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DESIGN, OPERATION, AND INITIAL RESULTS FROM CAPSULE OC-1, THE FIRST 
OF A SERIES OF GRAPHITE CREEP IRRADIATION EXPERIMENTS 

R. L. Senn W. H. Cook 
J. A. Conlin W. P. Eatherly 

ABSTRACT 

A series of 12 irradiation experiments was designed 
to evaluate the creep characteristics of graphites when 
exposed to elevated temperatures and high fast fluences. 
Various graphites of interest to HTGR designers are to be 
examined. The series encompasses the irradiation of 28 
specimens, each 15.24 mm (0.6 in.) in diameter by 25.4 rmn 
(1 in.) long, to incremental exposures of 1, 2, 4, and 8 
E+25 n/m2 (E > 0.18 MeV) at 900OC; 28 similar specimens to 
the same exposures at 600°C; and 28 others at 125OOC. A 
compressive stress of 13.79 MF'a (2000 psi) is applied to 
20 of the specimens in each test by means of a metal bel- 
lows, which is expanded by gas pressure against the speci- 
men columns; 8 of the stacked specimens are stressed to 
20.68 MJ?a (3000 psi) by a reduction in diameter. This re- 
port describes special features of the capsules, which in- 
clude (1) movable centerline thermocouples to measure the 
temperature profile along the axes of the capsule, (2) spe- 
cial linear variable differential transformer-type load 
cells to monitor the applied load, and (3 )  a computerized 
temperature control system designed to provide accurate 
longitudinal temperatures over the 0.508-m (20-in.) length 
of the test specimen columns. 

series, has been completed. The capsule was operated at a 
nominal specimen temperature of 900°C in the E-5 core posi- 
tion of the Oak Ridge Research Reactor for '~1139 hr at 30 
MW reactor power to a peak fluence of 1 . 3  E+25 n/m2 (E > 
0.18 MeV). Operational characteristics of this experiment 
and some preliminary results are presented. 
characterization of the graphite specimens will be reported 
separately. 

Irradiation of capsule OC-1, the first test of this 

Detailed 

INTRODUCTION 

Dimensional distortion induced by fast-neutron irradiation can 

produce high internal stresses in graphite. In general, these stresses 
are limited by fast-neutron irradiation-induced creep, which provides a 
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stress-relaxation mechanism. It is necessary that the creep coeffi- 

cients be well known in order to properly design for safety and reliable 

operation of reactors that use graphite in the cores. This knowledge 

is necessary not only to calculate anticipated static stress loads in 

regions of the core where thermal and fluence gradients occur, but also 

to evaluate abnormal transient conditions, such as thermal stress, on 

shutdown and startup and superimposed cyclic loading. Creep data exist 

for a number of graphites of United States, European, and Russian ori- 

gin. However, these data are scattered by factors of 3 to 5, and the 

graphites do not correspond to the coarse-grained, isotropic graphites 

being considered for large-scale high-temperature gas-cooled reactors 

(HTGRs). It is obviously necessary to develop creep data for these lat- 
ter materials. The work described below is a part of the overall pro- 

grams by General Atomic Company (GAC) and the Oak Ridge National Labora- 
tory ( O W )  for the characterization and standardization of graphites 
employed in HTGRs. 

The basic objective of this work is to determine the primary and 

secondary creep coefficients for the neutron-induced creep of HTGR graph- 

ites at 600, 900, and 125OOC for accumulated fluences 18 E+25 n/m2 (E > 

0.18 MeV).* 
a 1000-MW(e) central station HTGR during the reactor lifetime is 8 E+25 

The maximum design fluence accumulation for core graphite of 

n/m 2 1  . 

PROGRAM OBJECTIVES AND DESIGN CRITERIA 

Principal Objectives 

Our program plan for the study of the fast-neutron-induced creep of 

graphite is oriented about a series of 12 irradiation capsules, the OC 

series; the source of fast neutrons will be the Oak Ridge Research Reactor 

*Unless otherwise stated, all fast-neutron energies shall be of this 

'Equivalent to the more commonly stated units of 8 x 1021 neutrons/cm2. 
value. 

, 
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(ORR) .  The program has two main objectives: (1) to design and construct 
an irradiation facility in the ORR E-5 position, and (2) to determine 

both the primary and secondary creep coefficients and other property data 

(such as the electrical resistivity, sonic velocity, and coefficient of 
thermal expansion) required for the constitutive equations for graphites 

employed in high-temperature reactors. 

Type of Test 

The best way to accurately determine the creep coefficients for any 
set of conditions is to continuously monitor the creep strain during the 
test; however, the limitations on the quantity of specimens that could be 

tested and the complications involved in the test design and the main- 

tenance of the integrity of strain gages or dilatometers make it impracti- 

cal to conduct tensile tests at this time. Therefore, we selected the 

simplest test - a constant-stress compressive test -as the basis for our 

design. 

than tension stress tests and also has the advantage that the primary 

and secondary creep strains are reported1 to be approximately equal for 

compression and tension stresses. 

This type of test is less complex and therefore less expensive 

Test Materials 

The selection of the first materials for these tests was predomi- 
nantly influenced by the HTGRs currently in operation or being designed. 

The core material, graphite grade H-327, for the Fort St. Vrain Reactor 

is represented by sufficient numbers of specimens to substantiate its 

anticipated creep behavior. 

grade AXF-8QBG1 (previously irradiated at the Battelle Pacific North- 
west Laboratories to 1.0 E+26 n/m2) are included for the purposes of 

extending data on creep behavior to very high fluences after breakaway 

expansion. Most of the specimens in these tests are from grade H-451 

graphite, which is a near-isotropic material manufactured by the Great 

Lakes Carbon Corporation, New York, and one of the principal contenders 

for 1000-MW(e) HTGR application. 

A small number of specimens of graphite 

It was selected for use in this series 
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because it is currently the most thoroughly characterized material of 

its kind and thus far appears to be acceptable. 

Test Parameters 

Our basic objective will be to determine the primary and secondary 

creep coefficients as functions of fluence, temperature, stress, and 

Young's moduli of elasticity. 
of capsules that are alternately irradiated, in the order of priority, 

at 900, 600, and 1250°C in fluence increments of approximately 1, 1, 2, 

and 4 E+25 n/m2. 

mens for each test temperature has accumulated a fluence in excess of 8 
E+25'n/m2, which is maximum design fluence for a full-scale HTGR. 

compressive stresses at each temperature will be 1 3 . 8  MPa (2000 psi) 
and 20.7 MPa (3000 psi). The dimensions, Young's modulus, and shear 
modulus for each graphite specimen will be determined prior to neutron 

irradiation and after each accunulated increment of fluence. As explained 

later in more detail, each capsule will contain a set of unstressed speci- 

mens that match the stressed specimens. These unstressed specimens serve 

as controls and are characterized before and after irradiations as are the 

stressed specimens. Basically, the total creep strains are determined by 

the dimensional differences between stressed specimens and their matching 

control specimens after each cycle in the ORR. The primary creep strain 

has been found to be recoverable under irradiation if the stress is re- 

moved. Therefore, selected stress-tested specimens will be reirradiated 

at their test temperature to recover, and thereby determine, their pri- 

mary creep strains. Our objective is to acquire the creep data to an 

accuracy within 10%; that is, good engineering design data are sought. 

These data will be obtained with a series 

Irradiation will continue until each set of test speci- 

The 

DESIGN OF THE ORR FACILITY AND THE 900°C CREEP CAPSULE 

Irradiation Facility 

A s  indicated above, the capsules for each experiment will be irradi- 

ated sequentially in the E-5 core position of the ORR. 
only a minor rearrangement of the ORR core loading gattern to permit 

This requires 
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construction of an irradiation facility. This location within the ORR 

core and the general configuration of an experiment are shown in Figs. 

1 and 2. 
water-cooled facility that will accommodate an experiment up to about 

71 rmn (2.8 in.) in overall diameter. The experiments will be placed in 

the E-5 position inside an aluminum core filler piece. 

The E-5 core position provides a large [76  x 76 mm (3 x 3 in.)] 

I 

I 
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I 
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Fig. 1. Top view of an OC-series capsule installed in the ORR E-5 
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Fig.  2 .  
ORR E-5 p o s i t i o n .  

Eleva t ion  view of an  OC-series capsule  i n s t a l l e d  i n  t h e  
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Capsule and Test Specimens 

Each experiment is contained inside a type 304 or 304L stainless 

steel container. Basically, an experiment consists of a high-density 

isotropic graphite* holder [59.61 mm (2.347 in.) in diameter, 591 mm 
(23 1/4 in.) long] having four longitudinal holes 90" apart; each hole 
contains 14 diametrically centered graphite test specimens. The experi- 

ment also includes metal bellows for loading the test specimens, tempera- 

ture trimming heaters, thermocouples, and flux monitors. Beyond this, 
the accuracy and precision required, plus the complexity of this most 

direct approach, require complex designs and sophisticated equipment for 

the capsules and the irradiation test facility. 

Capsule OC-1 was designed to irradiate twenty-eight 15.24-mm-diam 

(0.6000-in.) by 25.4-m-long (1.0000-in.) compressively stressed graphite 

test specimens at 900°C t o  the first planned exposure level of 1 E+25 

n/rn2. 

the specimens by precalibrated metal bellows expanded by gas pressure 

against the specimen columns. Eight of the specimens in the two columns 

had reduced diameters so as to increase the stress to 20.7 MPa (3000 psi). 

Each capsule also included 28 unstressed control specimens made of the 

same graphite used in the stressed specimens. 

A compressive stress of 13.8 MPa (2000 psi) was applied to 20 of 

Special features of the capsule design included (1) movable center- 

line thermocouples to measure the temperature profile along the axes of 
t he  control specimens of the capsule, (2) special linear variable differ- 

ential transformer (LVET) type load cells to monitor the applied load, 
and (3) computerized temperature control designed to provide accurate and 

precise uniform temperatures over the 0.508-m (20-in.) length of the 
test specimen columns. 

low. 
These features are described in more detail be- 

Figure 3 is a cross-sectional view showing the two stressed speci- 

men columns in the in-core portion of the capsule. The specimens have 

shallow holes in each end to accommodate the graphite pins that pass 

through the spacers and serve as centering guides for the specimen column. 

*Grade AXF-8Q, manufactured by POCO Graphite, Inc., a subsidiary of 
Union Oil Corporation, Decatur, Tex. 
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The space r s  c e n t e r  t h e  column by means of l o n g i t u d i n a l  c e n t e r i n g  r i d g e s  

p ro t rud ing  from t h e i r  c y l i n d r i c a l  s u r f a c e s .  The c e n t e r i n g  is  important 

t o  t h e  proper  loading  and temperature c o n t r o l  of t h e  specimens. Photo- 

graphs of t y p i c a l  specimens, space r s ,  and p i n s  are shown i n  F igs .  4 and 

5. The s p l i t  g r a p h i t e  s l e e v e ,  which is  v i s i b l e  i n  F ig .  5 ,  w a s  used on 

t h e  smaller d iameter ,  h igh ly  s t r e s s e d  specimens t o  provide  t h e  c o r r e c t  

PHOTO 4130-76 

Fig .  4 .  ORR capsu le  OC-1 - t y p i c a l  s t r e s s e d  specimens w i t h  space r s  
and c e n t e r i n g  p ins .  

PHOTO 4131-76 

Fig .  5. ORR capsule  OC-1 - t y p i c a l  h igh ly  s t r e s s e d  specimens wi th  
space r s ,  c e n t e r i n g  p i n s ,  and s p l i t  s l eeve .  
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thermal r e s i s t a n c e  ac ross  t h e  gas gap and thus  c o n t r o l  t h e  specimen t e m -  

pe ra tu re  t o  t h e  design va lue .  A t y p i c a l  s t r e s s e d  specimen column i s  shown 

i n  Fig.  6 .  

Each metal bellows, shown a t  t h e  top  of t h e  two specimen columns i n  

Fig. 3 and i n  d e t a i l  i n  Fig.  7 ,  w a s  p re s su r i zed  wi th  helium gas t o  4.89 

MPa (854 p s i g )  t o  provide a load of 2515 N (565.4 l b ) ,  which gave t h e  

r equ i r ed  compressive stress. Force from each bellows w a s  t r ansmi t t ed  t o  

t h e  specimen column through a g r a p h i t e  push rod. A t  t h e  lower end of 

each column, t h e  f o r c e  w a s  sensed by an LVDT-type load c e l l  (shown i n  

Fig.  8 ) ,  which w a s  designed t o  measure up t o  3115 N (700 l b )  a t  480OC. 

Although monitoring of t h e  p re s su re  i n  t h e  bellows w a s  t h e  primary mea- 

s u r e  of t he  load being app l i ed  t o  t h e  specimens, t h e  LVDT-type load c e l l  

w a s  intended t o  provide backup information dur ing  t h e  e a r l y  s t a g e s  of t he  

i r r a d i a t i o n  and ensure  t h a t  t h e  f o r c e  w a s  indeed t r ansmi t t ed  throughout 

t h e  specimen column. The load  c e l l  w a s  expected t o  s u f f e r  r a d i a t i o n  

damage and d e c a l i b r a t i o n  a t  exposures exceeding 3 E+24 n/m2; b u t ,  as 

d iscussed  la ter ,  t h e  device  provided very l i t t l e  u s e f u l  information even 

during i n i t i a l  capsule  opera t ion .  

The uns t r e s sed  c o n t r o l  specimen columns are shown i n  t h e  cross-sec- 

t i o n a l  view i n  Fig.  9 ,  and a t y p i c a l  c o n t r o l  specimen wi th  space r s  i s  

presented  i n  Fig.  10.  These specimens w e r e  s tacked  and centered  i n  a 

manner s i m i l a r  t o  t h e  s t r e s s e d  specimens, except t h a t  a l o n g i t u d i n a l  ho le  

w a s  provided t o  serve as a guide f o r  t h e  3.2-mm-diam (1/8-in.) ,  s t a i n l e s s  

s tee l - shea thed ,  Chromel-Alumel movable thermocouple t h a t  w a s  i n s t a l l e d  i n  

each column. 

s t r o k e ,  thus  providing temperature  traverses from t h e  midplane of t he  

uppermost specimen t o  t h e  midplane of t h e  lowest  specimen i n  each column. 

The sheathed thermocouples passed up through t h e  va r ious  bulkheads and 

through a 6.4-mm-dim (1/4-in.) guide tube t o  t h e  j u n c t i o n  box loca ted  

j u s t  above t h e  r e a c t o r  vessel t o p  f lange .  

rack-and-pinion assemblies  t h a t  drove t h e  thermocouples. A rack was 

a t t ached  t o  t h e  top  end of each movable thermocouple, and an e l e c t r i c a l l y  

d r iven  motor drove t h e  rack-and-pinion gear  assembly and t h e  a t t ached  

thermocouple up and down a t  a rate of 0.83 mm/s (2 in . /min) .  A v a r i a b l e  

r e s i s t o r  dr iven  by a gear  from t h e  rack  provided a s i g n a l  r e l a t e d  t o  t h e  

These thermocouples can be moved through a 0.38-m (15-in.) 

This  j u n c t i o n  box housed t h e  
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Fig. 7. ORR capsule OC-1 -detail of bellows loading system. 

position of the thermocouple. By operation of the motor, the thermocouple 

position was controlled to less than +3.2 m (f1/8 in.) in longitudinal 

elevation. The thermocouple signal was transmitted to lead wire by means 

of sliding contacts; these moved along a gold-plated insulated strip that 

served as the conduit from the contacts to the lead wire. Bench tests 

demonstrated that the units were mechanically reliable and that no detect- 

able error was introduced in the thermocouple temperature signal. 

In addition to the two movable thermocouples, twenty-six 1.6-mm-diam 

(1/16-in.) stainless-steel-sheathed, MgO-insulated, Chrome1 Alumel thermo- 

couples were provided for monitoring capsule temperatures and/or for con- 

trol purposes. 

holder adjacent to the test specimens at various elevations along the cap- 

sule. 

Of these, 23 were located within the graphite specimen 
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Fig. 8. ORR capsule  OC-1 - d e t a i l  of LVDT load  c e l l  assembly. 

Temperature Cont ro l  of Specimens 

A s  s t a t e d  p rev ious ly ,  one of t h e  important o b j e c t i v e s  of t h e  exper i -  

ment w a s  t o  main ta in  a c c u r a t e  and p r e c i s e  temperature c o n t r o l  a long  t h e  

specimen column. To achieve  adequate c o n t r o l ,  t h e  capsu le  w a s  designed t o  

o p e r a t e  on gamma h e a t  a lone  approximately 100°C below des ign  temperature.  

The gamma hea t  r a t e  i n  t h i s  experiment p o s i t i o n  i n  t h e  ORR v a r i e s  from a 

low of about 5.4 W/g t o  a h igh  of about 10  W/g, as shown i n  F ig .  11. The 
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PHOTO 4132-76 

C M  
0 1 2 3 4 5 6 

Fig. 10. ORR capsule OC-1 - typical unstressed (control) specimen 
with spacers and centering pins. 

design provided a thermal resistance helium-filled gas gap between the 

specimen holder sleeve (see Fig. 3 )  and the water-cooled capsule vessel. 

The diameter of the specimen holder sleeve was stepped in a manner that 
provided five different radial gaps. These gaps were designed to accommo- 

date the variation in gamma heating rate and to establish approximately 

the desired constant longitudinal temperature level. 

Design operating temperature and control was achieved by twenty 

1.6-mm-diam (1/16-in.) stainless-steel-sheathed, MgO-insulated, Nichrome 

V heaters wrapped around the specimen holder, as shown in Figs. 3 and 12, 
and retained there by the graphite sleeve that is slipped over the holder. 

Figure 12, a photograph made during capsule assembly, shows a pair of 

heaters being wrapped in the helical grooves on the outside of the speci- 

men holder. A special fixture was required to install the heaters. Some 

of the fixed thermocouples may be seen in grooves passing under the heater 

coils. Ten 50-mm-long (2-in.) heated zones, each with two heaters oper- 
ated in parallel, were positioned along the 0.51-m (20-in.) length of the 

specimen holder. Each heater was capable of operation at up to 2 kW/lin- 
ear meter (50 W/linear inch); however, they were expected to operate well 

below this maximum in order to maintain the design operating temperature 
of 900°C for the specimens. 
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Fig. 11. Results of gamma heating measurements made in the E-5 core 
facility of the ORR on Sept. 19, 1974. 

The HEATING3 program2 was used for all heat transfer calculations. 

HEATING3, which is a finite-difference code stored for easy accessibility 

in the library for computers at ORNL, has been in use at OFNL for several 
years and has proved satisfactory. It (with appropriate modeling) was 
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used t o  determine t h e  dimensions of t h e  f i v e  d i f f e r e n t  r a d i a l  gaps used 

i n  t h e  g r a p h i t e  sleeve t o  accommodate t h e  v a r i a t i o n  i n  t h e  gamma hea t ing  

rate and t o  make s teady-s ta te ,  t r a n s i e n t ,  and f i n e  nodal  modeling heat-  

t r a n s f e r  c a l c u l a t i o n s ;  i t  w a s  a l s o  used i n  t h e  development of t h e  mathe- 

m a t i c a l  r e l a t i o n s h i p  f o r  t h e  computer, descr ibed  below, t o  c a l c u l a t e  t h e  

c e n t e r l i n e  temperatures  of t h e  test  specimens re la t ive  t o  t h e  o u t e r  gas 

c o n t r o l  gap depth i n  m i l s  ( t h e  r a d i a l  gaps on t h e  o u t s i d e  of t h e  g raph i t e  

sleeve on t h e  specimen h o l d e r ) ,  gamma h e a t  r e l a t e d  t o  l o n g i t u d i n a l  a x i a l  

p o s i t i o n  i n  inches ,  and h e a t e r  power i n  w a t t s  p e r  l i n e a r  inch.  Calcula- 

t i o n s  ind ica t ed  t h a t  t h e  g r e a t e s t  h e a t e r  power requirements f o r  trimming 

t h e  specimen temperature  t o  t h e  des i r ed  900°C would be f o r  those  h e a t e r s  

included i n  t h e  t h i r d  zone down from t h e  top.  This  w a s  expected t o  be 

approximately 450 kW/linear meter (11.4 W/linear inch)  of h e a t e r ,  less 

than  23% of t h e  maximum r a t e d  power of t h e  h e a t e r s .  

Computer and Anc i l l a ry  Equipment 

Because of a requirement t o  main ta in  a + l O ° C  temperature  cont ro l*  

along t h e  specimen column and t h e  i n t r i c a t e  i n t e r a c t i o n  of each h e a t e r  

zone wi th  r e spec t  t o  ad jacen t  h e a t e r  zones,  a computer w a s  acquired t o  

c o n t r o l  t h e  experiment temperatures  au tomat ica l ly .  A D i g i t a l  Equipment 

Corporation PDP 11/40 computer wi th  t h e  r equ i r ed  a n c i l l a r y  equipment w a s  

procured t o  ope ra t e  t h e  capsule  h e a t e r s  and t o  monitor and record t h e  

d a t a  from t h e  experiment,  

va r ious  thermocouple temperatures  t o  t h e  specimen temperatures  and thus  

permi t ted  t h e  computer t o  a d j u s t  t h e  h e a t e r s  t o  t h e  requi red  ope ra t ing  

levels. Ten s o l i d - s t a t e  h e a t e r  c o n t r o l  devices  (one f o r  each zone) 

opera ted  under computer c o n t r o l  as long as t h e  computer w a s  opera t ing .  

I n  t h e  event  of loss of s i g n a l  from t h e  computer, t h e  c o n t r o l l e r  sensed 

t h e  la tes t  temperature  from i t s  c o n t r o l  thermocouple and continued t o  

c o n t r o l  t h e  h e a t e r  ou tput  t o  maintain t h i s  temperature.  A s  soon as t h e  

computer w a s  ope ra t ing  aga in ,  i t  resumed con t ro l .  

Algorithms were developed which r e l a t e d  t h e  

* T h i s  corresponds t o  a k3% change in apparent  creep c o e f f i c i e n t .  
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The computer, and i ts  a n c i l l a r y  equipment, p r e s e n t l y  forms t h e  Oak 

Ridge Research Reactor Data Acquis i t ion  and Control  System (ORRDACS) t h a t  

is  i n s t a l l e d  f o r  t h e  OC series; i t  w i l l  be  enlarged f o r  similar ope ra t ions  

wi th  o t h e r  i r r a d i a t i o n  experiments.  

T e s t  Specimen Configurat ions and Tes t ing  P lans  

The arrangement of t h e  specimens i n  t h e  loaded columns of OC-1, t h e  

start of t h e  900°C series of experiments,  is ou t l ined  i n  Table 1. A s  

previous ly  s t a t e d ,  t h e  grade of material and p o s i t i o n s  of each loaded 

specimen w e r e  matched by c o n t r o l  specimens i n  t h e  unloaded columns (see 

Figs .  3 and 4 ) .  
The loading  of t h e  specimens i n  t h e  OC-2 experiment,  t h e  start  of 

t h e  600°C series of experiments,  w i l l  be l i k e  t h a t  i n  OC-1. I n  t h e  OC-3 

experiment,  t h e  start of t h e  125OQC series of experiments,  t h e  p l an  i s  

t o  use  t h e  same type  of loading conf igura t ion  used f o r  OC-1 and -2, 

except t h a t  specimens from grade H-451 g r a p h i t e  w i l l  be  used i n  t h e  posi-  

t i o n s  l abe led  as AXF-8QBG1 i n  Table 1. 

A s  p rev ious ly  s t a t e d ,  i r r a d i a t i o n  d a t a  have ind ica t ed  t h a t  t h e  p r i -  

mary c reep  i s  recoverable  i f  t h e  i r r a d i a t i o n  creep-tested specimen i s  

exposed i n  t h e  unloaded condi t ion  t o  f a s t  neutrons a t  t h e  previous irra- 

d i a t i o n  temperature.  Therefore ,  t o  acqu i r e  t h e  necessary  d a t a  t o  calcu-  

l a t e  t h e  primary creep c o e f f i c i e n t s ,  s e l e c t e d  specimens w i l l  be  removed 

from t h e  loaded columns and r e i r r a d i a t e d  i n  an unloaded column of spec i -  

mens. This  w i l l  s t a r t  wi th  t h e  OC-4 experiment,  when t h e  set of spec i -  

mens from OC-1 are reused i n  OC-4 f o r  t h e i r  second incremental  accumula- 

t i o n  of fas t  f luence .  The p l an ,  descr ibed  i n  Table 2,  involves  only 

specimens of g r a p h i t e  grade H-451 having an in t e rmed ia t e  Young's modulus 

of e l a s t i c i t y .  Two of t h e  compressively creeped specimens from t h e  OC-1 

experiment are loaded i n t o  t h e  unloaded columns of t h e  OC-4 experiment;  

t hese  are ind ica t ed  under t h e  heading marked "Primary" i n  Table 2.  The 

p o s i t i o n s  t h a t  t hese  l e f t  vacant  i n  t h e  loaded columns of OC-4 w i l l  be  

f i l l e d  by new, u n i r r a d i a t e d  specimens of grade H-451 (o r  another  grade 

of g r a p h i t e ,  i f  warranted) .  This  technique has  t h e  e f f e c t  of making a 

s m a l l  s a c r i f i c e  i n  t h e  quan t i ty  of specimens t h a t  are u l t i m a t e l y  avail- 

a b l e  f o r  ana lyz ing  f o r  creep c o e f f i c i e n t s  bu t  r e p r e s e n t s  a cons iderable  



Table 1. Configurat ion of t h e  compressively s t r e s s e d  specimens i n  
columns E and W of capsule  OC-1,  which opera ted  a t  900°C 

~ ~~~ 

Column E Column W 

Or i en ta t ion  Stressb Modulus Or i en ta t ion  S t r e s s b  Modulus 
P o s i t i o n  Gradea 

TOP 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

1 3  

14 

Bottom 

H-451 

H-327 

H-451 

H-451 

H-451 

H-451 

H-4 5 1 

H-451 

H-451 

H-451 

H-451 

H-451 

H-327 

AXF-8QBG1 

P a r a l l e l  

P a r a l l e l  

P a r a l l e l  

Para l le l  

P a r a l l e l  

Para l le l  

P a r a l l e l  

P a r a l l e l  

Radial  

P a r a l l e l  

P a r a l l e l  

Para l le l  

Radial  

I sometr ic  

High 

Low 

High 

I n  t erme- 
d i a t e  

High 

High 

High 

P a r a l l e l  

P a r a l l e l  

Para l le l  

P a r a l l e l  High 

P a r a l l e l  

P a r a l l e l  

P a r a l l e l  

P a r a l l e l  

Radial  

P a r a l l e l  

P a r a l l e l  

P a r a l l e l  

Radial  

I sometr ic  

High 

High 

Low 

High 

Interme- 
d i a t e  

The s t o c k  f o r  g r a p h i t e  grades  H-327 and H-451 i s  i n  t h e  form of r i g h t  c i r c u l a r  
c y l i n d e r s .  P a r a l l e l  means t h a t  t h e  a x i s  of r o t a t i o n  of t h e  specimen is  para l le l  wi th  
t h a t  of t he  s t o c k  and wi th  g r a i n ;  r a d i a l  means t h a t  the a x i s  of r o t a t i o n  of the  spe- 
cimen is  p a r a l l e l  w i th  a r a d i u s  of t h e  s tock  and across  g ra in .  

20.68 MPa (3000 p s i ) .  

a 

bBlanks i n d i c a t e  a stress of 13.79 MPa (2000 p s i ) ;  h igh  i n d i c a t e s  a stress of 

10 
0 

. .  
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Fluence, E+25 n/m2 

Low modulus 

High modulus 

In te rmedia te  modulus 

Primary 

Table 2 .  Typical  p l an  f o r  t h e  i r r a d i a t i o n  ( a t  900OC) of one 
column section of graphite grade  H-451 compressively 

s t r e s s e d  specimens 

1 1 2 4 

Number of specimens x f luence  

2 x 1  2 x 2  2 x 4  2 x 8  

2 x 1  2 x 2  2 x 4  2 x 8  

2 x 4  2 x 8  

2 x 3  4 x 4 a  y !L 2 x 2 4  2 ~ 6 ~  

2 X 2 L 2 X 3  
_-_ - - - -_ -____-__- J____I____I____-  

Plan  

Capsule No. OC-1 OC-4 OC-6 OC-8 

Number of specimens x f luence  

Secondary creep Primary Creep 

8 x la 2 x 1  

6 x 2' 2 x 2  

2 x 3  2 x 3  

6 x 4' 

2 x 6' 

2 x 8  

a Could use  t o  in t roduce  second g raph i t e  type.  

sav ings  i n  t h a t  a s e p a r a t e  i r r a d i a t i o n  f a c i l i t y  f o r  acqu i r ing  t h e  p r i -  

mary c reep  d a t a  is  no t  needed. 

Table 2 f u r t h e r  i l l u s t r a t e s  t h e  p l an  and r e s u l t s  a n t i c i p a t e d  as t h e  

OC series of experiments i s , conduc ted  beyond OC-4 through t h e  d e s i r e d  

1 2  experiments.  

The i r r a d i a t i o n  schedule  f o r  each set of specimens p e r  temperature  

series involves  f o u r  capsules  t h a t  are exposed i n  t u r n  t o  accumulate 
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f luences  of approximately 1, 1, 2 ,  and 4 E+25 n/m2 f o r  t h e  t o t a l  accumula- 

t i o n  of t h e  28 E+25 n/m2. 

r e q u i r e  1 5  months t o t a l  i r r a d i a t i o n  t i m e  t o  acqu i r e  t h e  des i r ed  f luence .  

This  means t h a t  each set of specimens w i l l  

Operation and I n i t i a l  Resu l t s  

During i r r a d i a t i o n  of t h e  OC-1 experiment,  s t a r t e d  on Apr. 1, 1976, 

w e  had d i f f i c u l t y  i n  maintaining t h e  900 2 10°C uniform temperature a long 

t h e  l eng th  of t h e  specimen columns. There w e r e  two major reasons f o r  t h i s .  

F i r s t ,  t h e  ORR core  loading  included some p a r t i a l l y  spent  f u e l  e lements ,  

which skewed t h e  f l u x  p a t t e r n s  f o r  t h e  gamma and fas t -neut ron  i r r a d i a t i o n s .  

Second, t h e  gamma hea t ing  rate f a i l e d  t o  b r ing  t h e  specimen temperatures  

t o  wi th in  t h e  100°C of t h e  d e s i r e d  ope ra t ing  temperature  of 900°C. Conse- 

quent ly ,  w e  had t o  use  helium-argon/neon sweep gas  i n s t e a d  of j u s t  helium 

i n  t h e  capsule  and t o  use more h e a t e r  power than  w e  had o r i g i n a l l y  a n t i c i -  

pated i n  o r d e r  t o  b r i n g  t h e  specimens t o  t h e  design temperature.  

The ins t rumenta t ion  of t h e  capsule  w a s  gene ra l ly  a s a t i s f y i n g  p a r t  of 

t h e  experiment f o r  t h e  o p e r a t i o n a l  information t h a t  i t  suppl ied .  For 

example, t h e  two thermocouples t h a t  moved up o r  down through t h e  c e n t r a l  

axes of t h e  uns t ressed  c o n t r o l  specimens proved inva luab le  i n  guid ing  our  

ope ra t ions  of t h e  c o n t r o l s  toward achiev ing  t h e  des i r ed  ope ra t ing  condi- 

t i o n s .  Overall, t h e  ORRDACS, wi th  t h e  computer as i t s  p r i n c i p a l  compo- 

nen t ,  opera ted  most s u c c e s s f u l l y  wi th  d a t a  logging,  d a t a  process ing ,  and 

c o n t r o l  and alarm func t ions .  

I r r a d i a t i o n  of capsule  OC-1 w a s  completed on May 22, 1976. The cap- 

s u l e  w a s  opera ted  a t  a nominal specimen temprature  of 900°C i n  t h e  ORR 

E-5 co re  p o s i t i o n  f o r  about 34,170 MWhr a t  30 MW r e a c t o r  power f o r  a 

t o t a l  peak f luence  of about 1 . 3  E+25 n/m2. 

experiment and some of i t s  p r i n c i p a l  components are summarized and then 

descr ibed  i n  some d e t a i l  below. 

The genera l  ope ra t ion  of t h e  

Summary of Resu l t s  

Capsule OC-1 w a s  s u c c e s s f u l l y  i r r a d i a t e d  i n  t h e  ORR E-5 co re  posi-  

t i o n  f o r  one ORR cycle .  The r e s u l t s  are given below. 

1. The g raph i t e  specimens w e r e  i r r a d i a t e d  f o r  about 1139 h r  a t  30 

Mw r e a c t o r  power and a nominal specimen temperature  of 900°C t o  a peak 

f h e n c e  of 1.3 E+25 n/m2. 
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2. 

upper 16% of t h e  specimen column. 

of t h e  specimen column a t  o r  near  t h e  design temperature ,  t h e  specimens 

i n  upper zones 1 and 2 were permit ted t o  ope ra t e  a t  up t o  about 930OC. 

Also, t h e  temperature p r o f i l e  a long  t h e  l eng th  of t h e  specimen columns 

had a s m a l l  d i p  approximately one-third of t h e  way down from t h e  tops  of 

t h e  specimen columns throughout t h e  i r r a d i a t i o n  per iod .  

Temperatures of t h e  specimens were h igh  and off-design i n  t h e  

In  o rde r  t o  main ta in  t h e  lower p a r t  

The d i p  could 

no t  be e n t i r e l y  e l imina ted  by sweep-gas mixtures  and/or  h e a t e r  power 

adjustments .  Time-integrated temperatures  f o r  a l l  specimens w i l l  be de- 

termined from t h e  d a t a  t o  develop meaningful r e s u l t s .  

3. The two movable thermocouple assemblies  survived more than  61  

and 65 cyc le s  [two 381-mm (15-in.) t r a v e r s e s ] ,  r e s p e c t i v e l y ,  before  

f a i l i n g .  The f a i l u r e s  were apparent ly  mechanical. The t r a v e r s e s  c i t e d  

were entered  i n  t h e  log  book dur ing  t h e  course of t h e  experiment. Addi- 

t i o n a l  traverses were known t o  have been made, both i n  p r e t e s t  ope ra t ion  

and dur ing  t e s t i n g  f o r  temporary measurements, bu t  were no t  recorded. 

4 .  Twenty-seven of twenty-eight 1.6-mu-diam (1/16-in.) f i x e d  thermo- 

couples  survived t h e  t es t  per iod .  The 24 thermocouples mounted i n  t h e  

g raph i t e  specimen holder  opera ted  a t  about 8OOOC dur ing  i r r a d i a t i o n .  

5. Seventeen of twenty h e a t e r s ,  some of which opera ted  1.26 kW/linear 

meter (32 W/linear inch)  of h e a t e r ,  survived t h e  test per iod.  

6. The 0.414-MF'a (60-psig) gas mixture  system used t o  sweep t h e  cap- 

s u l e  and a i d  i n  t h e  specimen temperature  c o n t r o l  and t h e  gas  system used 

t o  p r e s s u r i z e  t h e  bellows used f o r  applying t h e  r equ i r ed  loads  t o  t h e  test  

specimens both opera ted  s a t i s f a c t o r i l y .  

7. Operation of t h e  LVDT load c e l l  t r ansduce r s  w a s  d i sappoin t ing .  

The t ransducers  d id  provide some evidence t h a t  t h e  w e s t  bellows w a s  prob- 

ab ly  b inding  and causing a r a t c h e t t i n g  e f f e c t  as t h e  experiment w a s  heated 

and cooled dur ing  r e a c t o r  s t a r t u p s  and shutdowns. 

expansion of t h e  specimens and space r s  a t  ope ra t ing  temperature  i n  t h e  

w e s t  column caused a h igher  than  a n t i c i p a t e d  stress t o  be app l i ed  t o  t h e s e  

specimens. 

Subsequent thermal  

8. The computer con t ro l  and d a t a  a c q u i s i t i o n  system performed very  

a a t i s f a c t o r i l y  throughout t h e  test .  The computer was capable  of  con t ro l -  

l i n g  experiment temperatures  t o  wi th in  +l0C of t h e  d e s i r e d  set p o i n t s .  
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The automatic ,  p e r i o d i c  l i s t i n g  of a l l  experiment parameters being moni- 

t o red ,  p l u s  t h e  demand l o g s  of the experiment parameters  requi red  by t h e  

ope ra to r s ,  formed uniquely va luab le  and e s s e n t i a l  d a t a  bases  f o r  t he  

opera t ion  and monitoring records  of t h e  experiment. 

Sp ec imen Temp era t u r e  Control  

A s  i s  usua l  i n  t h e  f i r s t  experiment of a new series, some d i f f i -  

c u l t i e s  w e r e  experienced i n  a t tempt ing  t o  b r i n g  t h e  capsule  t o  des ign  

condi t ions .  The helium sweep gas r equ i r ed  a n  a d d i t i o n  of approximately 

12% by volume of argon t o  b r i n g  t h e  temperatures  t o  t h e  des i r ed  range f o r  

h e a t e r  opera t ion .  An unan t i c ipa t ed  peak temperature  a long the  l eng th  of 

t h e  capsule  developed i n  zones 1 and 2,  near  t h e  top  16% of t h e  specimen 

column.* This peak temperature ,  which worsened as t h e  r e a c t o r  f u e l  w a s  

burned up and c o n t r o l  rods w e r e  withdrawn, l i m i t e d  t h e  temperatures  t h a t  

w e  could achieve  i n  t h e  rest of t h e  specimen columns. These e f f e c t s  were 
a t t r i b u t e d  t o  a "tilt" and s h i f t  of t h e  g a m a  hea t ing  p r o f i l e  t h a t  was 

caused by us ing  p a r t i a l l y  spent  r e a c t o r  f u e l  e lements;  t h e r e f o r e ,  t h e  f l u x  

p r o f i l e  w a s  d i f f e r e n t  from t h a t  used f o r  t h e  thermal  des ign  of t he  experi-  

ment. This  w a s  co r rec t ed  t o  some degree i n  subsequent f u e l  loadings  by 

loading t h e  core  wi th  f r e s h  f u e l  around t h e  experiment.  However, a f t e r  

approximately one week of i r r a d i a t i o n ,  t h e  peak near  t h e  top  of the  spec i -  

mens aga in  became t h e  c o n t r o l l i n g  f a c t o r  i n  maintaining t h e  capsule  t e m -  

pe ra tu re s .  By c a r e f u l  a n a l y s i s  of t h e  d a t a  accumulated dur ing  t h e  OC-1 

i r r a d i a t i o n ,  t h e s e  temperature  p r o f i l e  anomalies can be co r rec t ed  f o r  

f u t u r e  experiments i n  t h i s  series by changing t h e  gas gaps and o t h e r  pa- 

rameters t h a t  a f f e c t  t h e  specimen temperatures .  

There w a s  a l s o  a d i p  i n  t h e  temperature  p r o f i l e  a long t h e  l eng th  of 

t h e  capsule  approximately i n  t h e  middle of zone 4 , +  about one-third down 

*Defined as t h a t  p o r t i o n  of t h e  specimens and t h e i r  space r s  w i th in  

+Zones are l o n g i t u d i n a l  capsule  s e c t i o n s ,  nominally 50 mm (2 i n . )  

zones 1 and 2. 

long,  except  f o r  zone 10 [which is  28.6 m (1 1 / 8  i n . )  l ong] ,  t h a t  con- 
t a i n  t h e  h e a t e r  p a i r s  and are numbered 1 through 10 from t h e  top  toward 
t h e  bottom of t h e  capsule .  
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from t h e  top  of t he  four  specimen columns.* 

i n g  i n  zones 1 and 2 precluded t h e  use  of temperature  trimming h e a t e r s  

t h e r e  and i n h i b i t e d  t h e  use  of f u l l  ope ra t ing  power of t h e  lower h e a t e r s ,  

t h e  d i p  i n  t h e  temperature  p r o f i l e  could no t  be e n t i r e l y  e l imina ted  dur- 

i n g  t h e  test  per iod .  

Since t h e  temperature  peak- 

A s  discussed  above, t h e r e  w a s  an unan t i c ipa t ed  peak temperature  i n  

t h e  top  16% of t h e  specimen columns. 

r e a c t o r  f l u x  peak s h i f t e d  toward t h e  top  of t h e  experiment as t h e  r e a c t o r  

f u e l  w a s  burned up and t h e  c o n t r o l  rods were withdrawn. I n  order  t o  keep 

t h e  upper temperatures  w i t h i n  a maximum l i m i t  set a t  930°C and t o  maintain 

c o n t r o l  of t h e  temperatures  i n  t h e  lower p o r t i o n s  of t h e  capsule ,  f i v e  

OF3 r e f u e l i n g  shutdowns were requ i r ed  dur ing  t h e  course of t h e  i r r a d i a t i o n .  

Fu r the r  a n a l y s i s  of t h e  temperature inc reases  r e s u l t i n g  from t h e  

a d d i t i o n  of helium and argon vs pure  helium sweep gas  showed t h a t  t h e  

e f f e c t s  were as i f  an  1~30 mole % argon gas concent ra t ion  had been added 

t o  t h e  experiment r a t h e r  than t h e  1~12 mole % mixture t h a t  w a s  added ac- 

cording t o  t h e  ins t rumenta t ion .  Analysis  of gas  samples taken from t h e  

e x i t  sweep-gas l i n e  v e r i f i e d  t h a t  w e  d i d ,  indeed,  i n t roduce  an  Q12 mole % 

argon gas concen t r a t ion  t o  t h e  experiment. These r e s u l t s  tend t o  support  

t h e  theory t h a t  some gas s e p a r a t i o n  e f f e c t  w a s  occur r ing  i n  t h e  tempera- 

t u r e  c o n t r o l  gas gaps,  thus  causing zones of h igher  argon concen t r a t ion  

i n  t h e  capsule  and a l s o  c o n t r i b u t i n g  t o  t h e  h ighe r  than  a n t i c i p a t e d  t e m -  

p e r a t u r e s  i n  t h e  upper reg ions  of t h e  capsule.  

This  e f f e c t  worsened because t h e  

A f u r t h e r  test  w a s  conducted p r i o r  t o  a r e f u e l i n g  shutdown on May 4 ,  

1976. The sweep ( con t ro l )  gas ,  a helium-argon (88-12%) mixture  flowing 

a t  approximately 5 C  cm3/min ,  w a s  i s o l a t e d  wi th in  t h e  capsule ,  and t h e  cap- 

s u l e  w a s  opera ted  f o r  a few hours  as a s t a t i c  system. The r e s u l t s  showed 

an immediate rise i n  temperatures  of t h e  upper zones and s lowly inc reas -  

i n g  temperatures  i n  t h e  lower zones. 

specimen temperatures  i n  zone 2 were exceeding t h e i r  l i m i t s .  This  test 

provided f u r t h e r  evidence i n  support  of t h e  theory of a gas-separat ion 

phenomenon occurr ing  i n  t h e  capsule  gas  gaps. 

The test  w a s  terminated because t h e  

*A specimen column i s  def ined  he re  as c o n s i s t i n g  of t h e  1 4  specimens 
p lus  t h e  15 spacers .  
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Subsequent to the ORR refueling shutdown of May 4 ,  the capsule was 

Data were obtained with operated with a helium-neon sweep-gas mixture. 

100% neon sweep gas and no heater power at 30-MW reactor power. There was 
still a temperature peak in the upper region of the capsule, but the tem- 

peratures along the remainder of the capsule were much closer to the 

desired constant temperature profile predicted by earlier computations. 

We were unable to maintain the 100% neon sweep gas except during initial 
reactor full-power operation before the gamma heat attained its full 

equilibrium value. Subsequent operation of the experiment was conducted 

using helium-neon sweep-gas mixtures ranging from 65 to 46 mole % neon. 
The neon concentration was slowly decreased as the flux profile changed 

during the course of reactor fuel burnup. Zone 2 specimen temperatures 
were maintained at about 9 3 O O C  with the above gas mixtures and no heater 

power. All zones below zone 2 were maintained at about 900°C specimen 
temperatures by adding electric heat as required. 

Specimen temperatures were maintained by requesting the appropriate 
These graphite temperature set points via the computer control program. 

set points were determined by comparing data taken while the movable 

thermocouples (see below) were operative with the corresponding graphite 
specimen holder temperatures. The computer-calculated specimen tempera- 

tures compared very well with the measured central specimen temperatures 

except for the anomalous regions in zones 1 and 2 of the capsule. 

Movable Thermocouples 

Two movable thermocouples, designated as TOON and TOOS, were used to 

determine the specimen temperatures; each thermocouple traversed 381 mm 
(15 in.) along holes drilled along the central axes of the control (un- 
stressed) specimen co1,mns. These temperature data were primarily sought 

(1) to directly monitor the temperatures along the length of the specimen 
columns and (2) to determine the specimen temperatures for comparison with 

the calculated temperatures based on the graphite specimen holder temper- 

atures. The latter temperatures were measured with fixed thermocouples 

mounted in the graphite specimen holder. The movable thermocouples were 

used frequently to acquire such data. Normally, both movable thermocouples 
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were 
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used simultaneously whenever 

a typical traverse are shown 

After more than 33 cycles by 

a temperature traverse was made. 

in Fig. 13 .  

TOON (Apr. 19, 1976) (a cycle is a full 

Results 

381-mm traverse in both directions), the thermocouple circuit began to read 

open between the 208- and 132-mm (8.2- and 5.2-in.) levels above its lowest 

travel limit. 

above and below these points until the thermocouple had cycled more than 
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61 t i m e s .  F i n a l l y ,  t h e  TOON d r i v e  f a i l e d  (Apr. 26, 1976) wi th  t h e  thermo- 

couple i n  the  f u l l y  down p o s i t i o n ,  0 mm, where i t  continued t o  i n d i c a t e  

t h e  temperature i n  t h a t  region.  

The south thermocouple, TOOS, opera ted  s a t i s f a c t o r i l y  through more 

than 53 cyc les .  A t  t h i s  t i m e  (Apr i l  1 9 ) ,  i t  began t o  behave as an open 

thermocouple c i r c u i t  below the  127-mm (5-in.) level.  This  condi t ion  wors- 

ened a f t e r  a t o t a l  accumulation of about 57 cyc le s ,  showing an open cir-  

c u i t  below t h e  157.5-mm (6.2-in.) level.  F i n a l l y ,  a f t e r  more than 65 

cyc le s  (May 5 ) ,  t h e  TOOS c i r c u i t  opened completely and no f u r t h e r  temper- 

a t u r e  measurements could be  made. The evidence suggested that t h e  spr ing-  

c l ip- type  c o n t a c t s  used as s l i d i n g  con tac t s  on t h e  gold-plated s t r i p  t h a t  

c a r r i e d  t h e  s i g n a l  from t h e  thermocouple re laxed  i n  such a fash ion  as t o  

cause t h e  open thermocouple c i r c u i t .  

Carefu l  examinations t o  d iscover  t h e  causes  of t h e s e  f a i l u r e s  of t h e  

movable thermocouples w e r e  made dur ing  the p o s t i r r a d i a t i o n  examination. 

By t h e  t i m e  t h a t  both of  t h e  movable thermocouples f a i l e d ,  we had acqui red  

s u f f i c i e n t  d a t a  t o  make good c o r r e l a t i o n s  between specimen temperatures  

determined by t h e  movable thermocouples and t h e  c a l c u l a t e d  specimen t e m -  

p e r a t u r e s  based on t h e  temperatures  measured i n  the  g r a p h i t e  specimen hol-  

de r  w i th  t h e  f i x e d  thermocouples. Therefore ,  we  could (and d id )  cont inue  

t h e  experiment wi th  confidence t h a t  t h e  des i r ed  specimen temperatures  were 

being proper ly  maintained. 

Fixed Thermocouples 

A l l  t h e  28 f i x e d  (permanently mounted) thermocouples opera ted  satis- 

f a c t o r i l y  throughout t h e  test wi th  t h e  except ion  of one. 

TE-TlOA, which w a s  pos i t i oned  i n  t h e  g r a p h i t e  specimen holder  i n  zone 10, 

f a i l e d  as an open c i r c u i t  on May 14. 

s epa ra t ion  of t h e  thermocouple w i r e s  a t  t h e  ho t  j unc t ion .  

Thermocouple 

The mode of f a i l u r e  w a s  probably a 

The f a i l e d  thermocouple w a s  rep laced  by i ts  companion thermocouple 

(TE-TlOB) as t h e  temperature  sensor  t o  i t s  backup c o n t r o l l e r ,  and t h e  

computer was i n s t r u c t e d  t o  ignore  TlOA i n  i t s  c o n t r o l  c a l c u l a t i o n s .  
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Heaters 

This  experiment incorpora ted  20 sheathed h e a t e r s  t o  augment t h e  gamma 

h e a t i n g  of t h e  capsule  and i t s  components so t h a t  t h e  specimen temper-  

a t u r e s  could be trimmed t o  t h e  d e s i r e d  ope ra t ing  temperatures .  Two h e a t e r s  

were mounted and wired i n  p a r a l l e l  i n  each of t h e  t en  heated zones; f o r  

example, zone 1 contained h e a t e r s  1 A  and 1B 

The h e a t e r s  had t o  be opera ted  a t  h igher  power (up t o  1 . 2 6  kW/linear 

meter of h e a t e r )  than o r i g i n a l l y  planned (<0.787 kW/linear meter)  because 

t h e  experiment gene ra l ly  operated a t  a lower temperature  from gamma heat-  

i ng  a lone  than a n t i c i p a t e d .  

During t h e  expzriment t h r e e  h e a t e r s  f a i l e d :  h e a t e r s  3B (Apr i l  7 ) ,  

4B (Apr i l  1 2 ) ,  and 7 B  (Apri l  1 4 ) .  Since none of t h e  f a i l u r e s  occurred i n  

t h e  same zone, we  continued t o  have adequate  power i n  a l l  zones and were 

a b l e  t o  maintain t h e  experiment temperatures.  In  t h e s e  cases, t h i s  w a s  

as o r i g i n a l l y  intended by p l ac ing  two h e a t e r s  wired i n  p a r a l l e l  i n  each 

zone. 

The f a i l u r e  i n  h e a t e r  3B appeared t o  be loca ted  a t  t h e  j u n c t i o n  end 

of t h e  h e a t e r  where t h e  h e a t e r  w i r e  w a s  welded t o  t h e  h e a t e r  shea th ,  

because t h e  c i r c u i t  tended t o  c l o s e  during a shutdown per iod  while  t h e  

experiment w a s  cool  and t o  open aga in  as t h e  experiment heated up on 

r e t u r n  of r e a c t o r  power. 

Near t h e  end of t h e  experiment,  we  c a r e f u l l y  explored t h e  perform- 

ance of t h e  h e a t e r s  a t  h ighe r  power ranges.  T h e  neon concent ra t ion  i n  

t h e  sweep gas  w a s  d e l i b e r a t e l y  lowered i n  o rde r  t o  n e c e s s i t a t e  more h e a t e r  

power t o  maintain t h e  se t -poin t  temperatures .  

7 ,  and 10 were, r e s p e c t i v e l y ,  opera ted  a t  0.787,  1.10, and 1.26 kW/linear 

meter (20, 28, and 32 W/linear inch)  of h e a t e r  f o r  approximately 48 h r  

without  i n d i c a t i o n  of any i n c i p i e n t  problems. 

The h e a t e r s  i n  zones 4 ,  

Pressu re  Systems 

The bellows p res su re  systems used t o  load  t h e  test specimen columns 

were opera ted  a t  t h e i r  des ign  p o i n t  wi th  less than 1% dev ia t ion  through- 

out  t h e  t e s t  per iod .  
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The sweep-gas p re s su re  system, ope ra t ing  a t  0.414 MPa (60 p s i g ) ,  

w a s  maintained by ba lanc ing  t h e  i n l e t  and o u t l e t  flow of t he  sweep gas 

o r  gases .  Manipulation of t h e  va r ious  gas  mixture  concent ra t ions  caused 

minor v a r i a t i o n s  i n  these  p re s su res ,  and minor v a r i a t i o n s  of 20.014 MPa 

(+2 p s i g )  were noted on hea t ing  o r  cool ing  t h e  experiment. 

LVDT Load Cell Transducers 

Operation of t h e  two LVDT load c e l l  t r ansduce r s  w a s  less than satis- 

The instrument  zero p o i n t  apparent ly  s h i f t e d  during t ranspor ta -  f ac to ry .  

t i o n  of t h e  capsule  t o  t h e  r e a c t o r  s i te .  Attempts t o  c a l i b r a t e  t h e  de- 

v i c e s  in s i tu  p r i o r  t o  i r r a d i a t i o n  were l a r g e l y  u n s a t i s f a c t o r y .  

vices d id  respond t o  specimen loading  bellows press;re changes , bu t  l a r g e  

h y s t e r e s i s  e f f e c t s  i n  t h e  load  c e l l  t ransducer  responses  were noted as 

t h e  bel lows p res su res  w e r e  changed. There w a s  evidence,  however, t h a t  

t h e  w e s t  bellows w a s  binding and not  c o n t r a c t i n g  t o  r e l i e v e  thermal expan- 

s i o n  of t h e  specimens and space r s  i n  t h e  column, as would be  expected by 

t h e  des ign .  

on t h e  w e s t  column ( a s  compared t o  t h e  east  column) upon r a i s i n g  the  ex- 

periment t o  ope ra t ing  temperature ,  which decayed somewhat over t h e  next  

few days of opera t ion .  Except f o r  t h e s e  r a t h e r  g ross  i n d i c a t i o n s ,  both 

LVDT's were errat ic  and q u i t e  temperature  s e n s i t i v e ,  

load  c e l l  w i l l  be  designed f o r  f u t u r e  experiments i n  t h i s  series. 

The de- 

This  r a t c h e t t i n g  e f f e c t  w a s  i nd ica t ed  by an inc reas ing  reading  

A d i f f e r e n t  type of 

Computer Operation 

The c o n t r o l  and d a t a  a c q u i s i t i o n s  by t h e  computer worked very w e l l  

dur ing t h e  e n t i r e  experiment.  The average temperature  measured by two 

f i x e d  thermocouples mounted i n  t h e  g raph i t e  specimen holder  i n  each zone 

w a s  c o n t r o l l e d  by t h e  computer t o  k l 0 C  from t h e  reques ted  set p o i n t  as 

long as adequate h e a t e r  power w a s  a v a i l a b l e  t o  t h e  corresponding zones 

t o  permit t h e  computer t o  maintain t h e  requested temperature as the  f l u x  

p r o f i l e  changed. A s  discussed  above, t hese  temperatures  were a l s o  used 

t o  c a l c u l a t e  t h e  specimen temperatures ,  which agreed w e l l  wi th  those 

d i r e c t l y  measured wi th  t h e  movable thermocouples. 
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Pe r iod ic  po in t  l ogs  (PPLs) w e r e  au tomat ica l ly  taken every hour by 

t h e  computer dur ing  t h e  i r r a d i a t i o n  per iod .  The PPLs,  which are l is ts  of 

t h e  c u r r e n t  va lues  of  a l l  experimental  parameters being monitored by t h e  

computer, formed t h e  d a t a  base  f o r  t h e  experiment. I n  a d d i t i o n ,  demand 

logs  were a v a i l a b l e  t o  t h e  experiment ope ra to r  f o r  examination of any of 

t h e  experiment parameters as requi red .  Both the  PPLs and t h e  demand logs  

provided uniquely va luable  and e s s e n t i a l  d a t a  bases  f o r  t h e  ope ra t ion  and 

monitor ing r eco rds  f o r  t h e  experiment.  

OC-1 Experiment P o s t i r r a d i a t i o n  Examination 

The f i r s t  s t a g e  of t h e  p o s t i r r a d i a t i o n  examination of t h e  g raph i t e  

creep capsule  OC-1 w a s  completed wi th  t h e  re t r ieval  of t h e  test  specimens, 

28 from t h e  uns t ressed  columns and 28 from t h e  s t r e s s e d  columns. The 

specimens were i n t a c t  and have been i d e n t i f i e d  and s t o r e d  i n  sample  bot-  

t les  f o r  f u r t h e r  examination. The f l u x  monitors w e r e  r e t r i e v e d ,  i d e n t i -  

f i e d ,  and s t o r e d  f o r  ana lys i s .  The lower po r t ion  of t h e  two movable 

thermocouples, t h e  lower p o r t i o n  of t h e  t h r e e  p a i r s  of h e a t e r s ,  and a 

p a i r  of thermocouples loca t ed  i n  t h e  g raph i t e  ho lder  were also saved. 

Neutron radiographs of t h e  capsule  were taken a t  0 and 90" a t  two 

e l e v a t i o n s ,  thus  provid ing  coverage of t h e  capsule .  The radiographs 

were c l o s e l y  examined p r i o r  t o  c u t t i n g  t h e  capsule  open t o  determine i f  

changes had occurred during i r r a d i a t i o n  as compared t o  radiographs taken 

p r i o r  t o  i r r a d i a t i o n .  N o  obvious d e f e c t s  w e r e  noted.  There w a s  a space 

between specimens i n  one of t h e  unloaded columns, which ind ica t ed  t h a t  

t h e  uppermost specimens i n  t h e  column had moved up approximately 1 2 . 7  mm 

during r e t r a c t i o n  of one of t h e  movable thermocouples, bu t  t h i s  should 

have no s i g n i f i c a n t  e f f e c t  on t h e  test  r e s u l t s .  We a l s o  noted t h a t  t h e  

bellows w e r e  extended from t h e i r  o r i g i n a l  p o s i t i o n  (which w a s  t o  be ex- 

pec ted) .  However, one was extended s l i g h t l y  f a r t h e r  t han  t h e  o t h e r ,  

i n d i c a t i n g  t h a t  t he  s t a c k  h e i g h t s  of t h e  two s t r e s s e d  columns had changed 

d i f f e r e n t l y  o r  t h a t  one of t h e  bellows w a s  wedged and could no t  r e t u r n  

t o  i ts  f u l l y  compressed state. 

The experiment l ead  tube  j u s t  above t h e  capsule  proper  i n  t h e  ORR 
ho t  c e l l  w a s  c u t  o f f ,  and t h e  capsule  w a s  removed t o  a c l ean  hot  c e l l  f o r  
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f u r t h e r  work i n  o rde r  t o  prevent  undue contamination of t h e  specimens. 

The f i r s t  c u t  w a s  made approximately 25.4 mm below weld 2 (DWG M-11632- 

EM-006-E) j u s t  below t h e  bel lows reg ion ,  t hus  exposing the  bottom s i d e  

of t h e  bellows. The i n t e r i o r  of t h e  reg ion  w a s  b r i g h t  and c lean .  By 

c a r e f u l l y  pushing on each bel lows,  we found t h a t  they were f r e e  t o  move 

wi th in  t h e  copper c h i l l  b lock surrounding them. The bellows w e r e  removed 

from t h e  assembly and examined. 

d e f e c t s .  Examination of t h e  i n t e r i o r  of t h e  ho le s  i n  t h e  copper block 

t h a t  served as guides  f o r  t h e  bellows revea led  burn ish  marks where t h e  

bottom p l a t e  on t h e  bellows assembly moved a g a i n s t  t h e  w a l l  of t he  c l o s e l y  

f i t t e d  copper block,  bu t  t h e r e  were no obvious inden ta t ions  o r  s co res  

which might i n d i c a t e  t h a t  t h e  bellows w a s  askew and bound wi th in  t h e  cop- 

per .  Photographs were taken a t  each s t a g e  of t h i s  examination and through- 

ou t  t he  disassembly of t h e  capsule .  

They were c l ean  and without  v i s a b l e  

The lower po r t ions  of t h e  two movable thermocouples were removed 

wi thout  d i f f i c u l t y  and s t o r e d  f o r  f u r t h e r  examination. 

A second c u t  w a s  made through t h e  capsule  j u s t  below t h e  bottom end 

of t h e  g r a p h i t e  specimen ho lde r ,  thus  exposing the  bottom end of t h e  spec- 

imen columns and t h e  top  of t h e  reg ion  hold ing  t h e  load c e l l s .  The 

s t a i n l e s s  steel  o u t e r  can w a s  removed, exposing t h e  g r a p h i t e  s l eeve  sur-  

rounding t h e  h e a t e r s  and t h e  g r a p h i t e  specimen holder .  The sleeve w a s  

c a r e f u l l y  examined and photographed i n  an e f f o r t  t o  determine i f  t h e r e  

had been any cracking o r  d i s c o n t i n u i t y  t h a t  might exp la in  t h e  anomalous 

temperature  behavior  descr ibed  p rev ious ly  during ope ra t ion  of t h e  exper- 

iment. No d e f e c t s  w e r e  seen ,  and t h e  s l e e v e  appeared much t h e  same as 

i t  d id  a t  i n s t a l l a t i o n .  

The alumina i n s u l a t o r s  were removed from t h e  bottom of t h e  uns t ressed  

columns, and t h e s e  columns of specimens were pushed o u t  of t h e  g r a p h i t e  

sleeve i n t o  a "V" t r a y ,  examined, and s t o r e d  i n  b o t t l e s  l abe led  wi th  t h e  

appropr i a t e  column i d e n t i f i c a t i o n  and numbered 1 through 14 from t h e  top 

t o  t h e  bottom. Both uns t r e s sed  columns w e r e  e a s i l y  pushed out  of t h e  

holder  by i n s e r t i n g  a 12.7-mm-diam rod from t h e  top.  

Attempts t o  remove t h e  s t r e s s e d  specimens i n  a similar manner were 

unsuccessfu l .  

ab ly  because t h e  g r a p h i t e  space r s  between each specimen had expanded. 

The specimens w e r e  more t i g h t l y  bound i n  t h e  column, prob- 
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During i r r a d i a t i o n ,  t h e  space r s  w e r e  under such stress t h a t  t h e  spacing 

lugs  on t h e  spacers  would creep out  a g a i n s t  t h e  i n s i d e  diameter of t h e  

h o l e  i n  t h e  g r a p h i t e  sleeve. There w a s  a 0.0254-mm (1-mil) d i ame t ra l  

c l ea rance  between t h e  spacer  l u g s  and t h e  i n s i d e  diameter  of t h e  ho le s  

o r i g i n a l l y .  The specimens were u l t i m a t e l y  removed by tapping  t h e  push 

rod,  which w a s  bear ing  a g a i n s t  t h e  uppermost spacer ,  wi th  a 0.454-kg 

(1-lb) hammer us ing  approximately a 152-mm (6411.) s t roke .  This  permit-  

t e d  a s l i g h t  movement of t h e  column of samples wi th  each hammer s t roke .  

Subsequent c l o s e  examination of t h e  space r s  i n  t h e s e  columns and t h e  in-  

s i d e  of t h e  ho le s  i n  t h e  g r a p h i t e  s l e e v e  revea led  a burn ish ing  e f f e c t  on 

t h e  o u t s i d e  of t h e  spacer  l u g s  and similar burn ish ing  of t h e  i n s i d e  diam- 

eter of t h e  ho le  i n  t h e  g r a p h i t e  where t h e  space r s  w e r e  forced as they 

were removed. There w a s  no chipping and breaking of t h e  lugs  and no 

obvious d e t e n t s  a long t h e  i n s i d e  s u r f a c e  of t h e  ho le s ,  which would have 

ind ica t ed  a more seve re  i n t e r l o c k i n g  of t h e  space r s  w i t h i n  t h e  ho le  t h a t  

might have i n t e r f e r e d  wi th  t h e  a p p l i c a t i o n  of t he  loading  stress from t h e  

bellows. We were unable  t o  measure t h e  amount of f o r c e  requi red  t o  remove 

t h e  specimens i n  t h e  ho t  ce l l ,  bu t  from t h e  evidence a v a i l a b l e  so  f a r ,  i t  

appears  t h a t  t h e  space r s  w i t h i n  the  ho le s  may have i n t e r f e r e d  somewhat 

wi th  t h e  loading  app l i ed  by t h e  bellows assembly on one s t r e s s e d  column. 

A s  descr ibed  above, t h e  s t r e s s e d  specimens w e r e  moved ou t  of t h e  

g r a p h i t e  ho lder  i n t o  a "V" t r a y ,  examined, and s t o r e d  i n  b o t t l e s  wi th  

appropr i a t e  column i d e n t i f i c a t i o n  and numbered 1 through 1 4  from t h e  top  

t o  t h e  bottom. A l l  specimens appeared t o  be i n t a c t  and c lean .  

Af t e r  t h e  specimens w e r e  removed from t h e  g raph i t e  ho lder  subassembly, 

t h e  g r a p h i t e  sleeve surrounding t h e  h e a t e r s  w a s  removed. This  p i e c e  w a s  

very  c l o s e  f i t t i n g  dur ing  assembly and had t o  be forced  i n  p lace .  How- 

ever, a f t e r  i r r a d i a t i o n ,  i t  could not  be s l i pped  o f f  t h e  h e a t e r s  and had 

t o  be removed by cracking  wi th  a screwdr iver  b lade  and hammer. 

were found t o  be  i n  about t h e  same condi t ion  as when i n i t i a l l y  i n s t a l l e d .  

Heater p a i r s  3A and B,  4 A  and-B, and 7A and B ,  each of which included one 

of t h e  t h r e e  h e a t e r s  t h a t  f a i l e d  during t e s t i n g ,  were removed and saved 

f o r  la ter  inspec t ion .  The thermocouples t h a t  were removed from t h e i r  

grooves i n  t h e  g r a p h i t e  ho lder  a l s o  had t h e  s a m e  c lean  appearance as when 

The h e a t e r s  
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i n s t a l l e d .  

d i scussed  below. 

Thermocoupl.es 10A and B were saved f o r  f u t u r e  examination as 

F i n a l l y ,  t h e  f l u x  monitors were removed from t h e i r  p o s i t i o n s  i n s i d e  

t h e  thermocouple grooves,  i d e n t i f i e d ,  and loaded i n t o  sample b o t t l e s .  

Induced r a d i a t i o n  from t h e  f l u x  monitors ranged from 0.035 Gy a t  50 mm 

(3.5 R a t  2 i n . )  t o  3 mGy a t  0.305 m (300 mR a t  1 f t )  f o r  t hose  near  

t h e  top  of t h e  capsule  t o  a maximum of 0.1 Gy a t  50 mm (10 R a t  2 i n . )  t o  

0.01 Gy a t  0.305 m ( 1  R a t  1 f t )  f o r  t hose  near  t h e  midplane. 

t o r s ,  which are composed of va r ious  w i r e  materials, were contained i n  a 

25.4-mm-long (1-in.) segment of 1.6-mm-diam s t a i n l e s s  steel tubing.  

The moni- 

The induced a c t i v i t y  of t h e  test  specimens w a s  found t o  range from 

0.5 t o  0.8 mGy (50 t o  80 mR) a t  50 mm through t h e  sample b o t t l e s .  

samples have been s e n t  t o  t h e  Metals and Ceramics Div is ion  l abora to ry  

f o r  d e t a i l e d  dimensional a n a l y s i s  t o  determine t h e  creep c h a r a c t e r i s t i c s  

of t h e  v a r i o u s  g r a p h i t e s  included i n  t h e  OC-1 i r r a d i a t i o n  experiment. 

These r e s u l t s  w i l l  be  r epor t ed  s e p a r a t e l y .  

These 

A s  d i scussed  above, t h e  lower ends of t h e  two movable thermocouples, 

one p a i r  of g r a p h i t e  thermocouples (TE-1OA and -10B), and t h r e e  p a i r s  of 

h e a t e r s  (3A and B ,  4A and B ,  and 7A and B) were saved f o r  f u r t h e r  exami- 

na t ion .  Both movable thermocouples, one of t h e  g raph i t e  thermocouples, 

and one of each p a i r  of h e a t e r s  f a i l e d  dur ing  experiment opera t ion .  

t i n u i t y  tests w e r e  made t o  determine which of t h e  p a i r s  f a i l e d  and t o  

l o c a t e  t h e  d i s c o n t i n u i t y ,  i f  poss ib l e .  

Con- 

With regard  t o  t h e  movable thermocouples, t h e  test showed t h a t  t h e  

south  thermocouple (TOOS) w a s  open, probably a t  t h e  junc t ion .  

urements showed 5 MR r e s i s t a n c e  ac ross  t h e  l e a d s  and 3.3 Ma from each w i r e  

t o  t h e  shea th .  

1 .5  0 r e s i s t a n c e  a c r o s s  t h e  l e a d s  and 3 . 4  from each w i r e  t o  t he  shea th .  

Since a l l  thermocouples i n  t h e  experiment w e r e  b u i l t  wi th  ungrounded junc- 

t i o n s ,  t h e  wire-to-wire measurement should show a low r e s i s t a n c e  and t h e  

wire-to-sheath measurement a h igh  r e s i s t a n c e .  These tests confirmed our  

previous i n d i c a t i o n s  t h a t  t h e  n o r t h  thermocouple f a i l e d  because of a m a l -  

f unc t ion  of t h e  s p r i n g  c l i p s l i d e  w i r e  assembly a t  t h e  upper end of t h e  

thermocouple and t h a t  t h e  south  thermocouple f a i l e d  a t  t h e  welded junc- 

t i o n  on t h e  sens ing  end of t h e  thermocouple. 

The meas- 

The n o r t h  thermocouple (TOON), which w a s  i n t a c t ,  measured 

' 
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A s  expected,  one of t h e  g r a p h i t e  thermocoup,s from t h e  TE-10 p a i r  

(TE-1OA) w a s  f a i l e d ,  probably a t  t h e  welded junc t ion .  Measurements showed 

1.6 Ms2 resistance a c r o s s  t h e  l e a d s  and 1.6 Mil from each w i r e  t o  sheath.  

The t h r e e  f a i l e d  h e a t e r s  were i d e n t i f i e d  wi th  t h e  fol lowing measure- 

ments: h e a t e r  3B measured 33.6 R r e s i s t a n c e  w i r e  t o  shea th ;  4B measured 

6.5 MR; and 7B measured 1.3 Mil. These measurements corroborated our  

experience dur ing  experiment ope ra t ion  i n  t h a t  h e a t e r  3B tended t o  "close" 

dur ing  a shutdown per iod  whi le  t h e  experiment w a s  cool  and t o  "open" aga in  

on r e t u r n  t o  r e a c t o r  power. This  sugges ts  t h a t  t he  h e a t e r  w i r e  t o  shea th  

weld a t  t h e  end of t he  h e a t e r  w a s  cracked such t h a t  thermal expansion of 

t h e  materials would cause e lec t r ica l  d i s c o n t i n u i t y ,  as evidenced by t h e  

r e l a t i v e l y  high r e s i s t a n c e  of 33.6 il compared t o  6.94 R r e s i s t a n c e  measured 

on h e a t e r  3A. On t h e  o t h e r  hand, h e a t e r s  4 B  and 7 B  f a i l e d  completely and 

d id  n o t  "remake" during opera t ion .  

c i r c u i t  as shown by very  h igh  r e s i s t a n c e  w a s  measured on these  two hea te r s .  

A s  one would expect ,  a completely open 

Because of t h e  n a t u r e  of t h e  f a i l u r e s  i n  4 B  and 7 B ,  w e  suspec t  t h a t  

t h e  f a u l t s  could have been a t  e i t h e r  t h e  j u n c t i o n  of copper l ead  w i r e  and 

h e a t e r  l e a d  w i r e  j u s t  a t  t he  beginning of t h e  heated s e c t i o n  o r  a t  the  

h e a t e r  w i r e  t o  shea th  c losu re  weld. Fur ther  t e s t i n g ,  inc luding  metal lo-  

graphic  samples, w i l l  be  conducted on these  samples i n  an at tempt  t o  com- 

p l e t e l y  i d e n t i f y  t h e  cause of t h e  f a i l u r e s .  I f  we can determine t h e  loca- 

t i o n  of t hese  f a u l t s  and compare t h e  r e s u l t s  wi th  p r e i r r a d i a t i o n  radio-  

graphs and measurements made dur ing  experiment assembly, w e  may be a b l e  

t o  reduce t h e  p o s s i b i l i t y  of h e a t e r  f a i l u r e s  i n  subsequent experiments.  

APPLICATIONS AND FUTURE PLANS 

Beyond s to rage  of a r c h i v a l  samples, no provis ion  is  being made t o  

determine primary c reep  and secondary creep under tens ion .  

t o  do a d d i t i o n a l  experiments toward t h e  measurements of t h e s e  c o e f f i c i e n t s  

depends upon t h e  degree of accuracy and p r e c i s i o n  obta ined  i n  t h e s e  com- 

p res s ion  experiments,  t h e  q u a l i t y  and a p p l i c a b i l i t y  of t h e  t ens ion  creep 

de termina t ions  c u r r e n t l y  being made i n  Europe, and t h e  c r i t i c a l i t y  of 

t h e  va lues  f o r  core  stresses and ana lyses .  

A dec i s ion  
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As indicated, these experiments are primarily and currently directed 

toward the immediate needs of operational HTGRs and those that are being 
designed. With the design of this series of tests and with the material 

selected for testing, the data generated should also be useful to other 
reactor designs such as the molten-salt (breeder) and the controlled ther- 

monuclear (fusion) reactors.. 
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