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Summary 

Several experiments on the release of cesium from H451 graphite 

in vacuo and in flowing helium have been completed. Reproducible 

release data were obtained for runs done in vacuo. In helium flow, 

l o s s  of cesium during preheating at 500-600 C was inordinately great. 

The experimental system is, therefore, being revised so that all 

sample preheating will be performed in vacuo. 

0 

The second sorption experiment, for the adsorption of iodine 

by concrete has been completed. In this experiment the iodine 

-4 partial pressure was 3.14 x 10 atm. Future experiments are 

planned at lower pressures. 

The first permeability of iodine through concrete experiment has 

begun. The sample is a three inch cube with a three inch crack 

approximately one centimeter in depth. 

A s  part of the investigation of cesium iodide interactions with 

materials, cesium iodide was heated with Cr 0 a common surface oxide 

on stainless steels. The sample was heated to 700 C with no apparant 

reaction. Cesium iodide was also heated in air although reaction 

products may be attributable to impurities. 

2 3’ 
0 

The HIL operation was discontinued during this quarter enabling 

modifications to be made in the loop instrumentation and also allowing 

construction to begin on the MTL. 

The final design of the Materials Testing Loop (MTL) has been com- 

pleted. A l l  of the major components for the helium circulation, impurity 
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i n j e c t i o n ,  and d a t a  a c q u i s i t i o n  and r eco rd ing  s y s t e m s  have been 

s p e c i f i e d  and ordered from v a r i o u s  manufac turers .  Cons t ruc t ion  

of  th-  loop began l a t e  i n  t h i s  r e p o r t i n g  pe r iod ,  u t i l i z i n g  those  

hardware i t e m s  t h a t  have been r ece ived  from vendors t o  da t e .  

X-ray emission spectroscopy u t i l i z i n g  an X-ray tube gene ra to r  

source  and a S i ( L i )  d e t e c t o r  i s  shown t o  be appropr i a t e  f o r  d e t e r -  

mining i m p u r i t i e s  i n  g r a p h i t e  samples. The method i s  p a r t i c u l a r l y  

advantageous when a non-des t ruc t ive  method i s  needed; t hus  samples 

can be c h a r a c t e r i z e d  p r i o r  t o  t h e i r  i n t r o d u c t i o n  i n t o  an experimental  

program. An a n a l y s i s  f o r  impur i ty  components w i th  Z > 13 i s  e a s i l y  

obta ined  . 
Marked v a r i a t i o n s  i n  composition w i t h  depth from t h e  s u r f a c e  of 

a PGX g r a p h i t e  l og  ha-.;e been found. The concen t r a t ions  o f  i r o n  

increased  from 16 t o  1600 ppm w i t h  depth  and gave a hundred f o l d  

inc rease  i n  t h e  r a t e  of  ox ida t ion  w i t h  s a t u r a t e d  helium con ta in ing  

8.5% hydrogen. 

I r o n  impregnated g r a p h i t e s  were oxid ized  i n  helium con ta in ing  

v a r i a b l e  amounts of  hydrogen and water .  The oxygen a c t i v i t y  of t h e  

gas  w a s  monitored wi th  an oxygen a c t i v i t y  meter.  A t  oxygen a c t i v i t i e s  

where i r o n  oxide would be p re sen t  t h e  ox ida t ion  r a t e s  a t  700 and 750 C 

w e r e  below d e t e c t i o n .  When t h e  oxygen a c t i v i t y  was decreased and 

only m e t a l l i c  i r o n  would be p re sen t  t h e  r a t e  of ox ida t ion  increased .  

The r a t e  of ox ida t ion  increased  approximately wi th  t h e  square of t he  

H / H  0 r a t i o  o r  w i th  t h e  inve r se  of  t h e  oxygen a c t i v i t y  t o  t h e  f o u r t h  2 2  

power. 

0 
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A new Mossbauer spectrometer has been purchased and is under- 

going tests. It is a diagnostic instrument that will aid in 

identifying the effect of iron and its compounds on graphite 

oxidation. Some of the compound species present in as received PGX 

graphite are being identified and catalogued. One observation is 

that the metallic-like iron peaks measured on PGX graphite samples 

are much broader than the widths of peaks measured on a metallic 

iron foil. The peak widths of iron and its compounds as measured 

on iron impregnated H451 graphite are nearly the same as found in 

the pure iron species. 

Graphite leaching experiments have indicated that the impreg- 

nation of macroscopic graphite cubes, with a water solution, does 

not result in a sample entirely representative of that being imitated. 

The Simear code was found to produce unacceptable results. An 

iterative version of the code was developed and tested. The version 

was found to function properly. 

The studies of a cubic oscillator excited by multiple sine waves 

were continued. 

of the cubic term on the critical lock-on ratio of the input wave 

amplitudes were developed. 

Results for the effect of damping and the magnitude 

New control consoles and activator units have been installed in 

three of the MTS fatigue units, and calibration has been completed. 

The data on Incoloy-800H for both low- and high-cycle testing have 

been used to develop a constitutive equation which will predict the 
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fatigue life as a function of strain range and temperature. 

Precipitation was shown to be an important factor in the fatigue 

strength of Incoloy-800H. 

it was demonstrated that maximum precipitation strengthening was 

present at about 1100 F. 

Based on the cyclic work hardening data 

0 

Polished specimens of ATJ, PGX and Stackpole 2020 graphite have 

been oxidized in flowing helium in the HIL loop. The exposure 

temperature was 1000 F and the moisture level was 1000 ppm. Scanning 

electron microscope evaluations indicate that there is no surface 

relief which can be attributed to oxidation for the levels of burn 

off achieved. 

0 

The Helium Impurities Loop (HIL) was used to expose several 

graphites to He containing nominal amounts of mositure and other 

impurities. The graphites exposed were H451, ATJ, 2020 and PGX. The 

types of specimens exposed were tensile, compression and metallo- 

graphic. After up to 1974 hours of exposure to He containing -100 

ppmvH20, PGX graphite continued to show high weight losses and a 

strong temperature dependence. The mean burnoff measured for PGX at 

75OoC was about 8%. 

A number of the oxidized tensile specimens were tested. The 

results indicate an exponential relationship between loss of strength 

and burnoff similar to that in the literature for other graphites. 

A strong dependence on grain orientation of the PGX specimen tested 

was also observed. 
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The mass spectrometer which is planned for use at Fort St. 

Vrain is still under construction by the vendor. 

Computer codes TAP (from General Atomic Corporation), MOSBDA, 

ORIGEN (from Radiation Shielding Information Center), and HAZARD, 

have been made operational and are now in the HTGR Code Library. 

The computer codes INREM and EXREM (from Radiation Shielding 

Information Center) are undergoing conversion to the CDC 7600. 

Lists have been produced ranking in order of importance the 

radioactive by-products of an HTGR at times of one day and one week 

after a reactor scram. The differences in biological impact are 

taken into account by using dose commitment factors based on 

recommendations of the International Commission on Radiological 

Pro tec t ion. 

The code HTGRE'4 which calculates the He gas layering in the 

containment vessel following depressurization of an HTGR was extended 

to the case of He, H2,and CO gas ingestion. 

containment gas was also studied. The report on this study and the 

manual for the new code HAZARD was written. 

The flammability in the 

Based on the above studies, the estimation of the pressure rise 

due to energy release by the combustion was carried out by the simple 

calculation and it showed the good agreement with the value obtained 

from the experimental formula. 

The computer code STREC-3 predicts the acoustic fatigue lifetime 

of plates subjected to a given acoustic noise spectrug. The choice 
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of three different models: the narrow band model, broad band 

model and quasistationary model; has been incorporated. The 

program has also the capability of predicting lifetime with 

different damping ratios for a single noise source or several noise 

sources in one run. The CPU time in IBM 360/70 is 66.35 secs for a 

sample run having three noise sources with four damping ratios for 

each source. In addition t o  the lifetimes, the output of the 

program includes the displacement spectrum, and the maximum stress 

spectrum. The natural frequencies and the damped frequencies are 

printed along with the variance of the stress spectrum at 1/50 of each 

of the octave bands used in the program. 

0 

n 
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1. Task Area I - Fission Product Release and Transport 

1.1 Adsorption of Metallic Fission Products (S. Aronson, 

J. Mittelman, Brooklyn College) 

Two experiments on the release of cesium from H451 graphite 

in vacuo were performed to check the reproducibility of data obtained 

on samples prepared in an identical manner. Samples of graphite were 

doped with CsNO 

in these experiments are shown in Table 1-1 and Figure 1-1. Upon 

heating the samples, no l o s s  of cesium occurred until the temperature 

rose above 50OoC. After two hours at 6OO0C and an additional heating 

period o f  20 minutes to raise the temperature from 600 C to 740 C, 

the samples had lost 13% and 27% of their cesium in Runs 1 and 2, 

respectively. The reason for this difference in cesium release is 

not apparent. 

and heated in stages to 935OC. The data obtained 3 

0 0 

A measure o f  the reproducibility of the data can be obtained 

by comparing the two runs in terms of the fraction of the original 

cesium content lost in the same time period at each temperature. For 

this purpose, we have designated the initial cesium content at 740 C 

as the original cesium content. It is observed in Table1-1 that the 

fractional losses on the samples are comparable at each temperature. 

We conclude that reasonably reproducible data can be obtained in 

vacuo. 

0 

Several runs were made in an atmosphere of flowing helium. 

Run 3 is shown in Figure 1-2. The initial cesium content was 
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Table 1 -  1 

Data on Cesium Loss Rates in Vacuo 
n 

Cesium Initial 
Content Count Rate Background Fractional Loss 

gg Csfg c Countsfsec Countsfsec 740°C 836°C 935°C 

Run 1 153 85 6.5 0.26 0.31 0.11 

0.29 0.25 0.11 Run 2 148 84 6.5 

Figure 1-1. 

n 
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140 pg Cs/g C. 

ground of 3 counts/sec. 

mixture of 1 mole percent hydrogen in helium was maintained through- 

out the experiment. No loss of cesium occurred below 500 C as in 

the case of the runs in vacuo. 

cesium was rapid and continuous. At the time the sample temperature 

reached 74OoC, 75% of the cesium had been released. 

is quite different from the behavior in vacuo described above. 

In several additional runs made in helium, unmixed with hydrogen, 

the losses of cesium were comparably large. 

The initial count-rate was 75 counts/sec with a back- 

A flowrate of 40 cc(STP) per minute of a 

0 

At 594OC, however, the l o s s  of 

This behavior 

An important aspect of our experimental program is a comparison 

of release data obtained in vacuo with release data obtained in a 

helium flow. This is important because most basic data on transport 

of metallic fission products through and from graphite have been 

obtained in vacuo whereas the reactor operates in a helium atmosphere. 

We are, therefore, revising our experimental system so that, whether 

cesium release is studied in vacuum or helium flow, preheating of the 

samples to temperatures above 7OO0C will be performed in vacuo under 

identical conditions. 
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1.2 The Permeability and Retentivity ofStressed Concrete Relative 

to Fission Product Iodine (L. R. Zumwalt, J. F. Mirza - 

North Carolina State University) 

The second sorption experiment has been completed. Problems 

have developed with the control of  the source temperature when the 

power was at a temperature (160.0 C) corresponding to P = 3 . 1 6  x 

atm. Saturation was approximately reached and the estimated concen- 

tration for saturation with P = 3.14 x 10 atm and the sample at 

0 

I 2  

-4 
1, 

L 

25OC is c = 704 pg 12/g concrete. In this case the ratio of sat- 
1, 

L 

uration partial pressure (P ) to the partial pressure of  iodine in I, L 
equilibrium with solid elemental iodine (Po ) is P/Po = .8. In the 

I, 
L 

first run with P = 3.95 x atm at saturation, C = 489 pg/g. 

This corresponded to a P/P = 0.1. These data show C not to be 

proportional to P and it is to be expected that the concrete at the 

higher P/Po is approaching its capacity to hold iodine. 

however, that this is a very large holding capacity when one compares 

=2 
0 

I 2  

I 2  

I 2  
We note, 

the quantity of iodine isotopes that might be released in an accident, 

compared to the amount of concrete surface and mass in a prestressed 

concrete reactor pressure vessel or in a concrete reactor containment 

structure. 

Our next objective is to obtain sorption data at lower 

pressure (i.e., at P < 4 x atm, where P/P < 0.1) which is 

pertinent to the low concentrations of  iodine isotopes that will be 
0 I 2  

encountered in possible accident conditions. However, the time 
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r e q u i r e d  t o  r each  s a t u r a t i o n  w i l l  make i t  i m p r a c t i c a l  t o  go t o  very 

low P . 
=2 

F igu re  1-3 ( p l o t  of C ve r sus  t ime) g ives  t h e  i n i t i a l  

k i n e t i c  behavior of t he  second s o r p t i o n  run. We no te  t h a t  t h e  
I2 

i od ine  c o n c e n t r a t i o n  (vg I sorbed/g conc re t e )  i n c r e a s e s  l i n e a r l y  

w i t h  t ime. T e n t a t i v e l y  w e  i n t e r p r e t  t h i s  t o  i n d i c a t e  the  r a t e  of 

2 

s o r p t i o n  by i n t e r i o r  s u r f a c e s  and s m a l l  pores  i s  the r a t e  l i m i t i n g  

s t e p  r a t h e r  than d i f f u s i o n  i n t o  t h e  conc re t e  v i a  t h e  l a r g e r  i n t e r -  

connect ing pores  which p e n e t r a t e  t he  conc re t e .  

I n  t h e  l a t t e r  p a r t  of t h e  second s o r p t i o n  run ,  t h e  source 

-5 vapor p r e s s u r e  w a s  he ld  a t  P = 3 . 9 6  x 10 a t m .  The flow of c a r r i e r  

gas  (and i o d i n e )  w a s  continued u n t i l  no f u r t h e r  deso rp t ion  appeared 
I 2  

t o  ocxur ( i . e . ,  u n t i l  a p l a t e a u  i n  t h e  C ver sus  t curve w a s  r eached) .  
I 2  

Then t h e  temperature  of t h e  conc re t e  sample w a s . r a i s e d  and a new 

equ i l ib r ium p o i n t  ( p l a t e a u )  ob ta ined .  

The c o n c e n t r a t i o n  of i od ine  i n  the  conc re t e  f o r  d i f f e r e n t  

temperatures  of t he  conc re t e  a r e  shown i n  Figure 1-4 .  A s  was r epor t ed  

e a r l i e r ,  temperature has only a s m a l l  e f f e c t  on t h e  concen t r a t ion .  

The c o n c e n t r a t i o n  of i od ine  i n  conc re t e  a t  25 C w a s  found t o  be 170 .2  pg 

I /g conc re t e .  This i s  i n  good agreement wi th  t h e  e a r l i e r  va lue  

obtained.  The s m a l l  e f f e c t  of temperature  may be r e l a t e d  t o  t h e  f a c t  

t h a t  t h e r e  i s  a h y s t e r s i s  e f f e c t .  This e f f e c t  has been observed by 

Mikhail  and Selim. 

0 

2 

1 
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TIME,MINUTES (X103)  

Pi: 3.157x 10-4ATU. 

n 

F i g u r e  1-3. P l o t  of s o r p t i o n  of i o d i n e  by c o n c r e t e  a t  
25°C as a f u n c t i o n  of t i m e .  
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TIME ,MINUTES ( X  IO3) 

Figure 1-4. Concentration of iodine in concrete at 
different temperatures. 
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The f i r s t  pe rmeab i l i t y  experiment has begun, w i th  a 3-inch 

cube t h a t  has a 3-inch long c rack  wi th  a cracked r eg ion  about one 

cm t h i c k .  The experiment i s  i n  a t r a n s i e n t  s i t u a t i o n .  The tagged 

iod ine  w a s  de t ec t ed  i n  the  c h a r c o a l  t r a p  on t h e  down-stream s i d e  of 

t h e  conc re t e  w i t h i n  a few hours a f t e r  s t a r t - u p .  A forced flow i s  

induced by causing a l l  helium ( t r a n s p o r t i n g  t h e  tagged iod ine )  t o  

flow through t h e  cracked conc re t e  and then t o  cha rcoa l  t r a p .  An 

added flow of helium i s  added t o  t h e  down-stream s i d e  of t he  conc re t e  

sample t o  f a c i l i t a t e  t r a n s p o r t  t o  t h e  t r a p .  

A prel iminary s tudy of pe rmeab i l i t y  of t h e  conc re t e  wi th  

r e s p e c t  t o  helium and argon has been s t a r t e d .  

designed t o  vary t h e  average p r e s s u r e  i n  t h e  conc re t e  so t h a t  w e  n:ay 

o b t a i n  pe rmeab i l i t y  a s  a func t ion  of average gas p r e s s u r e .  From 

p re l imina ry  d a t a  ob ta ined  f o r  helium permeation w i t h  t h e  conc re t e  

specimen a t  atmospheric p r e s s u r e ,  t h e  flow of helium through the  3- inch 

A s y s t e m  i s  being 

-L conc re t e  specimen w a s  found t o  be 5.31 ml/min o e r  10 a t m  of p r e s s u r e  

d i f f e r e n t i a l  a c r o s s  t h e  conc re t e .  Plans are t o  con t inue  these  s t u d i e s  

i n  t h e  month of October, a long w i t h  t h e  above experiments.  

1 . 3  C s I  I n t e r a c t i o n  wi th  M a t e r i a l s  (S.  N ico los i )  

When cesium and iod ine  vapor mix, s t a b l e  cesium iod ide  

i s  expected t o  form. Molecular beam experiments have i n d i c a t e d  a l a r g e  

r e a c t i o n  c r o s s - s e c t i o n  (0  100 1 ) i n d i c a t i n g  a r e a c t i o n  r a t e  g r e a t e r  

than t h e  expected bimolecular  c o l l i s i o n  ra te  based upon k i n e t i c  theory 

> 2 2  

n 

- 14 - 



using the mean sum of atomic diameters as the collision cross section. 

drs Such a high rate was implied experimentally by the work of D. Chandra. 3 

Factors may be present which inhibit the formation of cesium iodide 

or which lead to the further reaction of cesium iodide. The purpose 

of this work is to investigate the release of cesium o r  iodine from 

cesium iodide as a result of chemical reactions that may occur during 

its migration. Interest is directed to cesium or iodine released 

in molecular or compound form with a significant mobility or volatility. 

Theoretical difficulties have been encountered due to the scarcity of 

relevant thermodynamic and experimental data. However, even for 

reactions that are thermodynamically promising, experimental investi- 

gation is necessary since the kinetics are not determined by the ther- 

modynamic analysis. Although the thermodynamic driving force was not 

known, preliminary experiments were initiated on some CsI systems. 

The reaction of CsI with Cr 0 was investigated since 2 3  

Cr 0 is a common surface oxide on stainless steels. A 66 weight 

percent mixture of CsI in Cr 0 was homogenized and compacted into a 

pellet under a pressure of 2000 psi. This pellet was heated in an 

evacuated quartz glass ampule (- 10” long) at a temperature of 440 C 

for two hours resulting in no visible change. The sample was then 

heated for approximately 10 hours at 600 C resulting in no visible 

change. Finally the system was heated for approximately 19 hours at 

70OoC. 

2 3  

2 3  

0 

0 

The CsI appeared to have distilled out of the pellet and 
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deposited on the cooler part of the ampule with no observable 

reaction. This experiment was repeated with a similar result. 

CsI was heated in air in both open and closed systems. 

In the closed system experiment, CsI power (- .77 gms) was sealed 

with air in a quartz glass ampule. 

for 

and small amounts of iodine crystals on the wall of the ampule and 

very small amounts of  reddish-brown granuals on the surface of the 

powder. The CsI was heated in air in open systems. Iodine was 

observed to be released (without apparant attack on the glass 

container), however, two different sources of CsI demonstrated 

different iodine releases. A preliminary x-ray diffraction analysis 

of each source indicated only the presence of CsI. The purity of the 

CsI is being investigated and the presence of higher iodides of 

cesium is suspected. Analysis is also continuing on reaction products. 

The sample was heated to 300'C 

24 hours resulting in a yellow discoloration of the powder 

n 
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2 .  Task Area I1 - Primary Coolant Impurities 

2.1 Helium Impurities Loop (S. Nicolosi) 

Operation of the HIL has been discontinued due to the 

construction of the MTL and to the modifications that are being 

made in the HIL instrumentation. Some small design changes are 

also being considered. 

2.1.1 Impurity Monitoring (S. Nicolosi) 

The Varian gas chromatograph, which has been used up until 

now in the HIL, is currently at the Varian factory undergoing 

modificatinns. These will result in the capability to perform 

automatic sampling of the MTL gas stream and analyze for H2 

exclusively. These modifications should be completed by November 1976. 

It has been recognized that the H concentration in a gas 2 

stream can be measured continuously by employing laser Raman spec- 

troscopy. Such continuous monitoring of H may be desirable in the 

loop kinetics experiments planned for the HIL or in other chemical 

2 

kinetics experiments where the response time of the gas chromatograph 

is too slow. 

An E G G  optical dew point analyzer for measuring the dew 

point of water in helium has been ordered. The instrument will 

be used for the calibration of the moisture monitors used in both 

the HIL and the MTL and elsewhere in the experimental program. It 

may also be used as a continuom. on-line moisture monitor. The 

instrument should be capable of measuring dew points in the range of 

-73 C to +50 C and of operation in either the continuous or 0 0 

automatic balance mode. 
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2 . 2  Materials Test Loop (L.G. Epel, S. Nicolosi, A.  Romano) 

The design of the circulating helium loop, which will be 

dedicated to supplying hot helium containing specified amounts of 

gaseous impurities to mechanical testing machines, has been completed. 

A l l  of the major components of the system have been specified and 

ordered, and construction at BNL, has begun. 

The design is such that the loop should be capable of 

operating for long time periods without the need to shut down fo r  

maintenance and operation of the loop should be as automatic as practicable. 

Thus, for example, there is a duplicate f o r  every tank containing 

chemical reactant in the purification system so that a s  one tank becomes 

depleted the other can easily be switched on-line. All of the 

measuring instruments have been automated as much as possible and they 

all transmit data to a programmable data acquisition system. 

The Materials Test Loop consists of five subsystems 

exclusive of the testing machines or the aging retorts to which it 

will be connected: 

. Gas Circulating System 

. Impurity Measuring System 

. Gas Purification System 

. Impurity Injection System 

. Data Acquisition & Recording System 
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A schematic drawing of the MTL is shown in Figure 2-1 which illustrates n 
the first faur of these subsystems. The figure also indicates that 

the helium will supply four separate banks, each bank consisting of 

retorts as follows: 

. 3 retorts for fatigue testing 

. 3 retorts for creep testing 

. 4 retorts for creep testing 

. 5 retorts for aging materials 

The total number of retorts, for all purposes, is thus seen to be 15. 

A description of the five major subsystems is given in this section. 

2.2.1 Circulating Pump 

The helium circulating pump is a stainless steel bellows 

device driven by a ‘5hPs 115/230 V, 3450 rpm, single phase induction 

motor and manufactured by the Metal Bellows Corporation. This special 

design, MB-602 HT, can operate in the vacuum mode or compressor mode 

and withstand temperatures up to 450 F. The helium will be in contact 

only with the stainless steel bellows and teflon gaskets thus assuring 

contaminant-free gas. The pump has two inlet and two outlet ports 

and hence can operate with the bellows in series or in parallel. 

Figure 2-2 gives the flow vs  head characteristics of this pump for 

both modes of operatim. In order to facilitate various flow rates 

as may be desired, parallel porting will be used. 

0 
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Figure 2 - 2 .  Flow vs head characteristics MB-602 HT. 
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2.2.2 Impurity Measuring System 

The impurity measuring system will be capable of 

periodically determining the concentrations of H20, H2, CO, C02, 

and CH4. 

will be determined by a Panametrics moisture monitor employing an 

A 1  0 type sensor. The sensor is a capacitor with an A1203 di- 

electric between a gold plate and an aluminum plate. 

adsorbed by the dielectric the electrical capacitance of the probe 

The water vapor level in selected locations in the loop 

2 3  

A s  water is 

changes. Since the amount of water adsorbed (at a given temperature) 

is dependent upon the water vapor partial pressure, the capacitance 

of the probe is related to the partial pressure of water in the gas 

stream. 

The H2 concentration will be measured automatically by 

a Varian gas chromatograph which will sample the gas stream at set 

intervals and print a record of the H2 concentration. 

CH 

CO, C02, and 

will be measured continuously by three separate Beckman Model 865 4 

nondispersive infrared analyzers in which the attenuation of an 

infrared beam is determined by the number density of the absorbing 

sample species. The continuous output signal from the Panametrics 

hygrometer and the infrared analyzers will be recorded by 

a Doric Digitrend 220 data acquisition system (see section 2.2.5). 

2.2.3 Purification System 

A s  shown on Figure 2-1 ,  the purification system consists 

of a total of 16 tanks distributed among 6 separate legs with appropriate 

valving to control the helium flow. All tanks and piping are constructed 
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of 304 stainless steel; valves are 316 stainless steel. The 

side-by-side arrangement of the tanks is simply to allow for 

n 

continuous operation of the loop without the need to shut down for 

maintenance or recharging of the chemicals. 

The design of the purification system is based on the 

desire to control each of the impurities in the helium stream on 

an individual basis without affecting the other impurities. This 

seems to be practicable except for methane removal. There is no 

simple 

tions of the other impurities. Table 2-1 indicates the maximum 

impurity levels desired in the MTL at one atmosphere (at higher 

pressures these valves would be proportionately lower). It is clear 

from this table that C02, CH and H 0 will be kept at relatively l o w  

concentrations while CO and H2 will generally be present in greater 

quantity. 

method of removing methane without perturbing the concentra- 

4 2 

Table 2-1 
Maximum Concentrations of Various Impurities in the MTL 

Carbon Dioxide 

Carbon Monoxide 

Hydrogen 

Methane 

Water Vapor 

20 ppmv 

4500 

15000 

5 00 

500 

The left-most leg in the purification system shown in 

Figure 2-1 is devoted to controlling hydrogen. Tanks 9 and 10 contain 

n 
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CuO at elevated temperatures (300 F and above) to oxidize the 

hydrogen. 

iently this reaction proceeds for various hydrogen concentrations, 

Tests have been conducted at BNL to ascertain how effic- 

temperatures, and flow rates. A typical example is shown in Figure 

2-3 which is for 52 ppm hydrogen in helium. The flow rate of 0.01 

SCFH corresponds to a residence time in the CuO bed of approximately 

150 seconds; the other flow rates correspond to proportionately 

shorter times. The S-shaped curves shown in Figure 2-3 are typical 

and indicate how the removal of impurities can be effected by 

temperature and/or flow control. Tanks 11 and 12 contain anhydrous 

magnesium perchlorate, sold commercially as Anhydrone, to remove the 

water generated in the CuO beds through the formation of hydrates. 

These two tanks can be bypassed if desired. 

* 

The adjacent leg, consisting of tanks 13 and 14, removes 

carbon dioxide. These two tanks contain sodium hydrate asbestos 

absorbent known commercially as Ascarite. 

by forming sodium carbonate; conveniently this occurs at room temperature. 

The hydroxide removes C02 

The next leg is dedicated to removing carbon monoxide. 

In a fashion similar to what occurs in the first leg,  the impurity is 

oxidized over a CuO bed at temperatures of 300 F (or higher) in 

tanks 15 and 16. The resulttng carbon dioxide is then removed with 

Ascarite in tanks 17 and 18. These two tanks can, of course, be 

bypassed when necessary. 

*Alternatively, molecular sieves, such as Linde molecular sieve 3A, could 

be used to remove the water vapor. 
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The leg comprised of tanks 19 and 2 0  removes water / J  

vapor. These two tanks also contain Anhydrone which removes water w 
vapor at room temperature. The leg immediately to the right of the 

water removal leg is included in case any oxygen inadvertently enters 

the loop. 

oxygen present when raised to - 800 F. 
Tanks 2 1  and 22 hold copper turnings that scavenge any 

0 

The last leg, at the right of the array shown in Figure 

2 - 1 ,  is there to remove methane from the system. Unfortunately, in 

order to do this the other impurities must be removed also. Tanks 

2 3  and 24  contain activated charcoal at liquid nitrogen temperature 

which effectively adsrbsall of the impurities from the helium . It 
* 

is expected that the need to remove methane will be a rarity in the 

MTL; therefore, this part of the purification system will probably 

be used sparingly. 

2 . 2 . 4  Impurity Injection System 

The impurity addition system is straightforward. Cylinders 

3 through 6 (Figure 2 - 1 )  contain CO, C02, CH4, and H 

are connected directly to the loop through pressure reducing valves 

and micro-metering valves. The fifth impurity, water vapor, is added 

and these gases 2 

to the system in the following manner. 

Cylinder 2 contains helium and is connected through a 

*Molecular sieves could be used as a viable alternative to activated 

charcoal. 
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pressure reducing valve to a tube which is immersed in a temperature- 

controlled bath. The tube contains a mixture of 90 percent oxalic 

acid dihydrate and 10 percent anhydrous oxalic acid. The water vapr 

pressure over this mixture is sensitive to temperature as shown in 

Figure 2 - 4 .  Thus the amount of water injected into the MTL can be 

controlled very closely by adjusting the bath temperature. 2 

2 .2 .5  Data Acquisition and Recording System 

The heart of the data acquisition system is the 

Digitrend 2 2 0 ,  manufactured by Doric Scientific. The present 

configuration allows for: 

. 100 individual data points 

. 4 alarm points per data point 

. hard copy output of all data points 
included in scans of data 

. automatic scanning of signals 
sequentially or randomly under 
external control. 

The Digitrend will accept analog input signals for 100 separate channels 

such as thermocouples, current transmitters, pressure and/or flow 

transducers or other devices generating voltage signals. The voltage 

sensors have various ranges from 1 microvolt to 11 volts and can be 

autoranging, if desired. Cold junction compensation is built in for 

J ,  K, and S type thermocouples. For non-linear transducers, special 

programmable read only memories (PROM) were manufactured according 

to calibration curves supplied by BNL to the manufacturer. The 
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Digitrend digitizes all signals and logs them on printed paper 

tape, or optional computer compatible media such as magnetic tape, 

punched tape, modem, teleprinters, etc. 

The data acquisition system offers good flexibility in 

the manner in which data is scanned and recorded automatically. 

Besides utilizing the front panel buttons and thumbwheels, the 

system can be programmed via the teletype terminal which enters 

instructions into the random access memory (RAM) directly. Among 

the choices that can be programmed are: 

. single scans of points or groups of points 

. timed scans, with intervals between scans 
anywhere between 1 second and 24 hours 

. continuous scanning 

. continuous scanning on alarm levels only 

. skipping points or groups of points 

. delaying alarms on points or groups of points 
for a speci.€id number of scans. 

Since the MTL is designed for long term operation, with 

little day to day maintenance or operator interfacing, a versatile 

and reliable data logging and alarm system is mandatory. The use of 

continuous-reading instrumentation throughout the loop, together 

with automatic data recording and an alarm system, should minimize 

the amount of loop-operator interaction. 
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3.  Task Area I11 - Rapid Graphite Oxidation 

3.1 Analysis of Impurities in Graphite (J. Skalyo, Jr.) 

The application of X-ray emission spectoscopy as a 1 

. .  . . ~  . . -  1 - .. . . . . . - . 

technique for measuring impurities in graphite has been investigated 

in a vendor-aided test. The method appears ideal since the test 

is non-destructive and the results can be obtained quickly with a 

minimum chance of misinterpretation. 

In general, sample preparation in this analytical tech- 

nique can involve diluting the sample in a low Z material; i.e., 

some mineralogicalsamples can be fused with a borate forming a sample 

glass bead. The intensity of the observed characteristic X-ray line 

of an element is then almost linearly related to its concentration; 

the proportionality constant i s  Z dependent and highly variable. 

Sizable systematic errors in the observed intensities due to inter- 

2 

element effects are not present since the characterisitc X-ray coming 

from an element is due almost solely to its excitation by a source 

X-ray and not due to its excitation by a characteristic X-ray coming 

from an excited atom in the sample. The present problem is therefore 

one of an already suitably prepared sample wherein the impurity atoms 

are diluted in a graphite matrix. 

Four different samples were analyzed with interest 

concentrating on impurities with S < 40. The graphite types analyzed 

were H451, PGX, and two samples of ATJ. A first attempt was made 

to observe the spectra emitted when the sample was bombarded with a 
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Cd r a d i o a c t i v e  source  (emits  88 keV nuc lea r  gamma ray  and 22 
109 

keV Ag X-ray).  The r e l a t i v e  s e n s i t i v i t y  o f  e x c i t i n g  impuri ty  e lements  

i n  t h e  g r a p h i t e  i s  t h e r e f o r e  a maximum f o r  Z - 40.  The observed 

s i g n a l s  were almost t o t a l l y  due t o  background except  f o r  t h e  d i s t i n c t  

obse rva t ion  i n  t h e  PGX and t h e  ATJ samples of  sub ppm l e v e l s  of 

s t ron t ium (14.1 keV). The H 4 5 1  gave no d i sce rnab le  s i g n a l  due t o  

s t ront ium.  The low Z s e n s i t i v i t y  could perhaps have been inc reased  

by us ing  a 55Fe r a d i o a c t i v e  source  but  i t  i s  f e l t  t h a t  u s e f u l  r e s u l t s  

can only be obta ined  wi th  a powerful X- ray  tube source.  

An X-ray tube source was used t o  ana lyze  t h e  samples wi th  

i n c i d e n t  r a d i a t i o n  coming from Ag(22keV), G e  (9.9 keV), and T i  (4 .5  keV) 

secondary t a r g e t s  g iv ing  peak s e n s i t i v i t i e s  f o r  i m p u r i t i e s  nea r  those  

elements .  The r e s u l t s  ob ta ined  w i t h  t h e  Ag secondary gave informat ion  

s i m i l a r  t o  t h a t  a l r eady  obta ined  wi th  t h e  '09Cd source.  

The r e s u l t s  ob ta ined  wi th  t h e  G e  secondary r a d i a t i o n  give 

t h e  i r o n  and calcium impuri ty  con ten t  of  t h e  samples and a r e  i l l u s t r a t e d  

i n  F igure  3-1. This  choice  of secondary g ives  s p e c t r a  which e a s i l y  

show t h e  v a r i a b i l i t y  of t h e s e  i m p u r i t i e s  (20 < Z < 26) i n  the  va r ious  

g r a p h i t e  types .  The v a r i a b i l i t y  of  t h e  observed Fe concen t r a t ion  i n  

t h e  two ATJ samples i s  t y p i c a l .  
3 

The very  d i f f i c u l t  low Z impuri ty  con ten t  was observed 

w i t h  a T i  secondary.  I n  t h e  r eg ion  Z < 20, t h e  main d i f f e r e n c e  appears  

i n  t h e  K concen t r a t ion .  The r e s u l t s  a re  shown i n  F igure  3-2. The A 1  
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Fig. 3 . 2  Smoothed X-ray spectra observed with Ti secondary taken 

in an evacuated test cell. The expected peak positions 

for the characteristic K X-ray of various elements are 
U 

shown. The Jr indicates the vicinity of  the C1 peak 

obscured by a Ti escape peak. The two peaks observed in 

the H451 sample near the location for K were marginally 

visible and are not understood. K is observed in the ATJ 

-samples and Ca is  off scale in ATJ and PGX. 
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signal is weak and could be improved by better statistics. 

The results of this survey indicate acceptable results 

on impurity content can be obtained non-destructively in graphite 

samples by X-ray emission spectroscopy. Difficulties of sample 

heterogeneity remain to be determined; however, a sample surface 

1-4 cm can be illuminated by the incident X-ray beam in order to 2 

promote a measure of homogeneity in the results, 

3.2 Catalytic Oxidation of  Graphite (H. S. Isaacs) 

(a) Effect of Impurity Distribution in PGX on its 

Oxidation Rate: 

The oxidation characteristics of the PGX graphite was 

found to be highly variable and it appeared that the location from 

which samples were taken was a possible cause for the variations. 

The section of the log from which the samples were prepared was 

purchased by BNT., from Union Carbide as representative of PGX graphite. 

It was 13cm thick and cut from the circular face of a cylindrical log, 

perpendicular to its axis. 

A plate was taken from this section parallel to the 

axis of the log. It, in turn was cut into samples with adjacent 
1 

pieces, equidistant from the face, being taken for oxidation and 

chemical analysis. 

Oxidation of the specimens were conducted in the 

apparatus described in the previous Progress Report. The flow rate 

of the gas, saturated with water at room temperature was 2.5ccIsec. 
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All the samples were exposed to saturated helium with 8.5% hydrogen 

and two were again oxidized in saturated helium without hydrogen for 

periods of 20 hours at 75OoC. 

The results of the chemical analysis and the oxidation 

rates are shown in Figs. 3-3 and 3-4. The chemical analysis clearly 

shows marked variation in the level of impurities with position. 

The concentrations of iron and aluminum increase rapidly with depth 

by two orders of magnitude. Nickel and vanadium concentrations also 

increase with depth showing differences of about a factor of 5 from 

the surface down to 13cm. The calcium concentration was approximately 

constant at 200-300 ppm. 

The marked changes in the oxidation rates of the graphite 

were observed as seen in Fig. 3-4, where the rate increased with 

distance from the surface by about two orders of magnitude when tested 

in saturated helium with 8.5% hydrogen. When tested in saturated 

helium without hydrogen, the rates were lower and indicated a less 

rapid change with distance. The decrease in rate when tested in 

saturated helium is in agreement: with what has been observed with 

iron-doped H451 graphite. It can, therefore, be concluded that the 

change in the iron concentration is responsible for the major changes . .  

in oxidation rates with distance from-the face of the log. 

These results showed marked compositional change within 

the PGX and a relation between the purity and oxidation rates. This 

investigation should be followed with further compositional determina- 
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tion at greater distances from the end of the log as the present 

results do not indicate any definitive leveling off of the iron con- 

centration or the rates of  oxidation. 

(b) Oxidation Rates of Iron Containing Graphite as a 

Function of Oxygen Potential: 

The rate of oxidation of graphite when pure, has been 

studied in sufficient detail so that the Langmuir-Hinshelwood, a 

general rate equation, can be used for calculations of graphite burn- 

off under a wide range of conditions and geometries. When fission 

product impurities as for example strontium and barium oxide are 

present, the oxidation rates increase but the characteristics do not 

complicate the behavior and a similar rate equation can be used. 

With other impurities, notably iron, the oxidation characteristics 

can be complex and insufficient information was available for 

predicting oxidation rates of impure graphite over a range of 

exposure conditions. It appears from the literature that many 

factors influence the oxidation rates which include "minor experi- 

mental differences in temperature, pressure, catalyst concentration, 

catalyst state and distribution, etc. ' I5  

gation of these factors is required. 

4 

and a more detailed investi- 

The distribution of oxidation in graphites, which are 

porous, will vary with depth. When high purity graphites are oxidized 

in helium with water impurities, the reaction products act as inhib- 

itors and the reaction rate decreases with depth because of the 

I 
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dec rease  i n  t h e  r e a c t a n t  as w e l l  as t h e  bui ldup of i n h i b i t i n g  products .  

When g r a p h i t e s  c o n t a i n  i r o n  i m p u r i t i e s  t h e  behavior can be markedly 

d i f f e r e n t .  

depth w i t h  an o u t e r  s h e l l  having undergone l i t t l e  o r  no r e a c t i o n  

when exposed t o  CO 

impure g r a p h i t e s  exposed t o  w a t e r .  The d i f f e r e n c e s  i n  t h e  burnoff 

w i th  depth arises from t h e  c a t a l y t i c  behavior  of i r o n  and i t s  

compounds. When i r o n  i s  p r e s e n t  i n  t h e  metal l ic  form i t  appears t o  

a c t  as an e f f i c i e n t  c a t a l y s t ,  whereas t h e  oxide i s  a poor c a t a l y s t .  

When t h e  gaseous environment i s  s u f f i c i e n t l y  o x i d i z i n g  t o  convert  t h e  

i r o n  t o  t h e  oxide t h e  i r o n  n e a r  t h e  s u r f a c e  w i l l  ox id i ze .  I n  depth 

t h e  r e a c t i o n  p roduc t s  b u i l d  up dec reas ing  t h e  oxygen p o t e n t i a l  of t h e  

gas and l e a d i n g  t o  t h e  r e d u c t i o n  of any i r o n  oxide.  Amarked i n c r e a s e  

i n  r e a c t i o n  p r o d u c  t bu i ldup  d e c r e a s e s  t h e  oxygen p o t e n t i a l  of t h e  

gas  and 1 e a d s  t o  t h e  r e d u c t i o n  of any i r o n  oxide.  

i n  r e a c t i o n  r a t e  can t h e n  t a k e  p l a c e  c a t a l y z e d  by t h e  m e t a l l i c  i r o n  

and r e s u l t i n g  i n  a h i g h  burnoff i n  depth.  A t  p r e s e n t ,  however, no 

d a t a  i s  a v a i l a b l e  which re la tes  t h e  ra te  of o x i d a t i o n  f o r  i r o n  

c o n t a i n i n g  g r a p h i t e  t o  t h e  oxygen p o t e n t i a l  of gas ,  t h a t  could be 

used f o r  computation of g r a p h i t e  o x i d a t i o n  below t h e  s u r f a c e .  The 

technique desc r ibed  h e r e  o f f e r s  a p o s s i b l e  method f o r  determining t h i s  

r e l a t i o n s h i p .  

It has  been observed6 t h a t  marked changes occurred i n  

A s i m i l a r  behavior  could be expected w i t h  these 
2 '  

A marked i n c r e a s e  

n 
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Apparatus and Sample Preparation 

A schematic of the apparatus is shown in Figure 3-5. It 

consists of two compressed gas cylinders, one containing high purity 

helium or in one experiment 1% CO the other helium with 8.5% 

hydrogen. The gas lines leading from the cylinders were connected 

2 '  

so that one or both gases could be used in two parallel lines. Each 

line led to a water-bubblerwith a bypass and then to a flow meter. 

The gases were mixed after the flow meters, fed into the furnace and 

from the furnace to an electrochemical oxygen activity meter held 

at 65OoC. 

nace from a Cahn RH electrobalance. 

plot the potential from a Keithley 616 electrometer monitoring the 

voltage of the oxygen meter and the readout from the Cahn electronics 

which monitored the weight of the graphite. 

A graphite specimen was suspended in the quartz tube fur- 

A two pen recorder was used to 

The graphite specimens were 2 x 15 x 5 h  in size. The 

H451 graphite was impregnated with an aqueous solution of Fe(N0 ) 3 3 '  

9H 0 containing 20% of salt by weight. The sample was held in a 

vacuum for 15 minutes, after which time the solution was added. 

When the specimen was completely immersed the system was brought to 

atmospheric pressure. The sample was left for an additional 15 min- 

utes to allow the solution to penetrate the pores. The specimen was 

2 

I 
0 then wiped well with tissue paper and dried at 100 C prior to storage. 

The PGX graphite was taken from a position 13cm from the edge where 
I 

the iron concentration was about 1600 ppm. During heatup of the 
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Figure  3-5. 
of g r a p h i t e  and moni tor ing  the oxygen a c t i v i t y  of impure 
helium. 

Schematic of appa ra tus  f o r  measuring o x i d a t i o n  
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0 specimens t o  700 C no account w a s  taken of weight l o s s e s  r e s u l t i n g  

from n i t r a t e  decomposition and o f f  gas s ing  of t h e  g r a p h i t e .  

R e s u l t s  

The chemical compounds of i r o n  p r e s e n t  du r ing  g r a p h i t e  

o x i d a t i o n  w i l l  depend on the  oxygen a c t i v i t y  of t h e  i m p u r i t i e s  i n  

t h e  helium. This  a c t i v i t y  depends on t h e  r a t i o  of t h e  c o n c e n t r a t i o n  

of  hydrogen t o  water  (H / H  0) o r  carbon monoxide t o  carbon d iox ide  2 2  

dec reas ing  as t h e i r  r a t i o s  are inc reased .  The e l ec t rochemica l  

oxygen a c t i v i t y  meter r e l a t e s  t h e  measured p o t e n t i a l  t o  t h e s e  

q u a n t i t i e s  . 
P o t e n t i a l  v a r i a t i o n s  fol lowing changes i n  t h e  H / H  0 2 2  

r a t i o  are shown i n  Figs.3-6 to3-9, f o r  a s e r i e s  of tes ts  where t h e  

o x i d a t i o n  of iron-impregnated g r a p h i t e  w a s  s t u d i e d .  A s  can be seen 

from t h e s e  r e s u l t s  i n c r e a s i n g  t h e  r a t i o  of H2/H20 dec reases  t h e  

p o t e n t i a l  o r  i t  becomes more nega t ive .  I n  a l l  c a s e s  t h e  p o t e n t i a l  

i s ,  by convent ion,  nega t ive .  

ad jacen t  t o  t h e  p o t e n t i a l s  recorded during t h e i r  a d d i t i o n  t o  t h e  

helium. Once t h e  gas composition w a s  changed i t  took about 4 minutes 

f o r  t h e  measured p o t e n t i a l  t o  a g a i n  r each  a s t eady  va lue .  This  

response t i m e  was n o t  r e l a t e d  t o  changes i n  o x i d a t i o n  of g r a p h i t e  s i n c e  

i t  w a s  observed when no g r a p h i t e  o x i d a t i o n  took p l ace .  

a r e s u l t  of mixing of t h e  gas p r e s e n t  i n  the  system p r i o r  t o  and 

a f t e r  t h e  change. The e f f e c t  of  g r a p h i t e  o x i d a t i o n  w a s  t o  dec rease  

t h e  oxygen a c t i v i t y  and t h e  p o t e n t i a l  as water w a s  consumed and 

F i g s  3-6 a d  3-7 show t h e  H2/H20 r a t i o s  

The de lay  was 
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Figure  3 - 6 .  
p o t e n t i a l  and weight  l o s s e s  f o r  an i r o n  impregnated H 4 5 1  
g r a p h i t e  a f t e r  ~ 0 . 3 %  burnoff  a t  700°C. 
t h e  c e l l  i s  shown a d j a c e n t  t o  t h e  p o t e n t i a l - t i m e  curve.  

I n f l u e n c e  of changes i n  t h e  H 2 / H 2 0  r a t i o  on t h e  

The r a t i o  added t o  
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Figure  3-7. 
p o t e n t i a l  and weight  l o s s e s  f o r  an i r o n  impregnated H 4 5 1  
g r a p h i t e  a f t e r  ~ 2 %  burnoff  a t  700°C. The r a t i o s  added t o  
t h e  c e l l  are shown a d j a c e n t  t o  t h e  po ten t i a l - t ime  curve.  

I n f l u e z c e  of changes i n  t h e  H 2 / H 2 0  r a t i o  on t h e  
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F i g u r e  3-8. V a r i a t i o n s  i n  t h e  p o t e n t i a l  and weight  l o s s e s  
f o r  an i r o n  'impregnated H451 g r a p h i t e  a f t e r  ~ 1 5 %  burnoff  
a t  700°C. 

. " 
F i g u r e  3-9. V a r i a t i o n s  i n  p o t e n t i a l  and weight  l o s s e s  f o r  
an l r o n  impregnated g r a p h i t e  a f t e r ' - ~ 1 5 %  burnosf  a t  750°C. 



hydrogen and CO were produced. The r e sponse . t ime  f o r  t h e s e  changes 

were much g r e a t e r  and were r e l a t e d  t o  changes i n  t h e  r a t e  of 

o x i d a t i o n  as may be seen i n  Figs .  3-6,  3-7, and 3-9. 

The r a t e  of o x i d a t i o n  of i r o n  impregnated g r a p h i t e  w a s  

t h e  H2/H20 r a t i o  and t h e  burnoff shown t o  depend on two v a r i a b l e s :  

of t he  g r a p h i t e .  A t  low burnoff t h e  r a t e s  responded slowly t o  changes 

i n  the  H /H 0 r a t i o  while  a t  h igh  burnoff t h e  response w a s  r ap id .  

Examples of t he  slow response a t  low burnoff are i n  Figs .  6 and 7. 

P r i o r  t o  t h e  r e s u l t s  i n  Fig.3-6 t h e  sample wi th  approximately 0.3% 

2 2  

burnoff had been exposed t o  s a t u r a t e d  helium ( i . e .  a H /H 0 r a t i o  = 0) 

f o r  2 h. During t h i s  pe r iod  t h e  o x i d a t i o n  ra te  decreased from 10 

t o  8 x 1 0  mg cm min. Fig.3-6 shows t h e  behavior a f t e r  hydrogen w a s  

added t o  g ive  a r a t i o  of 1.51. 

min a t  t h i s  r a t i o  and a t  1.09. When t h e  r a t i o  w a s  f u r t h e r  i nc reased  

2 2  
-2  

-4 -2  

-4 -2 The ra te  remained a t 8 x 1 0  mg c m  

-1 

t o  2.72 t h e  r a t e  began i n c r e a s i n g  wi th  t i m e .  When the  r a t i o  w a s  

reduced t o  zero and 0.45 t h e  r a t e  aga in  decreased.  The decrease 

cont inued wi th  t i m e  u n t i l  a r a t e  of below5X10 mg cm min ( t h e  
-5 -2 

l i m i t  of d e t e c t i o n )  was reached a f t e r  about 1 2  hours.  

The r e s u l t s  i n  Fig.3-7 were ob ta ined  on a 2% burnoff 

sample. 

t hen  s a t u r a t e d  helium w i t h  H2/H20 r a t i o s  of 2.72, 0 and 2.72. 

t h e  s a t u r a t e d  helium w a s  added t h e  ra te  w a s  i n i t i a l l y  h igh  but  

The sample had been exposed t o  dry helium wi th  8.5% H2 and 

When 

decreased w i t h  t i m e  t o  a va lue  below d e t e c t i o n  a f t e r  65 minutes.  This 

w a s  a s i g n i f i c a n t l y  s h o r t e r  p e r i o d  than f o r  the-0.3% burnoff sample 
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discussed above, which took about 12 hours. The period continued 

63 to decrease with increased burnoff. With high burnoff samples the 

period had decreased to the order of minutes. For example, in Fig. 3- 

8, where the small H /H 0 ratio changes are indicated by the potential 

changes, increased ratios gave significant decreases in rate of weight 

l o s s  within minutes. 

2 2  

At 75OoC the response with burnoff was essentially the 

same as those exposed at 700 C. At low burnoff the response period 

was of the order of  hours and of the order of minutes after 15% burnoff 

as shown in Fig.3-9. When the potential was increased the sample no 

longer lost weight. When the potential was again decreased as shown 

on the left of Fig.3-9 the sample again oxidized and lost weight. 

The breaks in the weight change curve in Fig. 9 were a consequence 

of the necessity to rezero the recorder after it had spanned the chart 

and have no other significance. 

0 

The presence of a critical potential can readily be seen 

from the results in Fig.3-9. When the potential was -1.01 volts 

negligible weight changes were observed at 750 C but whenever the 

potential was more negative than -1.019 + - 0.001 volts the specimen 
lost weight. The results in Fig.3-8reflect a similar dependence on 

a critical potential at 700 C. At this temperature the critical 

potential was found to be -1.037 - + 0.002 volt. 

0 

0 

The rate of oxidation of the graphite increased rapidly 

2 2  with decreased potential or increased H /H 0 ratio at potentials 
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more negative than the critical potential. For example, near the 

middle of Fig.3-9 the potential changed from about -1.04 to -1.05 

and the rate increased by a factor of  2. The increased rates with 

increased €i /H 0 ratio also lead to autocatalytic reactions where 2 2  

the graphite oxidation leads to an increased H2/H20 ratio, which, 

in turn, gave a higher oxidation rate. Experiments were run where 

the water concentration was decreased to increase the H /H 0 ratio. 2 2  

The same dependence on the ratio on the potential was found. The 

rate increased with decreased water concentration until it became 

mass transfer limited at which stage the rate of oxidation would 

decrease with decreased water concentration. The results obtained 

for the rate of oxidation as a function of potential are shown in 

Fig. 3-10. The results at the higher oxidation rates at 7OO0C were equal 

to those calculated for the rates of mass transfer of water through 

the apparatus under conditions of measurement and were obviously 

mas s trans fer 1 imi t e d . 
Similar experiments were conducted on PGX graphite, at 

700,  725  and 75OoC. 

and were not studied in detail. 

At 7OO0C the rates of oxidation were very low 

At 725' and 75OoC the rates were 

also found to increase with the H /H  0 ratio. A marked increase 2 2  
0 occurred between -1.012 and -1.035 at 750 C ,  but at the less negative 

potentials the rates remained relatively high. The rate changes and 

potential dependence were not clearly defined, even at high burnoff 

as was observed with the impregnated samples. When the potential 
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Figure 3-10. 
potential for iron impregnated graphite samples at 700' 
and 750°C. 

The rates of oxidation as a function of 
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was changed from more negative than -1.02 to less negative than -1.01 

volts t k  weight of the sample increased by about 0.1 to 0.15 mg over 

a period of about 25 minutes. The magnitude of the weight gain 

would be approximately a tenth of the weight change expected if 

all the iron in the PGX graphite assumed as metal was oxidized to 

FeO. The weight gain then gave way to weight losses at a constant 

rate that did not decrease with time. This contrasted with the 

impregnated samples even at low burnoff which eventually showed no 

weight changes. A similar weight gain of much smaller magnitude was 

also observed with the impregnated graphite which contained about 

one fifth the amount of iron, but this gain was not followed by any 

weight loss. 

The H /H 0 ratio (the oxygen activity or the potential, 2 2  

which are different ways of expressing changes in the oxidizing or 

reducing nature of the helium) has been found to be a major factor 

determining the oxidation rate of iron containing graphites. With 

high H /H 0 ratios the rate was always high. With lower ratios the 

rates were generally lower. In other words the rates of oxidation 

increased with increased hydrogen concentrations. This contrasts with 

the Langmuir-Henschelwood equation which predicts a decreased rate 

4 with increased hydrogen. This equation has been found to apply to 

the oxidation rates of high purity graphite as well as graphites with 

various impurities not including iron nickel o r  cobalt. 

2 2  

( 4 , 6 )  
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The o x i d a t i o n  ra te  of t h e s e  g r a p h i t e s  have been found t o  

depend on many f a c t o r s  i nc lud ing  temperature ,  bu rnof f ,  m a s s  t r a n s f e r  

of gaseous i m p u r i t i e s ,  oxidant  concen t r a t ions  and g r a p h i t e  s t r u c t u r e .  
4-  6 

A t  low burnoff t h e  ra tes  of o x i d a t i o n  of t h e  i r o n  impreg- 

na t ed  g r a p h i t e  changed wi th  the  H2/H20 r a t i o .  

Fig.3-6 where inc reased  H2/H20 r a t i o  l e d  t o  a h igh  o x i d a t i o n  ra te  and 

a decreased r a t i o  reduced t h e  r a t e .  However t h e  dependence was not  

w e l l  def ined.  

e n t  rates. 

rates reached a s t eady  s ta te .  For example a t  an 0.3% burnoff 12  hours 

w a s  r e q u i r e d  f o r  t h e  o x i d a t i o n  t o  s t o p  a t  7OO0C whi le  a f t e r  2% burnoff 

i t  took 70 minutes.  

t h e  o r d e r  of minutes be fo re  t h e  o x i d a t i o n  stopped as shown i n  Fig.  3-8. 

A t  750 C t h e  response w a s  more r a p i d  as shown i n  Fig.34 f o r  h igh  

burno f f . 

This  can be seen i n  

I n  Fig.3-7the same r a t i o  of 2.72 gave markedly d i f f e r -  

Extended pe r iods  of time were a l s o  r e q u i r e d  be fo re  t h e  

A t  a h igh  burnoff o f  15% a t  7OO0C i t  took only 

0 

The e f f e c t  of burnoff and p r i o r  exposure are due t o  t h e  

p o r o s i t y  o f  t h e  g r a p h i t e .  Unoxidized o r  low burnoff g r a p h i t e s  have 

f i n e  pores  which p reven t s  r a p i d  exchange between t h e  g a s s e s  w i t h i n  

t h e  g r a p h i t e  and those  flowing p a s t  i t .  The water  e n t e r i n g  t h e  pores  

r e a c t s  w i t h  t h e  g r a p h i t e  and l eads  t o  a more reducing environment. 

The reducing n a t u r e  w i t h i n  t h e  pores  i n  t u r n  l eads  t o  an inc reased  

ra te  but t h e  r a t e  of e n t r y  of ox idan t s  i n t o  t h e  g r a p h i t e  would a l s o  

be hampered. I n  gene ra l  i t  would be expected t h a t  t h e  g a s e s  w i t h i n  

- 51 - 



t h e  g r a p h i t e ,  but  because of t h e  predominant reducing environment 

t h e  r e a c t i o n  ra te  would n o t  be expected t o  s t o p  except a f t e r  a long 

pe r iod  even a t  very low H2/H20 r a t i o s .  

With i n c r e a s i n g  burnoff and inc reased  pore s i z e  t h e  ra tes  

of exchange of gas ses  i n t e r n a l  and e x t e r n a l  t o  t h e  g r a p h i t e  would a l s o  

inc rease .  I f  any dependence on t h e  composition of t h e  gas  added t o  

the  furnace d i d  exist  it would become more def ined.  Hence t h e  r e s u l t s  

a t  t h e  h igh  burnoff would r e p r e s e n t  t he  k i n e t i c  dependence and be 

l e s s  inf luenced by mass t r a n s f e r  l i m i t a t i o n s  and complicat ions.  

Nevertheless ,  even a t  15% burnoff mass t r a n s f e r  could become an impor- 

t a n t  v a r i a b l e .  

i n c r e a s e  r a p i d l y  and i n  t u r n  lead t o  a s t i l l  h ighe r  ra te  of r e a c t i o n  

because of l i m i t e d  gas mixing. 

With t h e  h igh  r e a c t i o n  rates t h e  H2/H20 r a t i o  would 

The r e s u l t s  i n  Figs .  3-8ard 3-9 s b w  t h a t  a t  h igh  burnoff 

t h e  ra tes  of  o x i d a t i o n  were s e n s i t i v e  

o r  t h e  p o t e n t i a l .  A c r i t i c a l  p o t e n t i a l  w a s  a l s o  obvious above which 

t h e  o x i d a t i o n  stopped and below which it  took p l a c e .  A s  t h e  poten- 

t i a l  decreased below t h i s  c r i t i c a l  va lue  t h e  r a t e s  o f  o x i d a t i o n  

inc reased .  The change of t h e  o x i d a t i o n  rate wi th  p o t e n t i a l  

i s  shown i n  Fig.  3-10. A t  t h e  h i g h e r  rates f o r  both 700' and 750'C t h e  

ra tes  inc reased  exponen t i a l ly  w i t h  p o t e n t i a l .  These r e s u l t s  are 

r e l a t e d  t o  t h e  r e a c t i o n  k i n e t i c s  and were n o t  c o n t r o l l e d  by mass 

t r a n s f e r  except  f o r  t h e  l a r g e s t  va lue  a t  700 C d i scussed  i n  t h e  r e s u l t s  

s e c t i o n .  These r e s u l t s ,  hence,  show t h e  dependence of  r e a c t i o n  r a t e  

t o  changes i n  t h e  H2/H20 r a t i o s  

0 
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on the potential which is, in turn, related to the oxygen activity 

(P ) or the H2/H20 ratio. 

potential E by the Nernst equations 

These concentrations are related to the 
O 2  

E = El + a  log  (P ) and 
O2 

E = E2 - P log (H2/H20) 

and p are constants. The results for the linear parts n’ a where E 

of the curves in Fig. 3-10 can be expressed as 

E = E - y log (R) 3 

where E and y are again constants and R is the rate of oxidation. 

For a given change in potential AE for the three equations above 

3 

AE = log (P ) = log (H2/H20) = - Y log  (R) 
O2 

or 

L 

The values of a and 

value ofy was found to be 22mV. These results indicate that the 

rate of graphite oxidation increases approximately with the square of 

the H2/H20 ratio or with the inverse of the oxygen activity to the 

fourth power. 

are respectively 98 and 49 mV. From Fig.3-10 the 

The critical potentials at which-the rate increased rapidly 

are close to those oxygen activities where Fe and FeO are in equilibrium. 

These potentials at which this equilibrium exist were calculated from 
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thermodynamic data but the limits of experimental error were -2 Kcal/g mole 

or 2OmV. The results of 750 C for the critical potential in Fig. 3-10 

were within limits of uncertainty the same potential at which iron 

and wustite (FeOl - x) were in equilibrium. 

critical potential at 7OO0C, however, could not unambiguously be 

equated with this equilibrium as the potential fell below that at 

which wustite would exist as derived from available thermodynamic 

data. 

0 

The results of the 

A probable explanation is given for the behavior of the 

oxidation rates around the critical potentials is related to the 

chemical composition of the iron. At potentials more positive than 

the critical potential, wustite is present which does not, within the 

limits of sensitivity of the techniques employed in this work, 

catalyze the oxidation of graphite as has been suggested for C 0 2  

reactions with graphite. At potentials where iron is stable the 

reaction of water with the graphite is catalysed and the rate 

increases with the squareof the H /H 0 ratio. This rate decreases 

with decreasing H2/H20 

iron oxidized to wustite. About this potential the reaction rate 

decreases rapidly to zero. 

2 2  

ratio until the ratio is such that the 

The behavior of the low burnoff iron-impregnated graphite 

is complicated by the presence of hydrogen which prevents the iron 

deep in the graphite from oxidizing and the graphite oxidation con- 

tinues even though the environment passing over the graphite would 

n 
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oxidize any available on to wustite. 

The results with PGX graphite even at high burnoff 

resemble those of the iron impregnated pure graphite at low burnoff. 

This behavior is a consequence of the presence of impurities other 

than iron which cat yze the reactions. The presence of about 400ppm 

calcium and lower concentrations of titanium (50ppm) and vandium 

(20ppm) would catalyse the oxidation, independent of the catalytic 

effects of iron. Hence, at the low H /H 0 ratios these impurities 

gave rise to graphite oxidation and to an increased H2/H20 ratio. 

This tended to mask aclear-cutpotential at which the rate increased 

or decreased markedly with these changes in the ratio. Nevertheless, 

a change in rate around those critical potentials observed with the 

iron-impregnated/H451 graphite did take place indicating that the 

role of iron in the PGX graphite was similar for the two graphites 

tested. 

2 2  

3 . 3  Iron Species,in Graphite (D. Chandra and J. Skalyo, Jr.) 

The sensitivity of  determining iron in its compound 

form in graphite was greatly enhanced by the acquisition of a 

e, ,instrument is under- 

les. havesJbeen 

relevant, !iron 

nd: ironc_ impregnated 

1 have been studied., ii 
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Large variation in the type and amount of iron species 

was found in various locations of as received PGX. Figure 3 - 1 1  

n 

shows 3 spectra which were obtained within If inches of one another. 

For comparison, a spectrum obtained for an iron foil is also shown. 

The peaks observed in PGX are broadened in comparison 

with those obtained from the iron foil. Since the lifetime of the 

nuclear energy level (which relates to the breadth of a peak) is 

negligibly affected by the chemical environment of the atom, such 

broadened peaks are due to the observation of an envelope of super- 

posed peaks. The resulting distribution in the position of the Fe 
57 

nuclear energy level is believed to be due to the different chemical, 

magnetic microenvironments of the Fe nuclei which are present in 

impurity clusters. 

Line broadening due to resonance absorption in the 

source or in the absorber and instrumental broadening are not 

important (note the narrow line width of the iron foil). It is 

noted that locations 2 and 3 show no Fe 0 * perhaps location 1 was 

originally near an exposed surface. 

2 3' 

A program has been developed to fit Lorentizans to the 

spectral peaks. This provides a means of determining the amount 

of different iron species in the graphite. One of the spectra shown 

in Figure 3-ll.is illustrated in Figure 3-12 with the analytical fit to 

the data. The spectrum shows no Fe 0 and has about 3 to 4 times more 

metallic iron than Fe 0 

3 4  

The peaks are numbered and their specie 2 3' 

- 56 - 



I I I I I I I I I 

W + 
f 0.99OC P G X - 3  

P G X - 2  I. I 

Z 
g 0.990 i r 

F i g u r e  3-11. Mossbauer s p e c t r a  of as r e c e i v e d  PGX. 
Samples were t aken  w i t h i n  1% i nches  of one a n o t h e r .  
Data a t  t h e  t o p  i s  of a s t a n d a r d  i r o n  f o i l .  
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F i g u r e  3-12. 
shown i n  F i g u r e  3-11. 
are  shown a t  t h e  top .  

D e t a i l e d  view and a n a l y s i s  of  sample PGX-1 
P o s i t i o n s  of Fe3O4, Fe2O3, and Fe 
No Fe3O4 i s  found i n  t h i s  sample. 

- 57 - 



origin is also indicated. Table 3-1 gives the integrated intensity, 

full width at half maximum, and location of the peaks. 

Peaks 2, 5, 8 and 10 are identified as due only to 

metallic iron; the remaining two metallic iron peaks occur too close 

to Fe 0 peaks to be resolved. The theoretical intensity relation- 

ship for the four clear peaks is in error and it appears that the 

intensity of peak 3 must be included with that of peak 2 to get 

satisfactory agreement. The significance of this split peak is 

not under s t o  o d at this time; a difference with respect to the 

sharp peaks coming from the iron foil illustrated in Figure 3-11 is 

clear. The other peaks related to metallic iron are also due to the 

observation of  an envelope of Lorentzians and their split character, 

evidenced by peaks 2 and 3 ,  may not be observable with the present 

instrumental resolution. 

2 3  

Peaks 1 and 1 2  are due to Fe203 and should have the 

same intensity. This disparity is believed due to a non linearity of 

the Mossbauer drive occurring at the most negative velocities. 

Future experiments have been done in the extended range -15mm/sec 

< V < +15mm/sec to alleviate this difficulty and to also provide a 

precise background baseline (necessary for determining the absolute 

impurity levels of the iron compounds). 

Finally, peak 7 is an unknown iron species (perhaps 

austenite). It is a single line peak and, hence, due to a non-magnetic 
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TABLE 3-1 

Peak Integrated and 
Number Normalized FWHM Posit ion 

Intensity ( x 1 ~ - 3 )  (mm/ sec)  (mm/sec> 

1 1.7 5 0.2  0.28 - + 0.05 -8.24 f 0.02 

-5.51 + 0.01 2 3.7 t 0.5 0.32 - + 0.04 - 

3 

b 

4.8 + 0.8 

1.4 5 0.5 

- 0.61 + 0.10 

0.23 + 0.08 

- 

- 

-5.01 + 0.02 - 

-4.49 5 0.02 

5 6.6 5 0.4 0.57 + 0.04 -3.16 - + 0.01 

-0.90 + 0.01 

-0.18 f 0.03 

- 

6 4.1 5 0.3 0.32 - + 0.03 - 

7 1.9 5 0.3 - 

8 3.4 0 . 3  - 

9 1.0 - t 0.3 - 

0.40 + 0.09 

0 . 2 9  + 0.03 

0.30 + 0.10 

M . 8 2  - + 0.01 

+1.75 - + 0.03 

+3.06 + 0.01 

+5.31 + 0.01 

+8.72 + 0.02 

10 6.5 5 0.3 0.45 - + 0.03 - 

11 12.0 - + 0.4  - 

12 3.2 5 0.3 0 .41  0.05 - 

- 0.58 + 0.02 

_ r  1 
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iron compound. Several candidates for the origin of this line are 

expected and precise identification will depend on its significance 

in the oxidation of graphite. 

The aforesaid measurements were done on as received PGX 

and are informative with respect to giving a baseline for -further 

measurements which will be done after some oxidation experiment. It 

is noted that a previous large group of as received PGX samples 

showed evidence of containing only metallic iron, this group also 

evidenced iron peaks that were broader than that obtained with a 

metallic iron foil standard. 

The impregnation of H451 with an iron compound and the 

reduction of the impregnant were followed step by step using Mossbauer 

spectroscopy. A characteristic two line spectra is obtained immediately 

following impregnation at room temperature. This agrees with the 

ferric nitrate spectra reported in the literature. This compound 

is reduced before the oxidation experiments were performed. In 

general, the application of Mossbauer spectroscopy confirmed directly 

the existence of pure metallic iron (in a few cases Fe 0 ) prior to 

oxidation treatments. Unlike the species observed in PGX, no complex 

very broad envelopes or unidentifiable peaks were observed. 

2 3  

Following oxidation, the spectra corresponded almost 

3 4  exactly to either metallic iron or Fe 0 

potential of the gas mixture emerging from the reaction chamber. The 

spectra obtained are consistent with those discussed in the previous 

depending on the oxidation 

Q 
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3 Quarterly Report. Figure 3-13 shows a sample spectrum obtained 

from an impregnated H451 sample oxidized in water saturated helium 

without hydrogen. A spectrum obtained from a standard Fe 0 sample 

is also shown in this figure for comparison. The spectra are 

virtually identical to each other. 

3 4  

It is observed that both impregnated H451 and as 

received PGX contain iron in finite sized clusters since the spectra 

give magnetical$y split peaks. The broadened peaks observed in 

PGX indicate a more heterogeneous environment for the iron than is 

found in impregnated H451; whether this environmental difference 

affects the catalytic behavior of the iron in the two graphites is 

not immediately evident. 

3.4 Graphite Leaching (S. Nicolosi) 

3' PGX graphite was leached with a 1:l mixture of HCL:HNO 

The leaching procedure entailed the evacuation of the sample prior 

to the first acid leach. For each leach, 25 ml of the concentrated 

acid solution was added and every four hours the solution was changed. 

The results, shown in Figure 3-14 are not significantly different from 

those obtained previously from a procedure in which the sample was not 

preevacuated. To compliment this work a sample of H-451 was impreg- 

nated with a 9 x molar solution of Fe(N03)3 using the method 

previously employed in the Brookhaven graphite oxidation program. 

This sample was then leached in the same manner as that previously 
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F i g u r e  3-14. Leaching of PGX g r a p h i t e .  
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described for the PGX sample shown in Figure 3-14. The leaching 

results of the impregnated H-451 are shown in Figure 3-15. 

Comparison of the results of the leached PGX and the impregnated 

H-451 indicates that the impregnation process artifically creates 

an impure sample of graphite with an impurity distribution that 

is more accessible than the impurity distribution in the graphite 

that is being imitated. Thus, the impregnation process is to be 

considered as another variable in the graphite oxidation program. 

PGX graphite was also leached with pyridine hydrogen 

chloride. However, the results were inconclusive due to an unusually 

pure sample of PGX. 



1.0 

0. I 

I 0.0 I I 1 1 

L E A C H  NUMBER 

Figure 3-15. Leaching of impregnated H-451 graphite. 

n 
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4 .  Task Area IV - Structural Evaluation (M. Reich, P. Bezler, B. Koplik, f-\ 
J. R. Curreri, T. Y. Chang, L. Lasker, H. Goradia, F. Kautz) 

4.1 Core Seismic Response 

It was reported in the last quarterly that a number of 

available seismic computer codes were received and implemented on 

the BNL system. Of these the SIMEAR code, designed to generate a 

stimulated earthquake with prescribed spectral properties, was found 

to produce unacceptable results. Specifically, the code is supposed 

to produce an earthquake time history with spectra characteristics 

that match and/or envelope the spectra input to the code. 

found that the spectra for the generated time histories only crudely 

matched the input spectra and infact did not necessarily envelope 

that spectra over the whole freqcrency range. A s  this code is of 

prime importance in the seismic investigations contemplated, a 

corrected version of it was developed. 

It was 

SIMEAR in its original form employed the concept of random 

phase angles to generate the siniulated earthquake. This procedure is 

adequate and in accord with the recamendations by Scanlon. The 

failing in the original code was that the coefficients developed after 

one iteration of  this procedure were accepted as adequate. The 

spectra of the generated time history was neither computed nor compared 

to the input spectra. In the revised version the procedure is applied 

iteratively. With each iteration the spectra are computed, compared 

to the input spectra and suitable corrections made to the developed 

coefficients. 

spectra, the generated time history is accepted. 

When the developed spectra closely match the input 



An example of t h i s  procedure i s  dep ic t ed  i n  F igu res  

4-1 - 4 - 3 .  Figure  4-1 shows t h e  inpu t  " t a r g e t "  a c c e l e r a t i o n  s p e c t r a .  

It i s  d e s i r e d  t o  develop a time h i s t o r y  which has t h e  s p e c t r a l  prop- 

e r t i e s  dep ic t ed  i n  t h i s  f i g u r e .  With one i t e r a t i o n  of t h e  SIMEAR 

code, i . e . ,  t h e  o r i g i n a l  format ,  t h e  pseudo r e l a t i v e  v e l o c i t y  

s p e c t r a  d e l i n e a t e d  by t h e  numeral 1 on Figure 4-2 i s  produced. 

On t h i s  computer generated f i g u r e  t h e  * symbol d e l i n e a t e s  t h e  t a r g e t  

psuedo r e l a t i v e  v e l o c i t y  s p e c t r a .  A s  can be seen,  t h e r e  i s  a g r e a t  

mismatch wi th  t h e  generated s p e c t r a  (1) f a l l i n g  below t h e  t a r g e t  

s p e c t r a  (J;) over a l a r g e  range of pe r iods .  I n  Figure 4 - 3  t h e  two 

s p e c t r a  c o i n c i d e ,  only t h e  t a r g e t  s p e c t r a  symbol i s  shown. A s  can 

be seen,  t h e  match i s  very good except  i n  t h e  range of h igh  pe r iods  

(low frequency range) .  The mismatch i n  t h i s  r eg ion  i s  of no s i g -  

n i f i c a n c e  s i n c e  the  f r equenc ie s  are below t h e  seismic range. 

The development of t h e  multi-column v e r t i c a l  a r r a y  computer 

code i s  nea r  completion. The code i s  designed t o  p r e d i c t  t h e  response 

o f  a multi-column a r r a y  of blocks when sub jec t ed  t o  t h e  simultaneous 

a c t i o n  of h o r i z o n t a l  and v e r t i c a l  f o r c i n g  func t ions .  Each block element 

has  t h e  t h r e e  degrees  of freedom a s s o c i a t e d  wi th  motions i n  a p l a n e ;  

h o r i z o n t a l ,  v e r t i c a l  and r o t a t i o n a l .  Non-linear gaped s p r i n g s ,  

Coulomb-friction and viscous damping between elements ,  and dowel p i n  

i n t e r a c t i o n  e f f e c t s  a r e  included. 
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At this stage the compilation of the code is complete and 

a few simple test runs have been made. 

of output, a graphics option is being added. It is anticipated 

that in the near future the code will be applied to more sophisticated 

test problems culminating with collaborative runs with the vertical 

array shake test rig. 

To facilitate the interpretation 

The fabrication and assembly of the vertical array shake 

test rig have been completed. Testing will commence shortly. 

In the last quarterly some aspects of the response for a 

cubic non-linear system excited by two sine waves acting simultaneously 

was reported. It was noted that a critical "lock-on" value of the ratio 

of F /F exists for the equation 1 2  

1' This results in a discontinuity in the response. A small change in F 

at the critical value, produces a substantial change in the response. 

As the coefficient F2 is decreased, the magnitude of the response 

discontinuity is reduced accordingly. To get a better qualitative 

understanding of this phenomena a limited parametric study was undertaken. 

Figure 4-4 shows the effect of varying the coefficient of 

Increasing the cubic term as it affects the critical magnitude of F1. 

the coefficient from 100,000 to 200,000 reduces the magnitude of A 

that is required to produce the discontinuity. This means that a 

0 
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1 a smaller ratio of F /F is needed to produce a discontinuous 1 2  

response. However, the magnitude of the displacement jump is w 
smaller for the stiffer system. Conversely, reducing the cubic 

coefficient to 50,000 increases the "lock-on" ratio but results 

in a greater displacement jump at the critical value. 

Figure 4-5 shows the effect of damping on the mag- 

nitude of the critical value of F For 2% o f  critical damping, 

there is a very large discontinuity in the displacement response. 

Additionally, the critical "lock-on" ratio is low. A s  the damping is 

increased, a larger magnitude of the coefficient F is required and 

a smaller discontinuity in the response curve results. Increasing 

the damping to 6% just about eliminates the discontinuity in the 

response. In this sense increased damping has an effect similar to 

a reduction in the cubic coefficient F 

1' 

1 

2 '  

This type of response developes because of the influence 

of the subharmonic excitation. The large magnitudes develop because 

of  a coincidence between the third harmonic component of the forcing 

function and the third harmonic component of the motion. If each of 

the magnitudes F and F were introduced separately, the large sub- 

harmonic response effect could not occur. 

1 2 

It is normally expected that reduced damping would tend to 

increase the response. However, in this case, the increase is also 

accompanied by a sharp discontinuity in the response. 
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5. Task Area V - Materials 
The scope of this effort covers four main categories of 

materials: (1) metallic materials, (2) graphites, (3) PCRV and 

( 4 )  other materials, which include control rod and thermal barrier 

insulation. The objectives are to critically review available 

materials data pertinent to HTGR safety, identify areas where inform- 

ation is sparse or unavailable, and to design and initiate experiments 

to yield data which will permit accurate assessments to be made of 

materials-related safety problems. 

The conceptual design has been completed for the Materials 

Test Loop (MTL), which will, when completed, be used to supply prototypic 

flowing helium to selected creep and fatigue machines. 

Subcontracted work at the Aerospace Corporation is 

centered on developing an analytical model which will predict the 

fracture strength and fracture mechanisms of oxidized graphites. 

5.1 Mechanical Properties of Materials (J. Chow, P. Soo) 

New control consoles and actuator units have been received 

for three of the MTS closed-loop, electro-hydraulic fatigue machines 

and installation and calibration have been recently completed. Each 

machine is currently being used to test a new heat of Incoloy-800H 

(Heat HH7427A; 0.05% C, 0.39% A l ,  0.43% Ti) at room temperature, using 

a new specimen design shown in Figure 5-1. 

conducted to evaluate any differences from the previous specimen design, 

These tests are being 
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which had a 1/8” cross-sectional diameter, and also to verify the 

integrity of the specimen grips. Four MTS fatigue machines are 

currently operational in the mechanical test laboratory. An addi- 

tional 55,000-lb capacity unit equipped with a 22,000-lb load cell 

and actuator system has just been delivered. 

Seven creep machines have been received from Applied Test 

Systems, Inc., and are currently being assembled and installed. They 

will not be operable, however, until the temperature controllers and 

strain measuring equipment is rqceived. 

5.1.1 Fatigue Testing of Incoloy-800H 

In the previous quarterly report it was shown that high 

cycle fatigue data generated under load-controlled conditions were 

correlatable with available strain-control, low-cycle information from 

the literature 5-1y2 y 3  provided that stress-to-strain conversions were 

made with the aid of cyclic stress-strain curves. Conversions using 

Young’s moduli data are not valid since plasticity effects are not 

taken into consideration. 

For both low- and high-cycle data, it was also shown that 

for a given test temperature, there was a good correlation between the 

total plastic strain energy per unit volume (W ) imparted to a specimen 

and the cycles-to-failure (N ), viz.: 
P 

f 

Wp N: = K (1) 

were n and K are material constants. However, a more complete and 
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straightforward analysis may be made of the data using an approach 

developed by Manson which correlates the elastic and plastic strain 

ranges ( A E  

Figure 5-2. 

strated that the total strain range AE 

A E  ) with Nf5-4e The basis of this approach is shown in 

From an analysis of 29 different materials Manson demon- 
e' P 

(= Ace + A E  ) could be given 
t P 

by : 

-1 -0.12 0.6 -0.6 + D Nf Nf = 3.5 ou E 

where the first term on the right-hand side is the elastic strain 

range and the second is the plastic strain range; is the ultimate 

tensile strength, E is Young's modulus, and D is a ductility term 

given by In (1 - RA) in which RA is the fractional reduction in 

cross-sectional area. 

the elastic and plastic strain ranges are given respectively by 

3.5 ou E 

through each of these points the relationships between A E  and AE 

and Nf are established, which then leads directly to the calculated 

A E ~  - N 

OU 

From equatian (2) it may be seen that at Nf = 1, 

-1 and DOo6. By drawing lines of gradients -0.12 and -0.6 

e P 

relationship, which is given by the broken line in Figure 5-2. f 
In the current analysis of the Incoloy-800H data it 

was decided not to assume that the gradients of the elastic and plastic 

lines were -0.12 and -0.6 but to actually determine the temperature 

dependences from available low- and high-cycle data. This may be 

achieved by rewriting equation (2) in the following form: 

-e 
= aNf + pNip - 

AEt - + h e  P ( 3 )  
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1 

1 where a, $, e and p are temperature dependent terms. The values of 

e and p are obtained by plotting a series of log AB. - log Nf and e 
w 

log ~c~ - log Nf lines as shown in Figures 5-3 and 5-4. 

a and f? are obtained from the expressions 

Values of 

e 
a = AeeNf 

and 

P $ = Asp Nf (5) 

Figure 5-5 and 5-6 show the data obtained. Clearly, the 

average values of e and p determined by Manson are only applicable at 

high temperatures for Incoloy-800H. 

To a reasonable approximation all of the data may be 

fitted to cubic equations as shown in Figures 5-5 and 5-6. Since 

there are no data for temperatures between room temperature and 800 F 

the calculated values may be in considerable error. 

0 

With the aid of equation ( 3 ) ,  and the equations given 

in Figures 5-5 and 5-6, the fatigue curves for any temperature may be 

calculated. Figures 5-7 through 5-13 show a comparison between 

experimental and calculated values. The calculated curve was terminated 

6 at 10 cycles since, €or some temperatures, an endurance limit is 

achieved and the correlation becomes invalid. The agreement between 

calculated and experimental fatigue lines is usually excellent, but 

there is some underestimation of the fatigue life at 1200 and 1300'F 

and some overestimation at 1100 F. Nevertheless, for N values up to 0 

f 
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Figure  5-13. Comparison of c a l c u l a t e d  and measured 
f a t i g u e  l i v e s  f o r  Incoloy-800H a t  1400°F. 
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5 up to approximately 10 , the calculated values are almost always 

within a factor of 2 of the experimental ones. 

greater than lo5 the calculated values underestimate the fatigue life 

For Nf values 

because of the tendency to reach the endurance limit. However, the 

calculated values may still be used to conservatively estimate 

fatigue behavior in this range. 

Incoloy-800H is strengthened by the precipitation of 

the Y' phase, Ni3(A1, Ti), at high temperatures. Because of this, 

significant changes may be anticipated for longer-term tests where 

precipitation occurs. The nature of precipitation strengthening may 

be investigated by considering the rate of work hardening for cyclic 

straining. From data in references 5-1 through 5-3 it may be shown 

that the cyclic plastic work hardening rate, my for Incoloy-800H 

at a given temperature is described by the relationship: 

m 
ba = A hap 

Where &J is the stable stress range and A is a material constant. 

Figure 5-14 gives typical data for 1200 and 1300 F. The overall 0 

temperature dependence of m is shown in Figure 5-15. It appears 

that maximum precipitation effects and fatigue strengthening are 

likely at about 118O0F. 0 Below 800 F precipitation probably is absent 

and a different strengthening mechanism is controlling fatigue. 
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Figure  5-15. Temperature dependence of t h e  c y c l i c  work 
hardening  exponent f o r  Incoloy-800H. 

Table  5-1 Weigh t  Loss of G r a p h i t e  S p e c i m e n s  

Oxidized in HIL 

G r a p h i t e  W e i g h t  Loss, 
P e r c e n t  

P G X  0.902 

P G X  0.165 

P G X  0.516 

P G X  0.202 

A T J  0.109 

A T J  0.096 

2020 0.089 

2020 0.085 
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5.2 Microstructure and Fracture of HTGR Graphite (J. E. Zimmer - 
The Aerospace Corporation) 

Polished specimens of three graphites were oxidized 

in the BNL Helium Impurities Loop (HIL). This low-level oxidation, 

compared to oxidation in air, is more representative of that which 

might occur in an HTGR. Specimens of ATJ, PGX and Stackpole 2020 

graphite were oxidized in the HIL under the planned conditions of 

1000 ppm H20 at 750C. 

measured at BNL prior to the SEM analysis at Aerospace. The HIL 

oxidation run did not achieve the overall burnoffs that were originally 

desired. The weight loss  for each of the eight graphite specimens 

is given in Table 5-1. All the weight losses were less than one 

percent. Scanning electron micrographs of the oxidized surface at 

ATJ graphite (Figure 5-16) show no evidence of oxidation. This is 

in contrast to the micrographs of the surface of ATJ graphite 

oxidized in air to a much higher burnoff of 5.0 w/o (Figure 5-17). 

In this case, enough material has been removed to produce surface 

relief that corresponds to the preferential oxidation of the edges of 

the graphitic basal planes. However, for the HIL oxidized specimens, 

no surface relief was produced and only the fine scratches of the 

initial surface polishing are still evident. Other micrographs 

(Figure 5-18) show this same lack of surface relief due to the 

oxidation. 

The weight l o s s  for each specimen was 
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Figure  5-16. 
ox id i zed  s u r f a c e  of A T J  g r a p h i t e ;  0.109 w / o  burnof f .  

Scanning e l e c t r o n  micrographs of H I L  
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F i g u r e  5-17. Scanning e l e c t r o n  micrograph of a i r  
ox id ized  s u r f a c e  of ATJ  g r a p h i t e ;  5.0 w/o burnof f .  
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Figure 5-18. 
oxidized surface of ATJ graphite; 0.109 w/o burnoff. 

Scanning electron micrographs of HIL 
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The PGX graphite specimens similarly showed no evidence 

of this low-level oxidation, as did the Stackpole 2020 graphite 

specimens. Scanning electron micrographs of the surface of the PGX 

graphite specimen are shown in Figure 5-19. 

Stackpole 2020 graphite is currently the leading 

candidate material for the support posts in the HTGR, replacing ATJ 

graphite. To gain a better understanding of this graphite, optical 

micrographs were taken of polished cross sections. These micrographs 

(Figure 5-20)Show that Stackpole 2020 is a very fine grain graphite 

comprised of filler grains generally less than 30 pm in size. 

Some grain agglomeration is present and the pore structure consists 

of rather small pores outlining the agglomerates. The microstructure 

of Stackpole 2020 is somewhat different to that of the ATJ graphite. 

In the future the oxidation of the polished surfaces of 

the HTGR graphites in the Helium Impurities Loop and the subsequent 

scanning electron micrography of the oxidized specimens should be 

repeated. At higher levels of oxidation, the relation between 

oxidation and the graphite microstructure could be determined. To gain 

an understanding of the relation between mechanical properties and 

weight loss due to oxidation, fracture test specimens should be 

analyzed micrographically. This study could relate the mode of 

fracture in tension and compression to the changes in the graphite 

microstructure that result from oxidation. 
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Figure 5-19. 
oxidized surface of PGX graphite; 0 .902 w/o burnoff. 

Scanning electron micrographs of HIL 
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105 x 

5-00 

Figure  5-20. O p t i c a l  micrographs of S tackpo le  2020 g r a p h i t e .  
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Effect of Oxidation on Strength of Graphite 
1 -  

5.3 

5.3.1 Effect of Impurities on Graphite Oxidation (A. Romano) 
~_ .- 

The Helium Impurities Loop (HIL) has been used to expose 

several graphites to He containing nominal amounts of moisture and 

other concomitant impurities, i.e. H COY CO and CH4. The graphites 

have been exposed in the form of tensile specimens, compression 
2, 2 

specimens and metallographic specimens. The types of graphites 

exposed were H451 (core graphite), ATJ and 2020 (core support post) 

and PGX (support block). 

The impurity concentrations in the loop were governed 

primarily by the mode of operation, ie water was injected continuously 

to a steady state level with H 

controlled. 

CO, C02, and CH 

A recent modification of the water injection and control 

produced but not 2’ 4 

system has resulted in a more uniform water concentration in the loop. 

Since the other impurities were not controlled, they gradually 

increased in concentration during a test run until complete purification 

of the gas was performed. 

The results of three exposure runs will be reported. These 

runs are: (1) tensile specimens of H451, ATJ, 2020 and PGX graphites 

at a nominal H 0 concentration of-100 ppmv, (2) compression specimens 

of PGX graphite at a nominal H 0 concentration of 1000 ppmv, and ( 3 )  2 

metallographic specimens of ATJ, 2020 and PGX graphites (for Aerospace 

Corporation subcontract) at a nominal level of 1000 ppmv H20. The HIL 

has been operated for a total of nearly 3000 hours which included 

2 
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the following exposures of graphite specimens: 

Specimen Type Exposure time, 18 hrs. H,O, ppmv Max. Temp. C 0 

Tensile up to 1 9 7 4  100 75 0 

Compression 4 5 3  1000 7 75 

Metallographic 299  1000 8 00 

After 1 9 7 4  hours of exposure at the conditions shown in 

Table 5 - 2 ,  all of the graphite tensile specimens were removed and post- 

exposure examination was started. Examination of these samples 

consists of oxidation rate measurements (weight changes), tensile 

strength measurements, density profile determinations and chemical 

analysis (metal impurities). 

A schematic representation of one of three test retorts 

is given in Figure 5-21.  The drawing indicates the relative positioning 

of samples and the specimen identification numbers. 

A summary of the graphite tensile specimens in HIL and the 

duration of exposure in each case is shown in Table 5 - 3 .  Of the graphites 

tested, only the PGX specimens showed significant changes since the last 

weighing (reported in the previous progress report). Therefore the results 

for H451 ,  ATJ and 2 0 2 0  will not be plotted at this time, but reported 

as mean oxidation rates are as follows: 
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Table 5-2 

Summary o f  Operation of  Helium Impurities Loop 

Main Flow Circuit 

Maximum Gas Circulating Pump Flow = 1350 std. L/min 

Mean Loop Pressure = 1.19 atmosphere 

Test Retort Circuit 

Maximum Flow per Retort 

Mean Temperature Gradient 

Average Velocity in Retort 

Impurity Monitoring 

Water Concentration, mean: 

CO Concentration, mean: 2 

H2 Ratios of Impurities: - 
H, 0 

= 240 C/min 

= 600 to 75OoC 

= 292 cm/sec (9.6 ft/sec) 

100 ppmv 

250 ppmv 

= 20 mean 
L 

= 1000 max. H2 

H2° 
- 

co - 
c02 

co - 

= 10 mean 

= 500 max. 

Methane Concentration, mean: 100 ppmv 
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Table 5-3 

Summary of  T e n s i l e  Specimens Exposed i n  H e l i u m  Impur i t i e s  Loop 

Type of Grain 
Graphi te  O r  i e n  t a t  ion ( ) 

H45 1 WG 

AG 

WG 

AG 

WG 

AG 

WG 

AG 

WG 

AG 

AT J WG 

AG 

WG 

AG 

Diameter of 
Specimen, i n .  (2 )  

1 1 2  

112 

112 

1 1 2  

112 

112 

114 

114 

114 

114 

Number of 
Specimens 

5 

2 

5 

2 

5 

2 

5 

2 

20 

8 

112 18 

112 1 2  

114 37 

114 1 2  

Durat ion of 
Test ,  h r s  

661 

661 

1305 

1305 

1974 

1974 

1305 

1305 

1974 

1974 

1974 

19 74 

1974 

1974 

2020 AG 112 7 669 

PGX WG 

WG 

AG 

112 

112 

1 1 2  

7 669 

2 1  1974 

1 2  1974 

(1) WG - wi th  g r a i n ,  

( 2 )  A l l  specimens a r e  3 inches long. 

AG - a g a i n s t  g r a i n .  
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Type of . Number of Diameter Mean Oxidation 
Graphite Specimens Rate mg/g*-h 

H45 1 21  t 1.27 

H45 1 35 % 1.93 

ATJ 30 t 2.96 

AT3 49 t 9.64 

2020 7 f 2.17 

The mean temperature associated with this exposure 

0 calculated from temperature profile measurements was 675 C. Detailed 

temperature profiles and the relationship of weight loss vs. temp- 

erature were shown in the previous report. 

The PGX samples showed a significant weight loss since 

the last weighing. The total weight change for the PGX graphite 

specimens are plotted as mg/gr-h vs. reciprocal absolute temperature 

in Figure 5-22. Included in the data are weight change measurements 

from samples recently put into the test retorts (669 hour exposure). 

The temperature dependence is about equal to that observed after 1136 

hours. Considerable scatter continues to exist in the results and 

it is expected that the scatter can be explained by sample to sample 

metallic impurity variations. Chemical Analysis of several specimens 

is presently underway. The highest single sample burnoff was about 13% 

for sample 1-3D and the mean burnoff obtained from the data at 75OoC 

was about 8%. 
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Several PGX compression type samples (1'' diameter x 2" long) 

were exposed in HIL at accelerated conditions (temperature and moisture 

concentration, 775 C maximum and 1000 ppmv H 0 respectively). 

exposure was for only 453 hours. 

specimens are given in Table 5-4. Once again considerable scatter is 

observed in the results. 

appears to be more pronounced at lower temperature. For example, the 

rates for the compression samples at 650 C are about twice that for 

the tensile specimens even when normalized for surface area. 

set A showed an average weight l o s s  about that for set B. This 

apparent anomaly can be explained by the location in the log from which 

the specimens were obtained. Set A was obtained from the end of the 

log nearest the mold surface. Chemical analysis of samples from the log 

showed that the Fe concentration was lower at the surface. 

0 
The 

The weight change data for these 

2 

The effect of the higher moisture content 

0 

The sample 

Several metallographic specimens were oxidized in the HIL 

See section 5-2 of this for subsequent examination by Aerospace Corp. 

report for the results of that examination. The specimens were 

exposed at 8OO0C (maximum) and 1000 ppmv H20 for 299 hours. 

results of weight change measurements are given in Table 5-5. The 

results are in agreement with previously reported data for both the 

tensile specimens and compression specimens. Once again, however, 

there is a less than linear relationship to water concentration when 

comparing these data (at 1000 ppmv H 0 vs. the data from the tensile 

specimens (at 100 ppmv H20). 

The 

2 
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Table 5-4 

Weight Loss Data for PGX Compression Samples 

0 Temp, C 

650 

670 

7 05 

725 

755 

765 

775 

750 

Average 

Rate of Weight Loss ,  mg/g-h 
Set A Set B 

7.12 2.37 x 

5.67 6.52 x 

1.32 x 4.09 x 

6.12 9.12 x 

1.01 x lo-2 3.02 x 

3.93 4.89 x 

5.32 1.88 x 

2.64 1.75 x 

= 6.76 4 .21  x 

Table 5 -  5 

Aerospace Corporation Specimens* Weight Change Measurements 

Weight Loss, 
0 - No. ZYE mg/g-h Temp, C 

A 1  

A2 

A3 

A4 

A5 

A6 

A7 

A8 

PGX 

PGX 

PGX 

PGX 

AT J 

ATJ 

2020 

2020 

3.01 x 

5.51 

1.72 x 

6.74 

3 . 6 0  

3.20 

2.97 

2.85 

8 00 

760 

800 

725 

8 00 

750 

800 

735 

*Samples exposed in Helium Impurities Loop for 299 hours and 
1000 ppmv H20.  
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5.3.2 Mechanical Property Measurements (A. Romano, J. Chow) 

Since the highest weight losses were measured on the PGX 

samples, it was anticipated that the largest changes in tensile 

strength would also be observed on those samples. Therefore several 

PGX samples.having high burnoffs were tested and only a small number 

of ATJ samples were tested. 

The results of the tensile strength measurements of the 

PGX samples are given in Table 5-6. Several trends are observed: 

1. Controls taken with the grain averaged l O O O +  43 

psi whereas controls taken against the grain averaged 1159+ 86 psi 

in strength. 

- 

2 .  Similarly at the same burnoff, oxidized samples taken 

with the grain showed lower strengths than those taken against the grain. 

3. A s  expected, the higher burnoff samples showed lower 

strengths. Specimens with the grain decreased in strength by a factor 

of one half after only 5-6% burnoff. 

A review of the literature5 regarding the l o s s  in strength 

of graphite with loss in weight due to oxidation has indicated that most 

of the data fits a relationship of the type: 

so = ( ; o ) m  

where s and are rupture stress (compression, tensile, etc) and 

density respectively and a an emperically determined constant. It can 

be shown that the equation can be reduced to: 

s = so (1 - WLlm 

n 
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Table 5-6 

Results of Tensile Strength Measurements of PGX Graphite 

Standards Unexposed 
Sample No. 

G-5 
G- 6 
G-7 
G-8 
G-10 
G-11 

Average 

G- 13 
G- 14 
G-15 
G-16 
G-17 

Average 

Grain Orientat ion 

With Grain 
I 1  

Against Grain 
1 1  

1 1  

1 1  

1 1  

Samples Exposed in H I L  
Sample No. Grain Orientation 

1-3A 
1-4A 
2-4B 
1 -4B 
1-3B 
1 - 1 D  
2-3E 
1-1E 
2-3F 
3-3E 
1-3G 
1-3F 
1-3E 
2-3D Against Grain 
1-3C 
2-4G I 1  

1 -4F 1 1  

3-4F 
1 -4G 1 1  

1-3D 

t I  

I t  

I t  

*Not included in average. 
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Burnoff, % 

0.13 
0.17 
0.73 
0.97 
1.02 
1.03 
1.62 
2.60 
2.73 
2.88 
4.28 
5.21 
6.47 

0.58 
2.08 
2.10 
4.91 
6.57 
10.21 
12.79 

Stress, psi 

960 
1010 
1070 
960 
9 75 
1025 
1000 5 43 
1070 
1230 
(540) * 
1100 
1235 
1159 5 86 

Stress, psi 

970 
810 
852 
906 
925 
760 
865 
8 05 
7 65 
8 15 
685 
5 00 
565 
1005 
995 
1150 
745 
840 
656 
645 



where W is the fractional burnoff of the graphite. However, most 

of the data available in the literature is for pile grade graphite 

(low Fe content) although some data exists for Type CS graphite 

(commercial grade similar to ATJ). In addition, much of the data 

is for air and CO oxidation and at temperatures ranging from 200 

to 95OoC. A review of the literature indicates that values of E .  

for tensile strength data range from 8.0 to 13.5 with most of the 

data close to 8.0. 

L 

2 

The results for PGX shown in Table 5-6  are plotted in 

Figure 5 23 in the form, log tensile strength vs. % burnoff. The 

results for samples taken with the grain and those taken against the 

grain are clearly separable into two curves. The slopes of these 

curves (E) are 5.1 and 9.2 for with grain and against grain, 

respectively. This indicates that for PGX the relationship of 

loss of strength with loss of weight is similar to pile grade 

graphites. 

The results of the compression test measurements made on 

t k  PGX graphite specimens are given in Table 5-7. Unfortunately the 

exposure for these samples was not long enough to give high burnoffs. 

The data was reduced into three groups as shown. A slight reduction, 

in strength is evident with the slight burnoff observed. 
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Figure 5-23. Tensile strength of PGX graphite as a 
function of extent of oxidation. 

Table 5-7 
Results of PGX Compression Test Measurements 

Unexposed 

Sample No. 

GT50-8A 
GT53 -8 B 
GT51-11A 
GT53-11 B 

Average 

Ox id i z e d 

Sample No.  

9A 
6A 
2A 

Average 

4A 
7B 
1B 
5B 
3B 

Average 

Burnoff, % 

0.12 
0.18 
0.26 , 
0.19 

0.28 
0.85 
1.07 
1.37 
1.85 
1.29 
- 

JcNot included in averages. 
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Stress, psi 

3670 
3710 
3860 
3840 
3770 5 94 

Stress, psi 

-3740 
3530 
3800 
3690 2 142 

(1520)* 
3540 
3650 
3530 
349 0 
3553 2 69 



5.3.3 Density Profile Measurements 

Density profile measurements were made on some of the 

samples exposed to He and compared with unexposed standards. The 

results are summarized in Table 5-8 .  In general, the results are 

inconclusive. Several samples showed complex density profiles but 

the majority of those examined showed either flat profiles or only 

slight changes near the surface. 

correlation with exposure time, temperature, position or grain 

orientation. The more complex profiles are shown in Figure 5-24. 

Of interest to note is that samples 1-3D and 1-4G,  which had high 

burnoffs, had very low densities (1.55 g/cc) as compared to samples 

having low burnoffs (1.7 g/cc). 

There does not appear to be a 

The density profiles measured on two compression samples 

are shown in Figure 5-25. 

profile from their outer edge to depths of about 0.2”. 

greater depth of penetration of these samples, as compared to the 

tensile specimens, is probably due to the higher water concentration 

at the time of exposure. 

These samples had a near-linear change in 

The apparently 

n 
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e 

I 
P 
P 
P 

I 

Sample 
. No. 

Con tro 1 

3-3F 

1-3A 

1 - 1 E  

2-4B 

2-3E 

1-3F 

1-3G 

2-3D 

3 -4F 

Burnoff, % 

0 

3.30 

0.13 

2.60 

0.73 

1.62 

2.73 

4.28 

0.58 

6.57 

(1) Not tested. 

Table 5-8 

Summary of Density Profile Measurements (PGX Graphite) 

Grain 
Orientation 

WG 

WG 

WG 
WG 

WG 

WG 

WG 

WG 

AG 

AG 

Tensile Strength, 
psi 

960 

(1) 
9 70 

8 05 

852 

865 

7 65 

685 

1005 

840 

Density Profile 

Flat all way at 1.770 g/cc 

Flat all way ,at 1.758 g/cc 

Flat all way at 1.761 g/cc 

Flat a l l  way at 1.706 g/cc 

1.752 g/cc at .50 in. to 1.756 at .48 in., 

1.740 g/cc at .50 in. to 1.749 at .48 in., 

1.709 g/cc at .50 in. to 1 . 7 1 2  at .48 in., 

1.738 g/cc at .50 in. to 1.742 at .45 in., 

1.735 g/cc at .50 in. to 1.738 at .48 in., 

1.706 g/cc at .50 in. to 1.710 at .48 in., 

then flat all way 

then flat all way 

then flat all way 

then flat all way 

then decreased to 1.734 at .40 in. 

then flat all way 



1.740 I I50 psi 
2.10% 

1.670 

m 

\ 

pl 1.650 815psi 

1.590 

1.580 6 5 6  osi 

I-4G 
AG 

I 

1.570 1 4 10.2'1% 

I I I I I I I I I I  
0.500 0.48 0.46 0.44 0.42 0.400 0.38 0.36 0.34 0.32 

OUTSIDE DIAMETER OF SPECIMEN WHEN MEASURED, inches 

F i g u r e  5-24 .  PGX g r a p h i t e  d e n s i t y  p r o f i l e s  a f t e r  o x i d a t i o n .  

I .770 I I I I I 

n- 1.760- 

DIAMETER OF SAMPLE WHEN MEASURED, inches 

F i g u r e  5-25.  Densi ty  p r o f i l e s  of compression samples 
a f t e r  o x i d a t i o n .  
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5.3.4 Discussion 

The results from the tensile test measurements of PGX 

graphite specimens clearly indicate that the relationship between 

loss of strength and loss of weight due to oxidation is exponential. 

Although there appears to be an effect due to grain orientation, the 

data is in agreement with available data from the literature. 

one can extrapolate the more design conservative values obtained for 

PGX (with grain), at 17% burnoff the tensile strength would be 200 psi, 

0.2~ the original strength. 

factors to this data would further reduce the allowable design stress. 

If 

The application of engineering safety 

There are obviously three major factors that must be 

considered before conclusions may be drawn. The first is the effect 

of size. These data (as well as most data available) are for small 

diameter specimens, in this case % l l .  

small specimen may represent a large proportion of the overall 

diameter, whereas in large support blocks, the depth will have to 

be considerable to have an effect. The second factor is the effect of 

impurity level in the He. 

The depth of oxidation in a 

In HIL the impurity levels were not 

controlled except for H20. The multiple 

CH on graphite oxidation are uncertain. 

that the loop operates at -1 atm whereas 
4 

effects of H2, C 0 2 ,  CO and 

However, if one considers 

an HTGR would operate at 

50 atm, 100 ppmV in HIL would be equivalent to -2 ppmV in an HTGR. 

The Technical Specification Limits for Ft. St. Vrain are well within 

the operating range at 2 ppmV. The third, and probably most important, 
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Table 5-9 

Weight Loss of Graphite Specimens Oxidized in HIL 

No. 

A1 

A2 

A3 

A4 

A5 

A6 

A7 

A8 

-- Graphite 

PGX 

PGX 

PGX 

PGX 

AT J 

AT J 

2020 

2020 

Weight Loss, 'Z 

0.902 

0.165 

0.516 

0.202 

0.109 

0.096 

0.089 

0.085 

0 Temp., C 

800 

740 

800 

740 

800 

740 

800 

740 
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factor to consider is exposure time. The PGX specimens were 

exposed for only -2000 hours, whereas an HTGR is expected to operate 

for N280,000 hours. 

In summary, it has been shown that of all the graphites 

in an HTGR, the PGX graphite (due to its high metallic impurity 

concentration) is oxidized at a sufficiently high rate that some 

further consideration is required. There appears to be a need for 

further tests on PGX to determine the effect of size and long time 

exposures. 
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6 .  Task Area VI - Safety Instrumentation and Control Systems 

6.1 Monitoring for the Impurities in the Primary Coolant 

at Fort St. Vrain (S. Nicolosi) 

The mass spectrometer which is to be used for the on- 

line sampling of the Fort St. Vrain primary coolant is still under 

construction by the Nuclide Corporation in State College, Pennsylvania. 
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7. Task Area V I 1  - Accident Delineation (C. Sastre) 
Work has continued in the review of the Accident 

Initiation and Progression Analysis effmt at General Atomic. 

The need for consideration of activation products along with 

the fission products in the estimation of consequences has 

been identified. The possibility of formation of aerosols 

has been identified as a conceivable mechanism that could, 

in the postulated event of a core heatup, have an impact on 

the realistic estimates of PCRV release fractions which are 

now made on the basis of vapor condensation consideration. 
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8. Task Area VI11 - Phenomena Modeling and Systems Analysis 
8.1 HTGR Safety Code Library (J. Beerman, J. Colman) 

1 The TAP computer code (1975 version), obtained from 

General Atomic Corporation (GA) ,  has been converted to run successfully 

on the CDC 7600. A considerable further amount of work is required 

to fully understand the code and assess the outputs obtained from it. 

The Mossbauer Data Analysis code, MOSBDA? has been 

added to the HTGR Library. 

in order that automatic punched paper tape output could be utilized 

indirectly to search for the approximate location of peaks and to 

supply this information to the Least Squares Lorentzian fitting 

routines . 

Extensions have been made to the code 

3 The ORIGEN computer code was recieved from the Radiation 

Shielding Information Center (RSIC) and was made operational on the 

CDC 7600. Several errors in the version received were eliminated 

and the overlay structure of the program was redesigned in order to 

satisfy the more severe central memory constraints of the CDC 7600, 

and also to make execution of the code more efficient. The Program, 

as received,had been syntactically converted from IBM-360 Fortran IV 

to CDC Fortran but the conversion had never been tested. 

4 5 The INREM and EXREM computer codes have been received 

from RSIC and are undergoing conversion to the CDC 7600 computer. 

codes calculate internal and external radiation doses from beta, 

positron, electron and gamma radiation. 

These 

6 The BNL-developed code, HAZARD , is operational and has 

been added to the HTGR Library. This code analyzes layering and 
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and flammability of gases in an HTGR containment vessel following 

a depressurization accident. It is described more fully elsewhere 

in this report. 

Table 8-1 summarizes the status of the 45 programs now 

being maintained in the HTGR Safety Code Library. 

8 . 2  A Simplified Inventory of Radioactive Nuclides for Use 

I n  HTGR Calculations (M. Dickey) 

Several hundred radioactive nuclides are produced as 

by-products in a nuclear reactor, obviously not all of these can be 

considered in detail, so it is useful to construct a small subset of 

the more important nuclides from which the ones which should be subjected 

to further study can be selected. For example, when considering an 

accident which results in the release of fission products from a 

reactor, we need not consider any short lived isotopes themselves with 

half-lives less than a few hours, since all of these will have decayed 

to a negligible fraction of their original potency, during the time 

taken for the fission products to escape after a reactor scram, excepting 

any nuclides that are produced by the decay of a long-lived parent. The 

hazard posed by a particular nuclide will depend on how it has been 

dispersed as well as the time at which exposure to the nuclide occurs. 

Several factors should be taken into consideration when 

evaluating the relative importance of the various radioactive nuclides. 

The inventory in the reactor depends on the operating history. The 
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Program 

CRECT 

LISTFC 

RIGEL 

ENDFB2 

FJANGE 

GAND2 

GFE2 

MAKE 

WTFG 

PRINT 

SPRINT 

GGC4 

S t a t u s  

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

Table 8-1 

HTGR Sa fe ty  Code Library  

P ropr i e t a ry  

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP- 

Funct ion 

Correc ts  d a t a  on ENDF/B tape .  

L i s t s  d a t a  from ENDF/B tape .  

Manipulates d a t a  on ENDF/B tape .  

Converts d a t a  on ENDF/B t ape  t o  b inary .  

Prepares  thermal c r o s s  s e c t i o n  t r a n s f e r  
a r r a y s .  

Prepares  f i n e  group f a s t ,  resonance,  and 
thermal c r o s s  s e c t i o n s  from ENDFB2 
b ina ry  t apes .  

Prepares  f i n e  group f a s t  c r o s s  s e c t i o n s  
from ENDFB2 b ina ry  t apes .  

Prepares  f i n e  group f a s t  c r o s s  s e c t i o n  
t ape  from GFE2 f o r  spectrum codes.  

Prepares  f i n e  group thermal c r o s s  s e c t i o n  
t ape  from GAND2 o r  FLANGE f o r  spectrum 
codes.  

Reads t h e  f a s t  c r o s s  s e c t i o n  t ape  pro-  
duced by MAKE. 

Reads the  thermal  c r o s s  s e c t i o n  t ape  
produced by WTFG. 

Prepares  broad group c r o s s  s e c t i o n s  
from MAKE and WTFG tapes .  

C 
OP = Opera t iona l -on  the  BNL CDCf7600 system under Scope 2 .  
R = Recent ly  rece ived  from General  Atomic Co. o r  Argonne Code Center .  
P = General Atomic Company p r o p r i e t a r y  code. 
NP = Not considered t o  be a p r o p r i e t a r y  code. 

= I n  the  process  of being converted t o  t h e  CDC-7600. 
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Program 

INTERP 

1-DX 

FEVER- 7 

TEMCO-7 

BLOOS T - 7 

GAKIT 

TWIGL 

TAC - 2 D  

FLAC 

POKE 

Status 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP P 

S ORS D 

GOPTWO 

OXIDE - 3 

Proprietary 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

RECA C 

CORCON OP 

OP 

OP 

OP 

Table 8-1 Cont'd. 

P 

P 

P 

NP 

P 

Function 

Prepares broad group cross sections from 
MICROX output data tapes. 

Performs one-dimensional, diffusion 
theory, steady-state calculations. 

Performs one-dimensional, diffusion 
theory, burnup and reload calculations. 

Computes reactor temperature coefficients 
from input cross section data. 

Performs zero-dimensional reactor kinetics 
calculations. 

Performs one-dimensional reactor kinetics 
calculations. 

Performs two-dimensional light-water reac- 
t o r  kinetics calculations. 

Performs two-dimensional, transient con- 
duction analyses. 

Calculates steady-state flow distribu- 
tions in arbitrary networks with heat 
add it ion. 

Calculates steady-state flow distribu- 
tion and fuel and coolant temperatures 
in a gas-cooled reactor. 

Calculates time-dependent flow distribu- 
tion and fuel and coolant temperatures 
in the primary system. 

Computes the temperature history and 
fission product redistribution follow- 
ing a loss of all convective cooling 
of the core. 

Computes the release of volatile fission 
products from an HTGR core during 
thermal transients. 

Analyzes the steady-state graphite burnoff 
and the primary circuit levels of im- 
pur it ies . 

Analyzes the transient response of  the 
HTGR fuel and moderator to an oxidizing 
environment. 
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Table 8-1 Cont'd. 

Program 

S KMPLE 

TAP 

SORSG 

DIFFTA 

DIFFTl 

PDQ- 7 

SOSNCC 

HILDA 

OSCIL 

H-CON1 

HYDRA- 1 

CONTEMPT-G 

sossm 

Status 

OP 

OF 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

OP 

Proprietary 

NP 

P 

P 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

NP 

P 

NP 

Function 

Propagates uncertainties in probability 
distributions by Monte Carlo technique. 

Calculates the transient behavior of the 
integrated HTGR power plant. 

Computes the release of non-volatile 
gaseous fission products from an HTGR 
core during thermal transients. 

Solves the steady-state, two-dimensional 
diffusion equation by finite element 
method. 

Solves the time-dependent, 2-D diffusion 
equation by the finite element method. 

Analyzes reactors in up to three space 
dimensions via diffusion theory. 

Calculation o f  steady state natural con- 
vection flow rates during long-term l o s s  
of power. 

Analyzes data acquired from the Helium 
Impurities Loop. 

One-dimensional spring-mass system simulator 
for seismic analysis of  HTGR core. 

One-dimensional heat conduction code for an 
HTGR fuel pin by finite difference method. 

Computes thermal/hydraulic parameters for 
single phase liquid due to external heat 
source. 

Simulation of temperature-pressure response 
of an HTGR containment atmosphere to 
postulated coolant circuit depressurization. 

Solves the steady state one-dimensional 
momentum equation. 
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amounts of fission and activation products in the core are highest just 

prior to refueling so, to be conservative, the initial inventory at the 

time of the accident, is taken to be that at the end of a fuel cycle. 

After the accident the amount of each nuclide changes in the course of 

time and because of the differences in half lifes the relative order 

of importance of the isotopes changes. Thus it is necessary to list 

a different set of important nuclides depending on the time at which 

the effects of the nuclides are to be considered. The fraction of 

the total amount of each radioactive nuclide in the reactor which is 

released to the environment, will depend on the particular accident 

involved. The subsequent dispersal of the radioactive products may 

differ because of the different physical and chemical properties of 

the individual nuclides. If the dispersal mode involves individual 

properties, such as diffusion constants, then the release fraction 

may vary widely, but if the dispersal mode involves some inert 

carrier less differences may be expected. If transport depends on 

molecular motion then the more volatile elements will be more widely' 

dispersed, however if dispersal results from an explosion or if 

an aerosol is formed, even non volatile elements will be carried far 

from the reactor. The pathways leading to exposure become very 

complex as the time, which has elapsed since the initial release, 

increases. We cannot consider here all the myriad possibilities of 

dispersal so we will rank the nuclides in terms of their activity and 

biological importance for relatively short times only. 

- 1 2 4  - 



The activity in curies does not in itself measure the 

The effects of radiation will depend on the danger to the public. 

type of exposure,so to take account of the biological effects we have 

here used data made available with the INREM code. This code was 

developed to calculate the internal doses resulting from inhalation 

or ingestion of radioactive isotopes. The data base includes 259 

nuclides but not all of the isotopes generated in an HTGR, so some 

nuclides had to be omitted from the calculation of the doses. The 

dose rate factors used by I W M  are those recommended by the 

International Committee on Radiological Protection8 and partially account 

7 

7 

I 

for the effects of the descendants of a given nuclide. The dose 

commitment calculated in’INREM represents the total commitment for 7 

50 years resulting from a delta function intake by an individual of 

age 21 years. 

The potential hazards, arising from the nuclides at 

different times, are shown in Table 8-2 and Figure 8-1. For a particular 

accident, these figures should be multiplied by an appropriate factor 

which takes into account the details of the dispersal. Table 8-2 shows 

the 40 most important nuclides-ranked in descending order at times 

of one day and one week after a reactor scram. 

in the reactor was taken to be that calculated by General Atomic 

The initial inventory 

9 

assuming normal operating conditions and that the accident occurs 

towards the end of a fuel cycle. Table 8-2a shows the activity in 

curies. Of the half-life of a daughter nuclide is much shorter than 

I 
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PA233 
XE 133 
NE95 
ZR95 
LA140 
EA140 
PR 143 

Y91 
SR89 

M099 
TC99M 
PR144 
CE144 
1132 
CE 143 
TE 132 
U237 
I 1 3 1  
I 1 3 3  

RU103 
RH103M 
NE97 
ZR97 
NB97M 
ND147 
NP238 
XE 135 
Y93 
SR9 1 

PM 149 
NP239 
PM147 
Y91M 
RH105 
CS134 
I 1 3 5  
E 1 2 7  
TE131M 
SEI127 

~ € 1 4 1  

TABLE 8-2a 

A C T I V I T Y  I N  CUHIES 
1 D A Y  1 WEEK 

1*57E+09 
1 r75E+08 
1.72E+08 
1070E+08 
1.67E+OH 
1 *6lJE+OH 
1.57E+08 
1.56E+08 
1.52€+06 
1.51E+08 

1.28E+08 
1.22E+08 
1 07E+08 
1 07E+O8 
9.82E+07 
9 69E+O 7 
9.53€+07 
6 54E+ 0 7 
8047E+07 
tle40€+07 

8,17E+07 
6. 14E+07 
6 44E+07 
5 97E+07 
5 74E+07 
5.69€+07 
4.21€+07 
4*03E+U7 
3*75E+07 
2*75E+07 

2.136+07 
2*13E+07 
1.856+07 
1081E+07 
1 .S&E+07 
1050E+07 
1 a41€+07 
1039E+07 

1.32€+07 
1.36€+07 
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PA233 
NBY5 
Z R Y S  
Y Y 1  
SH&Y 
C E l 4 l  
LA140 
PH 143 
R A l 4 0  
PR 144 

1.35E+O9 
107lE+Od 
1.60E+O6 
1.42E+Otl 
1.3YE+OH 
1.37E+OB 
1 * 3 2 E + O R  
1.24E+06 
1 lhE+OB 
1 05E+Ob 

CE144 1 .OSE+O6 
XE133 8.75€+07 
RU103 7.3hE+07 
HH103M 7.33€+07 
I 1 3 1  5 2 0 E+ 0 7 
U237 4 *61E+07 
ND147 3.YlE+07 
M099 2.9 1E+07 
TC99M 2.78E+O7 
I 1 3 2  2.72E+07 

TE132 2.64E+07 
PM147 1 .H7E+U7 
CS134 1.49€+07 
Y Y O  8 .  U V E  +06 
SR90 8 09E+06 
CS137 7 b3E+06 
CS136 7*37E+Oh 
RH1 06 7 *20E+Oh 
R11106 7.20€+06 
RA137M 7,20E+06 

TE129 6.87E+Ue 
TE129M 6.86€+06 
TE127 he22E+06 
NP238 5.92€+06 

St1127 4.25E+06 
CE143  4*71€+06 

NP239 3oh3E+O6 
PM148 3.35E+06 
PM149 302hE+06 
NBPSM 3.00€+06 



Table 8-2b 

INHALATION DOSE I N  A R A I T k A R Y  UNITS 
1 D A Y  1 NEEK 

PU236 
CE144 
PA233 
Z R 9 5  
SR90 
SRBY 
Y 9 1  
CM244 
RA140 
CS134 

NE95 
CM24Z 
PU24 1 
CE141 
CS 1 3 7  
I 1 3 1  
TE132 
PR143 

PM147 

TH226 
ND 1 4 7  
RU103 
CS136 
PU240 
I133  
U232  
PU239 
TE 129M 
CE143 

PM148M 
U237 
Z R 9 7  
RUl( i6 
A M 2 4 3  
I 132  
PM148 
TE131M 
AM241 

~ ~ 1 4 0  

3 * 9 1 E + 0 7  
6 94E+06 
3o60E+O6 
2 0 7 2 E + 0 6  
1 *79E+06  
1*75E+Oh 
1 a36E+06 
1 *25E+06  
1 1 6 € + 0 6  
8 e 4  1E+05 

7 0 6 9 E + 0 5  
5 * 0 0 € + 0 5  
4 *25E+05 
2 * 5 6 E + 0 5  
2 * 5 4 E + 0 5  
2 * 2 3 E + 0 5  
1087€+05  
1 78E+05 
1 * 4 0 E + O 5  
1 * 2 & € + 0 5  

8 * 6 3 E + 0 4  
6 o b l E + 0 4  
6 * 3 0 E + 0 4  
5 * 7 0 E + 0 4  
5 0  6OE+04 
4 82E+04  
4 6 3 € + 0 4  
3 * 5 6 k + 0 4  
3 * 4 0 € + 0 4  
3 e27E+04 

2 084E+04 
2 *43E+04  
2 0 3 3 E + 0 4  
2 .O 8 E + 0 4 
1 *33E+04  
1 *27€+0& 
1.06€+04 
9 * 9 7 € + 0 3  
9 *8!JE+03 

PU238 
CE144 
PA233 
ZH95 
SHY0 
SI489 
Y Y l  
CM244 
C S  1 3 4  
RA140 

N89S 
CMd42 
P U 2 4 l  
CS 1 3 7  
C E l 4 l  
P R l 4 3  
1131 
Ph147  
LA140  
Tti22H 

RUlO3 
P l J L 4 0  
TE: 1 3 2  
U232 
NO147 
C S  1 3 6  
PU23Y 
TE 1 2 9 Y  
P k  14dM 
R U 1 0 6  

AM243 
U237 
AM241 
EU 1 5 4  
PU236 
u233 
Y O 0  
PM14d 
SH 125 

70h5E+O5 
4*8tiE+OS 
4 0 25E+05 
2 54E+05 
2 LhE+ 0 ti 
1 *40E+05  
1 *37E+OS 
1 29E+05 
1 10E+05  
8*74E+O4 

5 oht!E+04 
5 o b l E + 0 4  
5*19E+O4 
4 hSE+O4 
4 55E+04  
4.14€+04 
3 64E+04  
3 OOE+O4 
2 * 5 7 E + 0 4  
z 0 U S t + U 4  

SR91 9 68E+03 TE127M 4024E+03  
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Table 8-2c 

INGESTION DOSE I N  ARHITHAHY UNITS 

SR90 
SR89 
CS 134 
CS137 
1131 
BA140 
TE 132 
CS136 
I 1 3 3  
TE 129M 

113% 
SR91 
RU103 
TE131M 
I135  
PU238 
T E l 2 7 M  
CE144 
RU106 
U232 

PA233  
ZR95 
TC99M 
U237  
RH105 
RA2Z4 
Y 9 1  
C M 2 4 4  
SI3125 
SN125 

SN 123 
TE127 
Ne95  
U 2 3 3  
C M 2 4 2  
TE 125M 
~ ~ 1 2 9  
~ ~ 1 4 1  
PR143 

1 DAY 

l e 3 4 € + O b  
1 e31E+06 
1 o 12E+O6 
3 e3YE+05 
2 e 9 7 E + 0 5  
20 06E+05 
1 023E+05  
7 e59E+04 
6 o43E+04 
2 o 24E+O4 

1 o70E+04 
7 o 26E+O3 
7 oOOE+O3 
bo56E+O3 
5 0 3 7 € + 0 3  
4070E+O3 
2e82E+03  
2a78E+03 
Ee31€+03  
l o 8 5 E + O 3  

1 o44E+03 
1 o O9E+O3 
l o  02E+03 
9 e 3 3 E + 0 2  
(1e78E+02 
6 0 2 6 E + 0 2  
5 e 4 5 € + 0 2  
4e9YE+02  
4 e 76E+02 
4e40E+02  

3e66E+02  
3 e 3 3 € + 0 2  
3eOI1E+O2 
%e28E+02  
2e00E+O2 
1 e 15E+02 
1 e 12E+02 
1 e 03E+02  
7e12E+01  

1 WEEK 

SR90 1 e 34E+Ob 
l e 2 1 E + O 6  SRB9 

CS134 l e l 2 E + 0 6  
CS137 3 e 3 B E + 0 5  
I 1 3 1  le82E+O5 
HA140 1 e49E+US 
CS136 5eS2E+04 
TE132 3 e 4 2 € + 0 4  
TE12YM 1e98E+04  
RU103 6e31E+03 

PU238 4e74E+03  
I 1 3 2  4 e 7 0 € + 0 3  
Tk127M Le79E+03  
CE144 2e73€+03  
RU106 2e28E+U3 
I1232 1 e 8 6 E + 0 3  
PA233 1 e23€+03 
ZR95 1 e 02E+03 
I 133  5 e 2 4 E + 0 2  
Y 9 1  5e08E+02  

u237 
C M 2 4 4  
PA224 
SR125 
SN123 
Nb95 
SN 125 
TE131M 
U233  
r c 9 9 ~  

Se O4E+02 
4 e99E+02 
4 e HL)F+OZ 
4 e 76E+U2 

3e06E+02  
L e  &6E+02 
2e36E+02  
2 e 34E+ 0 2  
2 * 3 3 E + 0 2  

3 5 4 F + u 2  

CM242 1 e95E+02 
TE127 1e49E+U2 
TE125M 1e16E+02  
CE141 9 e 0 4 € + 0 1  
TE129 Ue99E+U1 
PH143 Se59E+Ol  
RH105 5e4HE+Ol 
PM147 5 e l b F + U l  
PU241 5 e 1 0 E + 0 1  

L A 1 4 0  5e59E+01  L A 1 4 0  4 e 4 0 E + 0 1  
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that of its parent then, after a while, a state of secular equilibrium 

is reached and the activities of the two are the same. Several such 

pairs occur in the list; e.g. 90y-g0~ri 

biological impact of the nuclides is taken into account by multiplying 

the activity by the whole body does commitment factors given in INREM. 

Table 8-2b shows the relative hazard in arbitrary units if the exposure 

results from inhalation and Table 8-2c if the exposure results from 

ingestion. Figure 8-1 shows the results for a l l  the fission product 

decay chains, at times of one day and one week, after the reactor 

scram. In Figure 8-la the activity is plotted versus the atomic 

number of the nuclide.. The activity of each member of a decay chain 

is plotted separately, for all nuclides with a significant activity, 

not the sum of all the activities in each chain. For a long lived 

parent- short lived daughter pair, the two points coincide. Figures 

8-lb and 8-lc are similar plots and show the potential hazard due to 

inhalation or ingestion. 

In Table 8-2b. and 8-2c the 

7 

8 . 3  Combustion Hazard Analysis (I. Omata, H. Takahashi) 

The reactor containment building of an HTGR is designed 

so that it keeps its integrity in the design basis depressurization 

accident, that is a rapid depressurization of the primary coolant system 

following the failure of a PCRV penetration closure. The CONTEMPT-G 

code of General Atomic Company analyzes pressure and temperature transient 

response with an assumption that the jet gas injected into the containment 
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building is homogeneously mixed with air. This instant homogenization 

model is not an appropriate model for the analysis of the flammability 

of the mixed gas. 

It was conjectured by Strehlow," (University of Illinois) 

that the light helium gas injected into the containment building will 

be layered in the upper part of the building. He developed the 

code named HTGRF4 and analyzed the helium gas injection from a 

ruptured closure with 100 in. area. 
2 

In order to discuss the possibility and effects of  

combustion hazards, an analysis was initiated concerning the flama- 

bility of the gas mixture of helium, hydrogen and carbon monoxide 

injected into the containment building from various sizes of the 

penetrations. For this analysis, we extended his model and constructed 

the code named HAZARD . 11 

Figures 8-2 and 8 - 3  show the schematic models of this 

1 calculation and the approximate structure of underexpanded jet. These 

systematic studies were carried out for the cases of various rupture 

areas, and various concentrations of  hydrogen and carbon monoxide in He 

gas. 

Figure 8-4  indicates the variation of He mole fraction 
2 inside of the containment building in the case of a 100 in. 

area, where t is the time (in seconds) after the rupture occurs. 

Figure 8-5 shows the case of a 10 in 

culational results, we can evaluate whether or not the gas mixture in 

rupture 

2 
rupture area. From these cal- 

the containment building is flammable. 
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Figure 8-6 shows the potential energy released by 

combustion of the flammable gas in the building. The abscissa 

indicates the mole of H and CO gas, combustion does not occur 
lb 2 

because the concentration of the combustible gas is outside of the 

flammable range. Beyond the 210 molelb, a large amount of energy 

can be released as the result of the combustion of the mixed gas. 

The estimate of the pressure rise due to this amount of 

12 
energy release was carried out by a simple calculation , and an 

estimated value of the pressure rise shows good agreement with the 

value obtained from the experimental formula 
13. 

8.4 STREC-3: A Digital Computer Model to Predict Fatigue 

Lifetime of Plates Subjected to Acoustic Noise 

(H. Fenech, A. Rao - University of California, Santa Barbara) 
The thermal liner cover plate in the PCRV (Prestressed 

Concrete Reactor Vessel) of the HTGR (High Temperature Gas Cooled 

Reactor) is subjected to various acoustic fields of sound pressure 

levels (SPL) as high as 150db (ref. 2xl0-~ wbar). The cover pla'te is 

excited by the noise source in its resonance modes and the resulting 

high stresses in the plate may cause fatigue failures. Although this 

computer code is written for the above specific use, the code can also 

be used to study the vibratory response and fatigue failure of plates 

subjected to more general flow noise or any other random forcing function 

of known power spectrum. 



Figure  8-6. P o t e n t i a l  release energy by combustion. 
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The developed computer code STREC-3 has the capability 

of predicting the plate fatigue lifetime when the user supplies a 

structural response characteristic subroutine whichGcomputes the 

maximum displacement and maximum stress spectra for an input noise 

spectrum. 

STREC-3 calculates the displacement and stress spectra using the theory 

outlined in Ref. 14. This theory is valid for a simply supported plate 

subjected to a diffusive noise source. 

based on this theory. A separate subroutine, PLATE 2 ,  which calculates 

the displacement and stress response spectra by solving numerically 

the plate displacement equation, is under development. The present 

version of the STREC program does not include in the plate displacement 

equation the effect of the radiative pressure which can be neglected 

in most cases. This effect will be incorporated in a later version. 

When the user is not providing the subroutine, the program 

The subroutine PLATE 1 is 

Three different models can be optionally used to predict 

the fatigue lifetime. These are, the narrow band model (NBM); octave 

band model (OBM); and quasistationary model (QSM). The QSM is an 

extension of the method used in Ref. 14. The user may choose any or 

all of these models. The output of the program includes, in addition 

to the lifetime, the input pressure spectrum the displacement spectrum 

and the stress spectrum. The variance of the stress spectrum at 1/50 

of  each of the octave bands is also printed. 
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STREC-3 is written in FORTRAN-IV in double precision 

(d algorithm and has the following characteristics and capabilities 
(see Fig. 8-7). 

A. Characteristics: 

1. The main program reads the input noise spectrum and various 

octave frequencies. The subroutine PLATE 1 (or PLATE 2 )  is called 

to calculate the maximum displacement and stress response spectra. 

The subroutine OCTMOD will calculate the mean square variance at 

1!50 of each octave band's using Aitkin's interpolation formula 

and Simpson's rule. 

2 .  The subroutine OCTMOD calls the subroutine NBM, which predicts 

the fatigue lifetime on the basis of narrow band model; or the 

subroutine OBM which predicts the lifetime on the basis of octave 

band model; or the subroutine QSM which predicts the lifetime on 

the basis of the extension of the theory given in Ref. 14. The 

frequency and the mean square stress ih each of the octave bands is 

printed in the subroutine OBM. 

B. Capabilities: 

1. The subroutine PLATE 1 (PLATEZ) and OCTMOD will be called back 

if the damping ratios are changed and continues the operations until 

MN is set to zero. 

2 .  When MN=O, the program goes back and reads the next noise source. 

If the noise source is not available or a blank is encountered the 
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program stops. Otherwise, the program will repeat the calculations 

by calling the subroutines PLATE 1 (or PLATE 2) and OCTMOD. 

3. The user may supply the displacement and stress response 

spectrum of the structure under study in the subroutine PLATE 2. 

Irrespective of the geometric nature of the structure or its 

boundary conditions, the code STREC-3 evaluates the fatigue lifetime 

of that structure. 
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