0.68 

46,700 
78,500 78,900 

31 
24,000 

0.26 0.053 
0.80 1.52 
0.021 0 .o 25 
0.029 0.027 
0.22 0.69 

1 l,07 
18.27 
0.67 
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R A D I A T I O N  E F F E C T S  

When the reactor i s  in  operation, the pressure vessel of the H R T  w i l l  be subjected 

to fast-neutron irradiation, It is  estimated that at the inner surface of the vessel th is 

irradiation may be from to lo2* n t t  (fast) at a temperatiire of about 6C)O°F, over a 

sustained operating period of, soy,  one year. Fast-neutron irradiotion may under some 

circumstances produce signi f icant chsnges in the properties o f  carbon steels and other 

structural materials - i n  particular, the ducti le-britt le transition temperature. 

Sutton and Leeser7 have published data indicating that earbon steels subjected to 

fast-neutron irradiation ranging from about to lo2’ nut, at estimated temperatures 

of 125 to 58OoF, undergo signi f icant increases in  th is duct i le-br i t t le transition tempera- 

t u r e ,  as wel l  as decreases in maximum-fracture-eilergy values. These data are summa- 

rized in  Tab12 2. Some 

of their results are presented in  Fig. 2, which represents the changes in  impact proper- 

t ies of normalized SA 212 grade B carbon steel irradiated at temperatures below 195°C. 
Figure 3 i l lustrates the dependence of several rnechanicai properties of  the same carbon 

steel on integrated fast-neutron flux. These results admittedly appear somewhat dis- 

couraging, but additional experiniental data ore essential to an accurate prediction of 

the ultimate behavior of a reactor pressure vessel i r i  service. Th is  i s  not intended as a 

cr i t ic ism of the results of the work cited, for the experimental techniques required to 

obtain these data arc d i f f i cu l t  and time-consuming, and the fac i l i t ies  available for such 

investigations are still very limited. It i s  important that long-time irradiation be con- 

ducted at  the approximate operating temperature o f  the reactor to  determine whether or 

not a saturated or steady-state condition wi II ult imately be reached such that the damage 

fa l ls  short o f  that required to  endanger the safety of the reactor, Wilson and 5erggrcn 

Wilson and Be:ggren8 have confirmed and extended this work. 

7C, R. Sutton and D. 0. I..seser, “Radiation Effec t s  on Structural Muterials,” Chem. Eng. 
Progr. Symposium Ser. 50(12), 208-2211 (1954). 

‘J. C. Wilson and R, G. Berggren, Effects o/ Neutron Inadidtion in Steel, presented a t  the 
Annual Meeting of t h e  American Society for Testing Materials,  i n  Attantic City, N. J., June 26, 
1955. 

TABLE 2. EFFECT OF IRRADIATION ON IMPACT PROPERTIES OF CARBON STEELS 

Maximum Energy Ab- Reactor 
Flux,  lransition sorbed  at 100% Ducti le 

Fracture ( f t - lb)  ture Range (OF) erst Irradiation 
Steel 

( n u t )  Tempwnture _____ 
Range ( O F )  Contra's irradiated Controls Irradiated 

~ ~ ~ 

AI urn1 num-killed 2 x  10l8 300-490 15-40 35-60 5.5 5.3 

SA 212 (stress-relieved) 2 x 10 ’* 510-610 140-160 185-205 >9.5 8.5 

SA 212 (stress-relieved) 8 x 10 l 9  70-1.10 135-160 285-330 6.5 4.5 

0.34 carbon steel 

______I_ - I_^__ _ _ _ _ - _ _ _ _ _ - -  __ 
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are presently extending their work to obtain th is information, using a Code-specification 

carbon steel manufactured to fine-grain practice (SA 300-SA 212, grade B). Because o f  

the experimental d i f f icul t ies o f  duplicating, i n  small-scale irradiation tests and samples, 

the environmental combinations of stress, temperature, thermal gradient, and radiation 

intensity which are anticipated in  a reactor, the HRT reactor vessel i t se l f  can be con- 

s idered a large-sca le  irradiation exper i mente 

In the absence of suff icient experience and experimental data, some speculation, 

however Solid-state re- 

actions, including precipitat ion and aging, as wel l  as annealing-out effects, may be 

activated by neutron irradiation at temperatures lower than those a t  which they occur 

in the absence of irradiation. The possibi l i ty  of annealing-out radiation damage at  

operating temperatures is,  0 6  course, encouraging. On the other hand, the maximum 

operating temperature of the H R T  approximates the temperature at which strain aging, 

reputedly due to a strain-induced ni t r ide precipitation, occurs in  some carbon steels. 

The possibi l i ty  that a vessel under stress due to pressure, or, for that matter, un- 

stressed, may undergo a similar metallurgical change under the influence of radiation 

may warrant consideration. The answer to the radiation-damage problem in pressure- 

erroneous it may u/ltimately prove t.0 be, may be suggested. 

UNCLASSIFIED 
OKNL-LR-DNG. 13415 

TEST TEMPERATURE ( O f )  

Fig. 2. Effect oC Radiation on lmpact Energy of A-212B Carbon-Silicon Steel Normal- 
Solid points indicate complete fracture; open points indicate in- ired from 1 9 0 0 O F .  

complete fracture; maximum temperature during irradiation was 195OF. 
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UNCI- ASS1 F E D  
ORNL-LR-DWG. 13416 

125 

43 

I 
I 

- 1  ' UNIFORM ' I 

Fig .  3. lntegaafied Feat-Neutron Flux Dependence ef Several Mschrnnfcal Properties of 
A-282B Carbon-Silicon Steel. 

vessel steels w i l l  become more probable os the experimental work of the solid-state 

metallurgists contributes to a fundamental understanding of the radiation-induced solid- 

state reactions involved. 

c OR R O S  ION 

Corrosion i s  a major problem i n  aqueous-solution-type homogeneous reactors. In 

some cornhinations of concentration, temperature, velocity, and other conditions of 

chemical and physical environment, the solutions can be quite innocuous, but in  other 

combinations their containment becomes Q major problem. Depending on these con- 

ditions, the uranyl sulfate salvtion may be variously copable of gencrol corrosion, 

6 
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intergranular attack, impingement or velocity effects, radiat ion corrosion, crevice cor- 

rosion, and perhaps stress-corrosion cracking. There i s  not space here to detai l  or 

describe these conditions or effects. However, insofar as hazards that affect design 

and fabrication of pressure vessels are concerned, corrosion has its principal influence 

on the selection o f  the corrosion-resistant inner l in ing and on the welding techniques 

employed to ensure against leaks or crevices through which the corrosive solutions may 

penetrate, 

As stated in the discussion of reactor vessel materials, acolurnbium-stabilized 18-8 
austenit ic stainless steel, type 347, was used for this corrosion-resistant lining. A 
solut ion concentration was selected to accomplish the nuclear and engineering ob- 
jectives of the reactor wi th a minimum probabil i ty of corrosion attack. Being an experi- 

mental reactor, however, corrosive environments more severe than the stainless steel 

can withstand indefinitely may be employed a t  a later date. In such a case, the suita- 

b i l i t y  of  stainless steel may become marginal, and serious consideration w i l l  hove to  

be given to  the use of titanium, zirconium, or other material os a corrosion-resistant 

l in ing in subsequent reactors. However, the fabricotion problems involved in  the de- 

velopment of such l inings appeared to be too great to al low HRT construction schedules 

to be met. 

1NSBECTIDN 

The problems of inspection and maintenance (to achieve long-time integrity) of a 

system as highly radioactive as a homogeneous reactor are met most ef fect ively in the 

original fabrication of the vessel. The vessel was fabricated in accordance with the 

best avai lable commercial practice for such work and has been cert i f ied as conforming 

with the design and fabrication requirements of the Unfired Pressure Vessel Code. 

Th is  cert i f icat ion i s  l imited, o f  course, to i t s  adequacy as cs pressure vessel, since the 

Code has not yet established standards for reactors as such. 

From the standpoint o f  hazords as reloted to welding practice, the fol lowing items 

were of particular concern: 

1. integri ty of the stainless steei welds in contact wrth corrosive solutions; 

2. effect ing attachment of  the  unbonded sfainless sfeel nozzle  l iners to the stainless 

steel cladding inside the pressure-vessel shell, without depending solely upon a 

strength weld in the stainless steel; 

3. mechanical soundness of the main girth weld in the pressure vessel, which had to be 

made entirely from the outside and involved a transition from a stainless steel to a 

carbon steel weid deposit. 

The inert-gas-shielded tungsten-arc process was used for a l l  stainless steel weld 

surfaces which were to  be in contact wi th fuel solution. When the outer surface of a 

weld was to  contact the fuel solution, the f inal ?/8 in. or more was deposited in th is  

7 



manner. When the root pass w a s  to contact the fuel solution, a preplaced consumable 

root inser-t was fused into the f i rst  pass, and at  least one more layer of f i l le r  metal was 

added by the tungsten inert-gas process. The manual metall ic-arc process, using 

coated electrodes, was used in other weld deposits i n  the stainless steel pressure 

joints. Internal surfaces of the stainless steel welds were protected by inert gas. 

Figure 4 shows schematically the joint design for butt welding stainless steels where 

a l l  welding was done from one side. 

Where stainless steel was joined to  carbon steel, I ime-coated, 25-20, chrornium- 

nickel  electrodes were used, except in  the transition layers of the main girth weld. In 

providing stainless steel l in ings for the nozzle pipes, the principal unusual feature was 

the mechanical support of the stainless steel nozzles by sheor rings, which avoided 

making a strength weld the only support against the mechanical stresses introduced in  

the joint. Th is  was accomplished as shown i n  Fig. 5. 

UNCLASSIFIED 
URNI.-LR.DlG. 13117 

L5/32 " E . B .  I N S E R T  

- - - 1 / 3 2  " G A P  A L L O W A B L E  ( M A X . )  

J O I N T  D E T A I L S  B E A D  PLACEMEN'T 

/ 
Fig. 4. Weld h i n t  Design for Stainless Steel, 

317 ( M O D . )  
C L A D D I N G  

1 -  1 

+-A N O Z Z L E  - 3 4 7  (MOD.)  

UIICL ASSIFIED 
0RNC.LR-DWG. I3418 

T Y P E  310 W E L D  
MlJST O V E R L A P  

J O I  N T  D E T A I L S  B E A D  P L A C E M E N T  

Fig. 5. Weld Design for ~ ~ ~ s i ~ ~ ~ ~ f ~ ~ ~ t ~ ~  Jaints. 
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The final-closure-ioint design i s  shown in Fig. 6. The tungsten inert-gas process 

was used to fuse the preplaced stainless steel insert i n  the f i rst  pass and to  build up 

the joint wi th added f i l l e r  rnetal to  wi th in t6 in.  of the interface. Here, two layers of 

19-9 extra-low-carbon (30%) f i l l e r  metal were added to bring the deposit up to  the 

interface. Th is  f i l l e r  metal was followed by two layers of low-carbon Armco-ingot-iron- 

coated electrode deposit; small stringer beads and low amperage were used to minimize 

dilution. The joint was then completed with a low-hydrogen carbon-steel-coated elec- 

trode, €7016. 
All joints were radiographed. Each stainless steel layer was visual ly inspected 

under 2Ox magnification, Upon completion, the stainless steel welds were inspected, 

on both sides where accessible, wi th l iquid dye penetrant. Magnetic-particle inspection 

was used throughout the welding of the carbon steel portion. No porosity or inclusions 

o f  any sort were permitted in the stainless steel weld loyers which were to be in  contact 

wi th process solution. In a l l  other welds, the porosity was l imi ted to one-half that 

permitted by the ASME Boiler and  Pressure Vessel Code standards. Stress re l ie f  was 

employed for the carbon steel portion of the welds and adjacent base metal, but of 

UNCLASSIFIED 
ORNL-LR-DWG. 13419 

TYPE 308L 
E LEG T RODE 

+RADIOGRAPH 

2 LAYERS ARMCO 

L TYPE 
L250° F INTERPASS HEAT 

TYPE 347 ELECTRODE (6 PASSES) 
3 47 

Fig. 6 .  Joint Design and 5eod Sequence of Final Closure Weld. 
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course the stainless steel weld metal was also heated to  th is  stress-relieving tempera- 

ture. For th is reason the stress-relieving temperature was maintained at about 975OF 

for periods up to  25 hr, it having been determined experimentally that t h i s  treatment 

would not sensitize the stainless steels, 

CONTAINMENT AND MAINTENANCE 

Thus far, the precautions taken i n  the design and fabrication of  the pressure vessel 

to  minimize the possibi l i t ies of  a failure have been discussed. S t i l l  t o  be considered 

are the provisions rriade to  accomplish containment of the l iquids and possible fragments 

and to effect repair in  the event that these precautions are s t i l l  insuff ic ient  to prevent 

a failure. These include the containment cell, the blast shield, and underwater mainte- 

nance, which are to be discussed in another paper. 

The invi tat ion t o  submit papers to  th is  Conference contained a portion dedling wi th  

pressure vessels, in which it was suggested that the adequacy of present codes be 
included i n  the discussion. Even though the HRT vessel was certidied and stamped CIS 

conforming t o  the design and construction requirements for pressure vessels of the 

ASME Boiler and Pressure Vessel Code, i t is  recognized that th is  does riot constitute 

assurance of long-time performance i n  the operating environment of a hornugeneous power 

reactor. 

Some of  the information essential to  establishrncnt of a code for the design and 

construction o f  homogeneous reactors w i l l  have to  come from experience in  operating 

th is test  and subsequent reactor tests and from experience in supporting research and 

development programs. Nevertheless, there are numerow features pertaining to detai 1s 

of design, fabrication, and even research where the code might we l l  provide practical 

guidance, a t  least i n  the form of noninandatory recommendations. 

Because o f  the enormous experimental d i f f icul t ies in the study of radiation effects, 

particularly wi th  respect to changes in duct i le-br i t t le transition temperatures, investi- 

gators are faced wi th  the problems of selecting suitable test  specimens and test  methods 

and of interpreting the data. It would be most valuable -io have a consensus opinion or 

recommended practice from a code-writing ar -regulating body, suggesting specimen 

sizes and geometries and interpretive criteria, taking into consideration the experi- 

mental d i f f icu l t ies involved, which would be acceptable to the code committees as a 

basis for establishing permissible design values. 

The use of  inert-gas-shielded tungsten-arc welding permits the production of fabri- 
cation welds which lend themselves to minute inspection and which are essent ia l ly  free 

from porosity or inclusions. Acceptance cr i ter ia are needed for the inspection of such 

welds, including detailed provisions for liquid-penetrant use and radiographic sensi t iv i ty 

and porosity requirements more exacting than present code standards. 

10 



Because of thermal stresses and gradients, heat-transfer problems, possibi l i t ies of 

thermal fatigue, and vessel diameters, consideration may wel l  be given to the modifi- 

cation of design concepts to permit the use of stronger materials in thinner sections, 

and with lessened safety factors. 

While the Code places responsibi l i ty on the user for the selection of corrosion- 

resistant materials, many design and fabricating problems arise i n  making clad and l ined 

vessels. These could be covered more extensively in  the form of more detai led recom- 

mended practices, covering such items as lined-nozzle attachment and support, the use 

of completely unbonded linings, the methods of attaching applied liners, and the joining 

of dissimilar metals. 

The demand for absolute integrity of the reactor system, a possible need for re- 

duction of design safety factors, and the requirement that heat transfer be completely 

uninterrupted by laminations in the materials indicate the need for the establishment 

of Code-accepted standards for ultrasonic, liquid-penetrant, and possibly other types 

of inspection, for application i o  plate and tubular products. 

f 

CONCLUSIONS 

Possible hazards result ing from high pressures and temperatures, radiation damage, 

corrosion, and inabi l i ty  to  maintain periodic inspections have been recognized and 

provided for, insofar as possible. The operation of the reactor w i l l  in  part serve for 

experimental evaluation o f  these hazards and help determine Code standards for re- 

actors. In the absence of a l l  the information required to establ ish mandatory Code 

provisions, nonmandatory recommended practices could well provide valuable assistance 

to experimental reactor development programs. 
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