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ABSTRACT 

This publication continues the quarterly report series on the HTGR v̂  

Fuels and Core Development Program. The Program covers items of the base 

technology of the High-Temperature Gas-Cooled Reactor (HTGR) system. The 

development of the HTGR system will, in part, meet the greater national 

objective of more effective and efficient utilization of our national 

resources. The work reported here includes studies of reactions between 

core materials and coolant impurities, basic fission product transport 

mechanisms, core graphite development and testing, the development and 

testing of recyclable fuel systems, and physics and fuel management 

studies. Materials studies include irradiation capsule tests of both 

fuel and graphite. Experimental procedures and results are discussed and, 

where appropriate, the data are presented in tables, graphs, and photographs. 

More detailed descriptions of experimental work are presented in topical 

reports; these are listed at the end of the report. 
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• INTRODUCTION 

This report covers the work performed by the General Atomic Company 

under U.S. Energy Research and Development Administration Contract EY-76-C-

03-0167, Project Agreement No. 17. This Project Agreement calls for support 

of basic technology associated with the fuels and core of the gas-cooled, 

nuclear power reactor systems. The program is based on the concept of the 

High-Temperature Gas-Cooled Reactor (HTGR) developed by the General Atomic 

Company. 

Characteristics of advanced large HTGR designs include: 

1. A single-phase gas coolant allowing generation of high-temperature, 

high-pressure steam with consequent high-efficiency energy con

version and low thermal discharge. 

2. A prestressed concrete reactor vessel (PCRV) offering advantages 

in field construction, primary system integrity, and stressed 

member inspectability. 

3. Graphite core material assuring high-temperature structural 

strength, large temperature safety margins, and good neutron 

economy, 

4. Thorium fuel cycle leading to U-233 fuel which allows good utili

zation of nuclear resources and minimum demands on separative 

work. 

These basic features are incorporated into the 330-MW(e) prototype Fort St. 

Vrain reactor which is currently undergoing prestartup testing. 
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About a year ago, options were added to FIPERQ so that the code would 

consider: 

1, The effect of different sorptivlties on either side of a material 

interface in order to calculate the partition (<|)) factor, 
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2. The effect of transverse purge flow in a fuel-graphite gap acting 

as a removal mechanism. 

Both of these effects introduce nonlinearlties since the (f factor and the 

purge removal rate both depend on the unknown fission metal concentrations. 

Two types of nonllnearity must be considered. First is the fact that the 

sorption relationships are nonlinear. Second is the fact that in the pre

sent FIPER formulation both (|> and the source rate, S, are assumed to be 

known constants during any time step. Thus even if the sorption relation

ships were linear, an Iteration would still be necessary to account for the 

functional dependence of (j> and S on the unknox«i concentrations. 

The FIPER method for treating any nonlinear effect is to assume the 

effect is constant for a given iteration and to explicitly reevaluate the 

effect for the next iteration. This method does not always converge. It 

has been concluded from recent experience that there is no convergence 

acceleration algorithm, short of an elaborate and costly vector-matrix 

approach, that will work for all problems. 

The significance of this theoretical weakness was not apparent at 

first because early test problems worked well. However, during the past 

year a FIPERQ analysis of Peach Bottom driver elements disclosed two forms 

of numerical instability. One was caused by discontinuous jumps in the 

temperature history. This problem was remedied by doing a fully implicit 

solution to step past all temperature discontinuities, reverting to the 

Crank-Nicholson method for the integration over a continuous temperature 

domain. The second' was an iteration instability in the (j) and the purge 

calculations. This was temporarily fixed by employing the successive over-

relaxation (SOR) method. However, continued use of the code on a multitude 

of cases has resulted In numerous iteration failures. These have been 

fixed as they occurred by a patchwork of different scalar iteration proce

dures of ever-increasing complexity. The present failure of these proce

dures is due to the fact that no scalar iteration algorithm can properly 

account for the coupling between components in a poorly behaved vector 

iteration. 

4-2 



Work is now under way on an interim truncated vector iteration that 

considers the 2 x 2 coupling at each material interface. However, it is 

now clear that the only valid method is to reformulate the difference 

equations so that linear approximations of all functional relationships are 

explicitly considered. A set of matrix tangent equations can then be 

developed for a vector analog of Newton's method. 

It might be possible to adapt the present FIPER code to employ a 

tangent matrix formulation. However, to accomplish this, the difference 

equations would have to be rederived and reprogrammed, which is a signifi

cant part of the labor that would be required for development of a new 

code. For reasons discussed below, FIPER has other shortcomings that make 

a new code an attractive choice. 

The present FIPER is organized so that every space point is considered 

to be "typical." This wastes a considerable amount of calculational effort 

by forcing the program to do unnecessary repetitive calculations in homo

geneous regions when the only need for calculation is at material inter

faces and boundaries. The following approach, recently proven in PADLOC, 

is much better: 

1. Organize the system of equations as a network, with primary 

unknowns at network junctions (material interfaces) and secondary 

unknowns in the interior of homogeneous regions, 

2. Eliminate the interior unknowns, and obtain a reduced set of 

global equations based on only the primary unknowns, 

3. Perform all nonlinear purge, i|), and boundary condition iterations 

on the reduced system, 

4. Return to the continuous regions and solve for interior unknowns. 
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This method has the further advantage that arbitrary geometries and bound

ary conditions are easier to model. For example, cylindrical and slab 

geometries could be mixed to verify the TRAFIC code. 

Another limitation of FIPER is that the program is incapable of 

treating coupled multiple species interactions during diffusion; i.e., the 

decay-precursor effect is not considered. For some problems, e.g., krypton 

decaying to strontium, this could be important. A rigorous model is needed 

to assess such effects. 

There has been considerable discussion in the past few years about 

non-Fickian diffusion of cesium. This has been called the two-path or two-

phase effect. The simplest possible mathematical representation of this 

effect is to assume a zero-dimensional coupling between the paths by a rate 

constant mechanism. A zero-dimensional coupled path diffusion problem is 

mathematically Identical to the coupled species problem. The equations to 

be solved can be written in matrix form as 

|r {c} = [D] V^ {C} - [A] {C} + {S} , (4-1) 
dt 

where [D] = a diagonal matrix of diffusion constants, 

[A] = a coupling-depletion matrix. 

An advanced FIPER should be organized in this general sense so that studies 

of these effects can be undertaken. 

COPAR, an advanced particle release model, has been incorporated into 

TRAFIC, but it has not yet been incorporated into FIPER. It is clear that 

FIPER needs an advanced particle source model of this type. This interface 

would be more straightforward in a new code than in the present FIPER. 

COPAR Code 

The recently developed COPAR program is analogous to TRAFIC in many 

respects. It employs a parameterization and superposition technique for 
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eliminating interior solutions and efficiently solving a coupled boundary 

value problem. The similarity in approaches has led to examination of the 

possibility that one program could be written that would serve both func

tions. Some Inherent limitations of TRAFIC, to be discussed below, make 

this one program concept a desirable choice. 

TRAFIC Code 

In the past year TRAFIC has suffered from numerous numerical problems. 

Many of these were minor underflow and overflow problems caused by the huge 

numerical range of the numbers involved. The two problems that have caused 

the most concern are: 

1. The system of nonlinear equations sometimes failed to converge or 

converged to the wrong result. 

2. The accuracy of the program was questionable with long time steps 

and high temperatures. 

A solution to the first problem was initially attempted by modifying 

VECTIT, a general purpose vector Iteration algorithm. Because of the lack 

of success with this approach, it was decided to reformulate the equations 

so they were intrinsically monotonic and stable. This approach ultimately 

proved to be successful. 

No solution to the second problem is possible with the present TRAFIC 

formulation because the logic of the program is closely tied to the pre

sumption that the time step sizes are known in advance. An automatic time 

stepping procedure with an adaptive integration is needed. However, 

implementing this within the present Duhamel superposition method might 

lead to an intolerable degradation of efficiency. Therefore, some theoret

ical research to discover an efficient adaptive solution method would be 

desirable. 
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Another concern with TRAFIC is that it is designed to solve problems 

only for one particular geometryj the 30-60-90 triangular unit cell of the 

LHTGR. In principle^ the same parameterization and superposition method 

could also be used for other geometries, but the need for a general formu

lation was not anticipated when the TRAFIC development began. 

In code validation work there is a need to employ a highly efficient 

TRAFIC-like code to analyze geometries such as those of the Peach Bottom or 

Pebble-Bed reactor. Such analyses cannot be done by the present TRAFIC 

code. The answer appears to be use of a general network coupling organiza

tion similar to that already suggested for FIPER. Using this technique, 

one could specify through input the geometry of the homogeneous regions and 

the nature of the interface conditions. The program could then couple the 

regions together and solve a reduced nonlinear system of equations for the 

interface conditions. It is interesting to note that adoption of this 

approach would provide a program capable of obtaining coupled one-

dimensional analytic solutions with any heterogeneous geometry. The need 

for an entirely separate COPAR program would be eliminated. 

Proposed Models 

Based on the previous discussions^ it appears that both FIPER and 

TEAFIC would benefit from being reorganized according to the network con

cept. An efficient way to develop these programs would be to employ a 

single-driver program for input, network analysis, and output. A FIPER-

like (finite difference) or a TRAFIC-like (analytical) solution could then 

be obtained by calling appropriate modules from this one program. This 

technique has two advantages. First, duplication of programming effort is 

avoided. Second, such a program would be self-checking. Analytic and dif

ference solutions for similar problems could be easily compared. The fol

lowing sections present a summary description of a modular program capable 

of both analytic and difference solutions. The program could also use a 

mixture of the two methods for single species problems. 
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Driver Program. The driver program would control the input, the net

work analysis, and the output. It would call upon analytical or finite 

difference solution modules in various phases of the analysis. In keeping 

with the solution strategy already developed for TRAFIC and COPAR, two 

modes of solution are possible: direct solution and superposition. 

In the direct mode the solution is computed in detail using all of the 

essential tools of the appropriate method. For the finite difference solu

tion, this means establishing and solving a matrix equation for a fine 

spatial mesh of interior nodes in each branch of the network. For the 

analytic solution, this means evaluating some infinite series expansions. 

The direct solution can be used for two purposes. It can be used in 

each time step of a coupled network analysis, during which the solution for 

the complete network is simultaneously marched forward in time. This is a 

costly but rigorous solution method. The other application of direct solu

tions is in a parameterization and superposition method (see below) similar 

to that now employed in TRAFIC and COPAR, Here, nondimensional direct 

solutions are first precomputed and tabulated for each geometry type 

(spherical, cylindrical, or slab). Thereafter, subsequent multiple solu

tion evaluations are performed by linear interpolation in the tables. 

Regardless of the application intended, the direct solution procedure 

can be accomplished using either the finite difference or the analytic 

solution modules. The application is controlled by the driver program. 

The direct solution can be quite costly when it is done repetitively. 

A much faster method is to precompute some tabulated solutions (see above) 

and to employ a superposition principle. This parameterization and super

position technique only works when one restricts the tabulated direct solu

tions to the simplified case of constant (time-independent) boundary condi

tions. The effect of time-dependent boundary conditions is later treated 

by Duhamel's superposition principle. This involves a convolution (inte

gration) of the tabulated direct solutions with the past history of the 

actual boundary conditions. For example, a typical expression might be 
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C(t) = I F(t - T) J7~ dx . (4-2) 

o 

This integration can be quite efficient when the function F is evaluated by 

linear interpolation in the precomputed tables. 

The superposition calculation in each time step contains a loop over 

time steps in the past history. For each prior time step some functions 

are evaluated by linear interpolation and some integrals are incremented. 

When complete, this process yields the coefficients of the reduced equation 

for the branch in question. This reduced equation takes the same algebraic 

form as if the equation were derived by the direct solution procedure. The 

driver program can then proceed with the global network solution using a 

typical method. 

The schematic flow diagram in Fig. 4-1 shows a proposed DRIVER program 

that would accomplish all of the operations indicated above. This is 

intended to give only a broad picture of the proposed capability. If a 

decision is made to go ahead with this effort, the organization of this 

logic should be studied in more depth. It may be desirable, for example, 

to have more than one DRIVER calling on the same modules. 

This DRIVER program is a general analytical procedure that will work 

for any configuration of one-dimensional network branches, including the 

present TRAFIC model which has mixed coordinate systems. Some care must be 

taken to ensure that the present calculational efficiency of TRAFIC is not 

compromised by this generality; however, it should be possible to accom

plish this with careful planning. 

Finite Difference Modules. The flow diagram shown in Fig. 4-1 calls 

for two finite difference modules for each geometry type: 

DIFF1 - Eliminate interior unknowns to compute a reduced set of 

branch equations for a time step. 
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DRIVER 

INPUT CONTROL VARIABLES 

IS TABULATION " ^ ^ 0 
REQUIRED? 

LOOP OVER GEOMETRY 
CLASSES 

I 
LOOP OVER DIMENSIONLESS TIME 

STEPS 

ANALYTIC 

CALL ANAL* 
TO COMPUTE SOLUTION AT 

END OF TIME STEP 

STORE TABULATED SOLUTIONS 
FOR THIS GEOMETRY 

INPUT NETWORK 
DESCRIPTION 

FINITE DIFFERENCE 

CALL DIFF1* AND DIFF2* 
TO COMPUTE SOLUTION AT 

END OF TIME STEP 

*THE MODULES ANAL, DIFF1, AND DIFF2 

ARE DESCRIBED IN TEXT 

Fig. 4-1. Flow diagram for proposed DRIVER program (sheet 1 of 4) 
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00 

LOOP OVER BRANCHES IN 
NETWORK 

INPUT BRANCH DESCRIPTION INCLUDING 

(a) COORDINATE SYSTEM FLAG 

(b) ANALYTICAL/FINITE DIFFERENCE 
FLAG 

ic) DIRECT/SUPERPOSTION FLAG 

(d) GEOMETRY, MATERIAL PROPERTIES 

LOOP OVER MATERIAL 
INTERFACES 

I 
INPUT INTERFACE CONDITION AND/OR 
BOUNDARY CONDITION INFORMATION 

I 
INITIALIZATION 

I 
LOOP OVER TIME STEPS IN 

HISTORY 

LOOP OVER BRANCHES IN 
NETWORK 

Fig. 4-1. Flow diagram for proposed DRIVER program (sheet 2 of 4) 
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SUPERPOSITION 

DIRECT DIFFERENCE 

CALLDIFF1T0 COMPUTE 
REDUCED BRANCH 

EQUATIONS 

I 
LOOP OVER PRIOR TIME 

STEPS 

DIRECT ANALYTIC 

CALL ANAL TO EVALUATE 
SOLUTION F ( t - T ) 

EVALUATE F ( t - r ) BY 
LINEAR INTERPOLATION 

INCREMENT DUHAMEL 
INTEGRALS 

I 
DEFINE REDUCED BRANCH 

EQUATIONS 

I 
ASSEMBLE GLOBAL NETWORK EQUATIONS 

Fig. 4-1. Flow diagram for proposed DRIVER program (sheet 3 of 4) 
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0 
END BRANCH LOOP 

SOLVE NETWORK SYSTEM FOR INTER
FACE AND BOUNDARY CONDITIONS 

(ITERATION). 

DIRECT DIFFERENCE 

LOOP OVER BRANCHES 

CALL D(FF2 TO COMPUTE 
INTERIOR SOLUTIONS 

END TIME LOOP 

OUTPUT 

STOP 

SUPERPOSITION 

NO INTERIOR SOLU
TION IS POSSIBLE 

Fig. 4-1. Flow diagram for proposed DRIVER program (sheet 4 of 4) 
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DIFF2 - Compute the interior solution at the end of a time step when 

given the boundary conditions. 

Separating the direct solution into two phases, commonly known as substruc-

turing, is a useful technique when the boundary conditions are unknown or 

they involve nonlinear equations. 

Analytical Modules, One analytical module is required for each geom

etry type. This module, called ANAL, is designed to compute nondimensional 

solution functions (e.g., F in Eq. 4-2) for the constant boundary condition 

case. This is done by evaluating infinite series expansions. Two applica

tions of ANAL are shown in the DRIVER flow chart in Fig. 4-1. In the ini

tial tabulation phase the boundary conditions are assumed to be constant; 

therefore, one call to ANAL In each time step serves to define the tabula

ted solution. In the direct analytic solution of a network (e.g., TRAFIC) 

it is necessary to use the Duhamel superposition principle to account for 

unknown time-dependent boundary conditions. Then ANAL may be called within 

a loop over the past history in order to evaluate Eq. 4-2. A faster 

approach, of course, Is to interpolate In the tabulated functions. 

Conclusions 

A new modular program system designed to arbitrarily solve coupled 

one-dimensional diffusion problems has been proposed. This would embody 

all of the best features of FIPER, TRAFIC, and COPAR, One advantage of 

this scheme is that it would be more generally applicable to a variety of 

problem types and geometries. Another advantage is that it would ensure 

consistency between FIPER (reference method) and TRAFIC (fast-running 

design method). 

The justifications for this work are the numerical problems, inade

quate documentation, and difficulty of maintenance associated with the pre

sent family of programs. Although considerable work has already been done, 

this work must be continued to bring these programs under control. 
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surveillance, see Subtask 900, FSV Chemistry Surveillance. 

Peach Bottom. Analysis of Peach Bottom fission product behavior is 

carried out under the Peach Bottom End-of~Life (EOL) Program. Results made 
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TABLE 4-2 
FSV RISE-TO-POWER Kr-85m R/B VALUES 

Reactor 
Power 
(%) 

2 

5 

8 

11 

18 

28.9 

Measured 

4.3 

4.7 

5.1 

3.3 

4.4 

5.1 

R/B 

X 

X 

X 

X 

X 

X 

10-6 

10-6 

10-6 

10-6 

10-6 

10-6 

Predicted 

5.8 

5.7 

6.0 

6.2 

6.9 

1.1 

R/B 

X 10-6 

X 10-6 

X 10"6 

X 10-6 

X 10-6 

X IQ-^ 
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available for fission product code validation are included here for 

completeness. 

Predicted Kr-85m and Xe-138 fission gas releases were found to be in 

excellent agreement with those measured during reactor operation. The 

dominant source for release was heavy metal contamination in the fuel com

pacts, as EOL average fuel failure fractions were found to be less than 1%. 

The calculated release was based on TRIGA R/B measurements carried out on 

several archive fuel compacts. Predicted Cs-137 distribution in the pri

mary circuit obtained using the PAD code was found to be in good agreement 

with gamma scan data gathered after reactor shutdown. This provides assur

ance that the transport model presently employed in PAD is acceptable for 

characterizing plateout, provided correct wall temperatures and appropriate 

sorption isotherms are available. No information on predicted fission 

metal release from the purged fuel elements is yet available. 

CPL-2. Analysis of the first CPL~2 loop test, CPL-2/1, is near com

pletion (Refs. 4-3 through 4-6). Gaseous fission product release, cesium 

release, and cesium and iodine plateout have been computed using design 

methods and compared to measured values. Results of plateout calculations 

show that acceptable profiles of deposited fission products can be calcu

lated when accurate wall temperatures and appropriate sorption isotherms 

are used. The equilibrium deposition model used in plateout calculations 

appears to be adequate for predicting condensible fission product plateout. 

Predicted fission metal release from CPL-2/1, specifically Cs-137 release, 

appears to be in good agreement with measured release. However, while the 

overall release was correctly modeled, cesium loading in the graphite was 

overpredicted. This may be an indication that the Fick's law model used in 

fission metal release calculations may not accurately represent the in-pile 

bulk diffusion of cesium in graphite. The behavior of fission gases in 

CPL-2/1, including the temperature dependence of release, has been ade

quately modeled using design methods. As expected, these results are 

strongly dependent on the input value of (R/B)^ . ,, which varies with 

FIMA. 
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SSL-1. FIPERQ was used to predict the release of Cs-137 from the 

SSL-1 fuel element. The observed release was found to be a factor of nine 

larger than that predicted using a source derived from the axial loading of 

cesium in the fuel element graphite. A three-fold Increase in the refer

ence value of the cesium diffusion coefficient in graphite resulted in 

close agreement between predicted and measured release. However, no combi

nation of input variables could be assigned that would adequately explain 

all the measured results. The lack of an extensive body of PIE data pre

vents a more accurate assessment of the barriers controlling release. 

Analysis of Kr and Xe release from SSL-1 provided confirmation that in-pile 

fission gas release is properly modeled in the reference method by assuming 

a V'TTTI dependence of fractional release at temperatures >1473 K. No 

assessment of the fission product plateout calculations could be carried 

out with the available data. 

P13Q, P13R, and F13S. These capsules were designed to test the per

formance of reference or near-reference HTGR fuel under expected LHTGR 

irradiation conditions, Gairana scan results showed negligible cesium 

release from virtually all of the fuel bodies, a finding that confirmed the 

excellent performance of the fuel noted from in-pile fission gas release 

measurements. The lack of measureable fission metal release precluded a 

verification of the reference design method. Uncertainties in the in-pile 

fission gas data from P13R and P13S precluded analysis of the half-life 

dependence of Kr and Xe release. The variation in fuel irradiation temper

atures and uncertainty regarding the measured in-pile fission gas release 

in P13Q make accurate assessment of fuel performance and fission gas 

release models extremely difficult. No data were available for fission 

product plateout calculations. No further analyses of fission product 

behavior in fuel performance capsules for code verification studies is 

planned at this time due to the very low fission product release generally 

noted in these tests. 
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Status of Cesium Release and Plateout Design Methods Verification 

The following conclusions represent the tentative assessment of the 

validity of cesium release and plateout design methods calculations; 

1. Predictions of nominal cesium release appear to be acceptable 

when the source strength is known. This conclusion is based on 

the results of the CPL-2/1 experiment where the cesium source 

strength in bare kernels was well-defined. The results of this 

test showed close agreement between predicted and observed total 

release. This conclusion will require additional confirmation by 

planned analyses of CPL-2/3, CPL-2/4, and the Idylle 03 loop, all 

of which had well-defined sources. (See Table 4-11 under dis

cussion of potential future tests.) 

2. The Ficks' law model used in the fission metal release design 

method (FIPER/TRAFIC) does not accurately describe cesium loading 

In graphite. This conclusion is based on the results from CPL-

2/1 and SSL-1. In the former, loading in the graphite was over-

predicted by approximately one order of magnitude while the 

overall release was correctly predicted. In the SSL-1 analyses, 

where the source was estimated from the cesium loading in 

graphite, the overall release was underpredicted by a factor of 

nine. Since the profile shapes in both tests were modeled cor

rectly, it seems apparent that a more sophisticated model of 

cesium diffusion in graphite will be required If measured 

graphite loading and total release are to be reconciled. 

3. The partition coefficient at the fuel rod - graphite interface is 

underpredicted by the reference method. This conclusion is based 

on results from SSL-1 and CPL-2/1. When the predicted and 

observed cesium loadings in graphite were equated, as was done in 

the SSL-1 analysis, the partition coefficient was properly 

modeled. However, when the source strength was derived from 

calculations of cesium release from kernels, as in CPL-2/1, the 
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partition coefficient was underpredicted. It appears that if the 

loading of cesium in graphite is correctly predicted by the code, 

the partition coefficient will likewise be correct (although 

total release will be simultaneously underpredicted), 

4, Reliable predictions of cesium plateout on primary circuit 

surfaces can be derived from the PAD plateout code if proper iso

therms and temperatures are used as input. This conclusion is 

based on the results of CPL-2/1 and Peach Bottom plateout pro

files. The results of these plateout analysis confirm the 

validity of the PAD model, but large uncertainties remain 

regarding the reference Isotherms used as input to the code. 

5, No assessment of the model used to predict cesium release from 

particles can be made at this time. No reliable data on cesium 

release from intact and failed particles are yet available from 

any of the tests analyzed to date. The planned REBISE 02 capsule 

test has been designed to provide data on the diffusive release 

of cesium from intact BISO oxide kernel particles, (See Table 

4-11 under discussion of potential future tests.) In addition, 

data from the CPL-2 and Idylle 03 tests will provide data 

suitable for comparison with code predictions. 

These conclusions are based on analyses carried out to date and are 

subject to revision and change at a later date. One point should be noted, 

however, when reviewing the above conclusions. These assessments have been 

derived from short-term tests which likely overemphasize the importance of 

graphite as a barrier to release. When predictions are carried out over a 

four to six year time frame using representative operating temperatures, a 

large fraction of the cesium released to the graphite passes into the 

coolant. This finding emphasizes the need to clearly define cesium source 

strength from intact and failed particles. 
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Analysis of Cadarache Pegase Loop CPL-2 Test Data 

Three-in-pile loop tests, CPL-2/1, -2/3, and -2/4, described in Ref. 

4-4, have been completed in the Pegase reactor at Cadarache, France, under 

the auspices of the French Atomic Energy Commission (CEA), One additional 

loop irradiation, the CPL-2/1 Bis test, was also carried out to provide 

nominal operation reference data. This test was run because a water 

ingress incident occurred just prior to shutdown of the CPL-2/1 loop that 

may have altered the results of fission product transport derived from the 

PIE of this loop. The nominal conditions of the four loop Irradiations 

performed were; 

CPL-2/1 Nominal operation test 

CPL-2/3 High coolant moisture - oxidant levels 

CPL-2/4 In-situ depressurization after nominal operation 

CPL-2/1 Bis Rerun of nominal operation test 

Nearly all the PIEs providing information on fission product transport 

in the fuel, reflector, and heat exchanger - recuperator are complete for 

the loops. Comparison of the CPL-2/1 PIE results with calculations per

formed using the GA fission product design methods is presented herein. A 

description of the loop and test components is also reviewed below. 

Loop Description. Figure 4-2 shows a schematic of the loop used for 

the CPL-2 tests. Irradiations were performed by submerging the entire loop 

in the Pegase reactor pool and moving it up to the side of the reactor 

core. The test section included a graphite fuel element and reflector 

block, a counterflow heat exchanger - recuperator, and two fission product 

plateout probes. Helium was circulated upward at 5,4 MPa through the fuel 

element coolant channels where fission products released from the fuel rods 

entered the coolant. The flow then passed through the reflector block and 

the tube side of the heat exchanger - recuperator. Samplings of the fis

sion product concentration In the coolant were performed continuously at 

the inlet and outlet of the tube side of the heat exchanger - recuperator 

by use of the probe tubes. 
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Fig. 4-2. CPL~2 loop schematic with loop flow 
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The cylindrical fuel element, shown in Fig. 4-3, was used in the CPL-2 

tests as a representative portion of an LHTGR fuel block. The test element 

was 117 mm in diameter and 793 mm long and was fabricated from Pechlney 

P JHAN graphite. Seven coolant channels and 12 fuel holes were provided. 

Each fuel hole was loaded with 15 fuel rods, each 50 mm long. Therefore, 

the fuel element was identified by 15 layers, each layer containing one 

fuel rod in each of the 12 holes. The fuel used was Dragon-type UO^ TRISO 

particles having a 12% enrichment and a porosity of approximately 20%, A 

known source of fission product release was provided by seeding certain 

fuel rods with a predetermined fraction of uncoated (bare) fuel particle 

kernels. As shown in the fuel element schematic in Fig. 4-3, all the fuel 

rods in layers 10 and 11 were seeded with 4% bare kernels, these being the 

layers where the peak fuel temperatures were expected to occur. Bare-

kernel-seeded rods were also loaded in cooler regions of the fuel element 

(except in CPL-2/3) as shown in Fig. 4-3, in order to determine possible 

temperature effects on fission product release. 

The reflector block, shown schematically in Fig. 4-4, was also made 

from Pechlney graphite and measured 110 mm In diameter and 793 mm in 

length. As shown in this figure, two H-327 graphite rods, char-loaded 

under vacuum, were inserted in the CPL-2/1 reflector in an attempt to study 

the influence of transverse flow on the transport of fission products. 

The straight tube counterflow heat exchanger - recuperator (Fig. 4-5) 

was designed to fulfill two main purposes: (1) to permit high-temperature 

operation of the fuel element without imposing excessive thermal stresses 

on other loop components, and (2) to simulate surface and temperature 

conditions of the plateout surfaces in an LHTGR. The heat exchanger -

recuperator consisted of 186 tubes, 4 mm I.D,, 4.5 mm CD,, and 1250 mm 

long, hexagonally arranged inside an 86-mm-diameter cylindrical shell. 

Several steel types, Including the French equivalents of T22 (2-1/2 Cr - 1 

Mo), SS410, SS347, Hastelloy B, and Incoloy 800, were used in the fabrica

tion of the tubes. Since the T22-llke and stainless steel tubes could not 

withstand the helium temperatures at the tube-side inlet (bottom) region of 

the heat exchanger - recuperator, half tubes of these alloys were joined to 
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r/oBARE FUEL KERNELS 

COOLANT 

775 mm 

50 mm 

655 mm 

o FUEL HOLE 

1% BARE FUEL 
KERNELS 

4% BARE FUEL KERNELS 

Fig . 4 - 3 . CPL-2 fue l element 
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half tubes of Incoloy 800 by means of a welded sleeve. Each steel type was 

represented by an as-received tube (i.e., no pretreatment other than 

degreasing was performed on the tube) and a preoxidlzed tube or half tube. 

This was done to determine the influence, if any, of the state of the metal 

surface on the deposition of condensible fission products. The majority of 

the tubes in the heat exchanger - recuperator were as-received Incoloy 800. 

During loop operation, helium coolant and graphite temperatures were 

measured at various locations in the test section. Two plateout probes and 

associated filters, one opening at the inlet and the other at the outlet of 

the tube side of the heat exchanger - recuperator, permitted determination 

of fission product release from the fuel element and total deposition of 

condensible fission products on heat exchanger -• recuperator tube surfaces. 

To maintain prescribed coolant moisture and oxidant levels, precise amounts 

of water and/or hydrogen were injected into the helium. All coolant impu

rities were monitored and recorded during irradiation. This information 

was used to study the corrosion of the fuel and reflector block graphite. 

In addition, a cascade impactor dust analyzer was located downstream of the 

test section as shown in Fig, 4-2, which provided a measure of the amount 

and size distribution of dust being carried around the loop by the coolant 

flow. 

Nominal loop operating conditions for all four test loops are 

summarized as follows: 

Mass flow rate 0,088 kg/s 

Average coolant pressure 5,4 MPa 

Fuel element coolant inlet temperature 813 K 

Reflector block coolant outlet temperature 1017 K 

Peak fuel centerline temperature 1573 K 

Burnup <1% FIMA 

Fuel block average power 105 kW (th) 

Total oxidant level in coolant 10 ppm 
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Fission Product Methods Verification Using CPL-2/1 Operational and PIE 

Results. GA design methods were used to calculate fission product trans

port in the CPL-2/1 loop. A significant part of the basic input data used 

in this analysis, including diffusion coefficients and sorption isotherms, 

was measured on materials present in the test loop. In cases where labora

tory test data were not available, the GA Design Data Manual (Ref. 4-7) was 

employed. The results of the GA design methods calculations and comparison 

with measured values for fission gas release (Kr, Xe), metallic fission 

product release (Cs), and plateout (Cs, I) are discussed below. 

Fission Gas Release 

The design method given in Refs. 4-2 and 4-7 was used to 

calculate the fractional release, R/B (release rate divided by birth rate), 

of the fission gases krypton and xenon. To determine the temperature 

dependence of R/B, fractional releases and activation energies for the 

reference nuclides Kr-85m and Xe-138 were obtained from TRIGA Irradiations 

of a CPL-2 fuel rod containing a nominal 4% bare kernels. Four different 

irradiation temperatures were used: 1173, 1273, 1373, and 1573 K. With 

these data and the assumption that all fission gas release came from bare 

kernels only, the R/B of Kr-85m and Xe-138 for the bare kernels in the CPL-

2/1 fuel element was computed. In addition, the fractional releases of 

these nuclides were recalculated using the R/B (1373 K) and activation 

energy values for GA reference failed fuel particles given in Ref, 4-7, 

Measurements of R/B for the CPL-2/1 loop were made five times 

during the course of irradiation. The values for Kr-85m and Xe-138 are 

plotted versus the effective full power days (EFPD) of operation in Figs, 

4-6 and 4-7, respectively. It can be seen that the R/B for both nuclides 

decreased significantly during Irradiation, Other nuclides not shown 

behave analogously. Two lines have been drawn on each plot representing 

(1) values of R/B calculated using the data derived from TRIGA irradiation 

of the CPL-2 sister fuel rod (upper line) and (2) values of R/B calculated 

using reference GA data. By comparing the experimental and calculated 
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results, it is possible to speculate that the highly porous CPL-2 fuel ker

nels densified during irradiation at high temperatures. Therefore agree

ment of the TRIGA results and in-pile loop data measured after '̂ 2̂0 minutes 

of Irradiation would be expected since these data represent the initial 

high release that occurred prior to any densificatlon of the bare kernel. 

On the other hand, use of the data for GA reference failed fuel particles 

yielded much lower values of R/B since the kernels of these particles are 

initially much denser than those irradiated in the CPL~2 fuel. 

The fractional releases of the other krypton and xenon isotopes, 

specifically Kr-87, Kr-88, Kr-89, Xe-133, Xe-135, Xe-135m, and Xe-137, were 

calculated from the values for Kr-85m and Xe-138. Figures 4-8 and 4-9 show 

the plots of In (R/B) versus in (•̂ /̂o) foi' the krypton and xenon Isotopes, 

respectively, taken from the first measurement, made near the midpoint of 

the irradiation time, and the last measurement, made just before the irra

diation was terminated. Also shown are the predicted R/B values using the 

CPL-2 sister fuel rod TRIGA irradiation data and the reference GA data. 

Least-squares fits of the two sets of data for both krypton and xenon were 

performed to determine the slopes of the lines which best fit the data. 

The results are given in Table 4-3. It can be seen that the slopes appear 

to decrease in going from the first measurements to the last. However, 

they remain greater than the theoretical value of 0.5 (for R/B < 0.1). It 

can be speculated that the deviation of the predicted and observed slopes 

is due to the initial porosity of the fuel kernels which affords a greater 

void fraction to trapped gases. As the kernels densified, the measured 

R/Bs more closely followed a square root of half-life law. 

Metallic Fission Product Release 

The predicted release of Cs-137 from the CPL-2/1 fuel element was 

calculated using FIPERQ (Refs. 4-8, 4-9), By assuming that all release 

came from the bare kernels, as was done for the gaseous fission products, 

release calculations were performed for the seeded fuel rods only. In 

addition, it was also assumed that no release occurred at the outer circum

ference of the fuel element and that no re-deposition of released Cs-137 
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TABLE 4-3 
SLOPES OF LEAST-SQUARES FIT OF In (R/B) VERSUS In (T ,„) DATA 

Fission Gas 

Krypton 

Xenon 

Slope of Least-Squares 
Fit to Data Measured 

After 17 EFPD 

0.79 

0.76 

Slope of Least-Squares 
Fit to Data Measured 

After 50 EFPD 

0.67 

0.45 
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occurred on coolant channel walls. The input data for these calculations 

included sorption isotherms determined from measurements on Pechiney 

graphite and French fuel rod matrix material (Ref. 4-10), and the diffusion 

coefficient of cesium in H-451 graphite given in Ref. 4-7. Tests performed 

at GA showed that cesium is transported through Pechiney graphite at about 

the same rate as in H-451 graphite. The cesium release characteristics of 

the CPL-2 Dragon-type bare kernels given in Ref. 4-11 were used to define 

the source strength. This behavior is summarized by the curves shown in 

Figs. 4-10 and 4-11, Figure 4-10 is an Arrhenius plot of the "reduced 
2 diffusion coefficient" D̂  (D̂  = D/a , where a is a characteristic diffusion 

radius) for the bare kernel versus the reciprocal fuel temperature. Having 

determined the reduced diffusion coefficient of cesium in the bare kernels, 

the fractional release, F, as a function of irradiation time was derived 

from the curve in Fig, 4-11, For conservatism, a single constant frac

tional release value, based on the total irradiation time of the CPL-2/1 

fuel element, was used in the FIPERQ calculations. 

Comparisons were to be made of the calculated and measured values 

of four essential release parameters; fractional release, partition coef

ficient (ratio of the matrix surface concentration to the graphite fuel 

hole surface concentration), radial profile in the graphite web, and the 

total released activity. Since measurements of the amount of activity 

remaining in the bare kernels and matrix are not yet available, the actual 

and predicted fractional releases of Cs-137 from the kernels cannot be com

pared at this time. In the case of the partition coefficient, measurements 

of the actual EOL value for two fuel rods (one in fuel element layer 3 and 

the other in layer 11) show the calculated value underpredicts the measured 

partition coefficient by more than an order of magnitude. The measured and 

FIPERQ-predicted Cs-137 radial profiles for three representative fuel ele

ment layers (see Fig. 4-3) are shown in Figs. 4-12 through 4-14. It can be 

seen that as the fractional release and graphite temperatures increased 

from fuel element layer 3 (Fig. 4-12) to layer 11 (Fig. 4-14), the shape of 

the measured profiles at the outer boundary changed, whereas the predicted 

profiles maintained the same form, as dictated by the Fick's-law-type dif

fusion model in the code. It is important to observe, however, that the 
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Fig. 4-10. Plot of reduced kernel diffusion coefficient for cesium versus 
1/T for Dragon U0» fuel kernels 
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Fig. 4-12. Predicted and observed radial profiles of Cs-137 in CPL-2/1 graphite fuel body at 
layer 3 (fuel hole 6). 
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Fig. 4-13. Predicted and observed radial profiles of Cs-137 in CPL-2/1 graphite fuel body at layer 5 
(fuel hole 3) 
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shape of the calculated and measured profiles in layer 11 do appear to 

agree, indicating that the relative loading of cesium in graphite in this 

region of the fuel element exhibited behavior that could be explained using 

Pick's law. A comparison of the predicted and actual total releases of Cs-

137 (determined from the heat exchanger - recuperator inlet plateout probe) 

showed excellent agreement, although the radial profiles were overpredicted 

by 1 to 2 orders of magnitude. The measured profile for layer 11 showed 

that approximately 10% to 15% of the graphite web was removed from the 

coolant channel surface due to oxidation during irradiation. This corro

sion was not accounted for in the calculations since graphite oxidation is 

not included in the metallic fission product release design method. 

From these results^ it appears that compensating errors in the 

transport model used in FIPERQ and uncertainties in the input data have 

yielded a total Cs-137 release which agrees with the measured value while 

overpredicting the loading of the graphite web and underpredicting the 

partition coefficient. Comparison of the calculated and predicted frac

tional releases from the kernels remains to be performed once the data 

become available. For Cs~137, it seems that with the input data and 

methods used in the analysis, it is necessary to overload the fuel element 

graphite in order to arrive at the correct total release, 

Condensible Fission Product Plateout 

The design method code PAD (Ref. 4-12) was used to calculate the 

plateout of Cs-137 and 1-131 on selected tubes in the CPL-2/1 heat 

exchanger - recuperator. As specified in Ref. 4-5, tube wall temperature 

distributions were checked at CEA and a recalculation of the heat exchanger 

- recuperator shell-side flow and heat transfer was performed jointly by 

CEA and GA, using a more detailed network model. The results of this 

analysis differed only slightly from that reported in Ref. 4-5, the most 

significant difference being a flattening of the temperature profile at the 

tube-side outlet due to a "no-flow" condition in this region. The sorption 

isotherms used in the plateout analysis were estimated from sorption data 

measured by CEA laboratories. A Henry's law fit was arbitrarily applied to 
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these data, which were taken at surface temperatures covering approximately 

the same range as experienced by the heat exchanger - recuperator tubes, 

i.e., 573 to 873 K. Sorption isotherms for cesium on preoxidized and as-

received Incoloy 800 and on preoxidized SS347 and Hastelloy B were esti

mated. In the case of iodine, sorption Isotherms were derived for pre

oxidized and as-received Incoloy 800 and SS347, preoxidized Hastelloy B, 

and as-received T22 (2-1/4 Cr - 1 Mo), A cross section of the heat 

exchanger - recuperator is shown in Fig. 4-15. The numbered tubes were 

analyzed with PAD. A comparison of calculated and measured plateout 

profiles for various representative tubes is presented below. 

In the calculation of cesium plateout, the coolant concentration 

of Cs-137 entering the tubes was estimated from the measurement of Cs-137 

activity in the heat exchanger - recuperator inlet plateout probe and fil

ter. Figures 4-16 and 4-17 show a comparison of the predicted and measured 

profiles for tube 2 (as-received Incoloy 800) and tube B41 (as-received 

Incoloy 800 - preoxidized SS347), respectively. In both figures two pro

files were calculated for the Incoloy 800 tube, one using the sorption 

isotherm for preoxidized Incoloy 800 and the other using the isotherm for 

as-received Incoloy 800. It can be seen that in both tubes the predicted 

profile on the as-received Incoloy 800 using the sorption isotherm for a 

preoxidized surface is in closer agreement with the measured profile than 

the predicted results using the isotherm for an as-received surface. In 

Fig. 4-17, the predicted and measured plateout on the SS347 tube show good 

agreement both in shape and magnitude. 

The design method for computing the release of iodine assumes 

that iodine behaves like the fission gas xenon. Thereby, the fractional 

release of iodine is determined from the In (R/B) versus In (f^o) plot for 

xenon. As shown in the previous section on gaseous release, the fractional 

release of xenon, and therefore iodine, decreased significantly during 

irradiation. Consequently, a constant release rate of 1-131 to be used in 

PAD calculations could not be determined. It is the intention that once 

the fission gas release data from the other loop irradiations are analyzed, 

a reasonable estimate of the fractional release of iodine can be obtained. 
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Fig. 4-15. CPL-2 heat exchanger ~ recuperator cross section; numbered 
tubes were gamma scanned 
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Fig. 4-16. Measured and predicted Cs-137 activity along the length of 
tube 2 of the CPL-2/1 heat exchanger - recuperator 
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4-17. Measured and predicted Cs-137 ac t iv i ty along the length of 
tube B41 of the CPL-2/1 heat exchanger - recuperator 
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For this analysis, however, it was assumed that the bare kernel fractional 

release of 1-131 for the duration of the test was 1, i.e., all the iodine 

born in the bare kernels was released to the coolant. Figures 4-18 and 

4-19 show a comparison of the calculated and measured 1-131 plateout for 

tube 2 (as-received Incoloy 800) and tube B31 (as-received Incoloy 800 -

as-received SS347), respectively. Two profiles were calculated for both 

the Incoloy 800 and SS347 tubes using the Isotherms for the preoxidized and 

as-received surfaces. Since the value of the coolant concentration of 

iodine entering the tubes used in the calculations was arbitrarily chosen, 

the results can only be judged qualitatively at this time. On this basis 

it is apparent that the plateout calculated using the isotherms for preoxi

dized Incoloy 800 or SS347 does not differ greatly from the profiles calcu

lated using the isotherms for as-received Incoloy 800 or SB347. In addi

tion, it appears that the sorption isotherms used in the analysis did 

exhibit the proper wall temperature dependence given that the shapes of the 

predicted and measured plateout profiles are in general agreement. 

The results of this plateout analysis indicate that the deposi

tion process modeled in PAD is adequate for describing plateout on internal 

reactor surfaces. However, it is essential to have accurate fission pro

duct source terms, reliable wall temperatures, and precise and appropriate 

sorption isotherms in order to accurately predict the plateout activity 

levels and distribution. 

Analysis of Fission Product Behavior in the Saclay Spitfire Loop 
Test SSL-1 

The SSL-1 test was the first of a series of in-pile tests selected for 

use in verifying HTGR fission product design methods under the Fission Pro

duct Code Validation subtask (Ref. 4-4), Preliminary comparisons of 

observed cesium release and that predicted using FIPERQ have been reported 

earlier (Ref. 4-5). This section presents a more detailed review of the 

input and an assessment of the validation results. 
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Fig. 4-18. Measured and predicted 1-131 activity along the length of 
tube 2 of the CPL-2/1 heat exchanger - recuperator 
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Fig. 4-19. Measured and predicted 1-131 activity along the length of tube 
B31 of the CPL-2/1 heat exchanger - recuperator 
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Fission Metal Release Calculations. SSL-1 was designed to test the 

irradiation performance of (8Th,U)0„ fissile (93% enriched uranium) and 

ThO„ fertile fuel. The test ran for 120 EFPD at which time the irradiation 

was stopped due to unexpectedly high fission gas release. The mean opera

ting conditions for the loop are presented in Table 4-4. The CEA carried 

out a PIE of the fuel element and selected circuit components, in part to 

ascertain the location of fission products in the loop. 

Meaningful comparison of predicted and observed fission metal behavior 

can be carried out when the following input are well-defined; 

1. Fission product source, 

2. Fuel and graphite temperatures. 

3. Integrated fission metal plateout downstream of the fuel. 

4. Reference input data describing metal dlffusivity in fuel par

ticle kernel and coating materials, metal dlffusivity in 

graphite, and appropriate sorption isotherms for matrix material 

and graphite. 

The selected input for the FIPERQ analysis of cesium release from SSL-1 are 

presented below. 

Source 

SSL-1 was designed as a fuel performance test. As such, a known 

source of fission metals, i.e., bare kernels, was not included in the fuel 

element. The lack of a well-defined source proved to be one of the most 

troublesome aspects of the cesium analysis. To carry out FIPERQ calcula

tions, it was necessary to define the source strength. This was done in 

three ways: 

4-50 



TABLE 4-4 
MEAN OPERATING CONDITIONS FOR THE SSL~1 LOOP TEST 

I 
Ul 

Variable 

Axial power factor (APF) 

Power (mW/mm ) 

Time-average 
temperature (K) 

Fuel rod centerline 

Fuel rod surface 

Graphite fuel hole 
surface 

Graphite coolant hole 
surface 

Helium coolant 

He coolant flow m 12-mm 
hole (mol/s) 
He coolant pressure 
[MPa (atm)] 

^(a) 

(bottom) 

0.74 

45.9 

1403 

1295 

1212 

1168 

918 

2 

0.84 

52.1 

1442 

1315 

1224 

1172 

903 

3 

0.92 

57.1 

1465 

1330 

1234 

1177 

887 

4 

0.98 

60.8 

1482 

1337 

1235 

1175 

871 

5 

1.0 

62.1 

1477 

1329 

1226 

1164 

854 

— 1.5 — 

— 6.08-
(60) 

6 

0.97 

60.2 

1449 

1304 

1202 

1141 

834 

7 

0.92 

57.1 

1400 

1264 

1165 

1106 

822 

8 

0.83 

51.1 

1328 

1206 

1114 

1061 

808 

9 
(top) 

0,73 

45.3 

1235 

1131 

1064 

1003 

745 

(a) Rod layer 

Power (mW/mm ) 
(mean element power) (APF) (1.13) 

(No. of rod stacks) (volume of single fuel rod stack) 

(14.5 kW) (APF) (1.13) (10^ mW/kW) 
(3) (9y-3o^rTT95.6 m m ^ 62.05 (APF) mW/mm~ 



1. By defining the time-dependent particle failure fractions 

and the fractional release of cesium from failed oxide 

particles. 

2. By assuming total release of cesium from failed oxide 

particles. 

3. By assigning a cesium release fraction derived from the 

observed axial loading of Cs-137 in the fuel element 

graphite. 

Particle Failure Fractions and Fractional Cesium Release. The 

EOL fraction of broken fertile particles was assumed to be zero. This 

result was based upon the observed fission gas release and upon PIE meas

urements of fertile particles from SSL-1 and other in-plle experiments. 

Examination of Fig. 4-20, which shows the in-pile (R/B), of Kr-85ra 
loop 

during the six 20-day cycles of irradiation, revealed the following: 

1, The initial (R/B) was quite low and well within the 

design expectations, indicating that contamination in the 

fuel was low. 

2, The (R/B) started to rise very quickly during the 

irradiation such that shortly after the start of the fourth 
-3 

cycle ('̂65 EFPD), the (R/B) had increased to 1.2 x 10 . 

3. The (R/B) showed a slowly decreasing value in time 

throughout the remainder of the irradiation. 

Since extensive fission gas release was evident as early as the 

second cycle (>20 EFPD) and the fraction of fissions in the fertile par

ticles was low (<25%) at 65 EFPD when the (R/B), had stabilized, it was 
loop 

assumed for the analysis that all particle failure took place in the fis

sile particles. 
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Fig. 4-20. Fission gas release (Kr-85m) and calculated peak fuel 
temperatures during operation of SSL-1 loop test 
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The EOL fissile particle failure fraction at each rod layer was 

determined principally from the R/B measurements carried out on individual 

fuel rods removed from the fuel body after irradiation. Eighteen of the 27 

fuel rods were submitted for postirradiation measurements of R/B at 873 K. 

This temperature was selected because it was near the maximum attainable 

with the in-plle furnace used by the CEA. The results were used to assign 

the fissile particle failure fractions at each rod layer, assuming 
-3 

(R/B)^ .- , = 5 X 10 (Kr-85m at 873 K). This value was obtained from 
failed 

"laser-failed*" particles Irradiated in SSL-1 and leads to a calculated 
_2 

average EOL failure fraction of '̂ '3%. Values of (R/B)^ of 2 x 10 
ry tailed 

(1323 K) and 3.4 x 10 (1523 K) were also noted by CEA during higher tem

perature runs (Ref. 4-13). These results are important as they provide the 

most representative value of (R/B) for use in solving for fissile 

failure fractions. 

Metallographic examination of SSL-1 fuel particles from two rods 

revealed an upper 95% confidence level failure fraction of 2% to 4% based 

on the relationship between the total particle failures and the number of 

failed particles observed in a given size particle batch. This value, 

which includes both fissile and fertile particles, was based on the 

observation of '\̂ 100 particles. 

To further characterize the fraction of broken fissile particles, 

four SSL-1 fuel rods were mechanically disaggregated and the particles 

separated from the matrix material. Approximately 100 particles from a 

fuel rod at level 4 (slightly below the midplane of the fuel element) were 

selected from gamma-spectrometry analysis to determine the Cs-137/(Zr-95 + 

Nb-95) ratio. Of the 48 fissile particles counted, three exhibited ratios 

more than 2a (95,5% confidence band) below the mean ratio observed (see 

Table 4-5). These particles were deemed failed. It should be noted that 

*Laser-failing is a method used to fail intact particles. A single 
Intact particle, either unirradiated or irradiated, is subjected to a laser 
beam pulse. The high energy pulse introduces a "pinhole" in the particle 
coatings which allows fission gases to escape. This particle is then 
irradiated and the (R/B)^ ., , measured. 

failed 
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TABLE 4-5 
SUMMARY OF CESIUM RETENTION DATA FOR 100 PARTICLES IRRADIATED 

(a) 
IN SSL-1 FUEL ROD C4 

I 
Ul 
Ul 

Particle Type 

(8Th,U)02 fissile 

(8Th,U)02 fissile^^^ 

(8Th,U)02 fissile*̂ ®-* 

(8Th,U)02 fissile*'̂ '' 

ThO fertile 

No. of 
Particles 

48 

1 

1 

1 

52 

.._ Cs-13„7 p.,tio^^^ 
Zr-95 + Nb-95̂ '̂̂ '-° 

9170 (± 1380) (mean) 

7620 

7290 

6330 

12925 (± 1230) 

Relative Deviation 
From the Mean 

(%) 

2a = 15.1%*''̂ '' 

16.9 

20.5 

31.0 

(2a = 9.5%) 

Particle Status 

45 intact,,. 
3 failed^^^ 

Failed 

Failed 

Failed 

52 intact 

Cesium Release 

(%) 

'X.I 

17 

21 

31 

0 

(a) 

(b) 

(c). 

Mean irradiation temperatures, 1337 £ T <_ 1482K. 

Ratio of counts. 

The 2a values represent the root mean square deviation about the mean. Values for failed particles 
represent the deviation of the single particle ratio from the particle batch mean. 

A particle was deemed failed if the individual particle count ratio was 2a (15.1% for fissile, 9.5% 
for fertile) below the respective batch mean. 

(B) 
These three fissile particles were included with the 45 intact fissile particles in the determination 

of the fissile particle batch mean. 



the cesium loss ranged from 17% to 31% for these particles. These results, 

although derived from a limited number of particles, provide an average 

fissile failed fraction of ^'6%. A summary of the fuel particle failure 

fractions determined by the various techniques is presented in Table 4-6. 

The preponderance of in-pile and PIE data gathered by CEA lead to 

a prediction of 3% fissile particles with failed coatings. Having assigned 

limits to the EOL failure fractions for each rod layer, time-dependent 

fractions were calculated using Eq. 4-3; 

(R/B)^^^p(t) 

^udayer £) *̂^̂  " ^u(layer £) ' (R/B), (EOL) ' ^^~^^ 
loop 

where f ,, o\(t) = fissile failure fraction in fuel rods at rod layer u(layer £) •' 

i at time t, 

(R/B) (t) = fission gas release of the loop at time t, 

(R/B) (EOL) - fission gas release of the loop at EOL, 

This analysis assumed that each rod layer experienced the same 

fraction of particle failure during each time interval. It is unlikely 

that this assumption is strictly correct since earlier failure would be 

expected in the higher flux regions; however, no data are available to 

permit a more accurate modeling of failure. 

Having defined the time-dependent fissile and fertile failure 

fractions, it was necessary to estimate the fractional cesium release from 

failed particles. The following assumptions were used: 

1, No cesium was released from intact TRISO (8Th,U)02 fissile 

or ThO„ fertile particles. This assumption is used in HTGR 

design calculations of cesium release (Ref. 4-9). 

2, No significant heavy-metal contamination existed in the 

coatings of SSL-1 fuel particles or the matrix material used 
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TABLE 4-6 
SUMMARY OF EOL FUEL PARTICLE FAILURE FRACTIONS DETERMINED 

FROM SSL-1 IN-PILE AND PIE MEASUREMENTS 

Method of Measurement 

In-pile R/B measurement assuming 
CEA (R/B)failed (Kr-85m at 1373 K) = 
2 X 10-2 

R/B measurements on individual fuel 
rods (average of all rods) assuming 
CEA (R/B)fĝ 3̂ gj (873 K) = 5 x 10~3 

Observation of activity peaks during 
continuous on-line gamma scan 

Metallographic examination* 

Cesium inventory in particles 
irradiated at rod level 4 

Additional results 

Metallographic examination of 
particles irradiated in capsule 
P13S 

Fissile 
Failure 

(%) 

7 - 9 

3 

3 

2 - 4 
parti 

6 

Fertile 
Failure 

(%) 

0 

" *" 

of all 
.cles 

0 

<1 

Comments 

(R/B)-, c- -1 confirmed zero 'loop, fissile 
fertile particle failure 

CEA (R/B)failed determined from measure
ments of release from laser-failed 
particles. This is felt to be most 
reliable measure of failure fraction. 

Calculation carried out by CEA has 
large uncertainty 

Large uncertainty due to limited 
number of particles examined (100) 

3 failed fissiles in 48 fissile particles 
counted; 0 failed fertiles in 52 fertile 
particles counted 

Particles from the same batch were 
irradiated to significantly higher 
FIMA and comparable temperature, yet 
exhibited very low failure 



in the rods. This assumption was verified by preirradiation 

measurements carried out on SSL-1 fuel rods which showed 

<^/^>Kr-85m ^ ^ ̂  ''~'' 

3. Fractional release of cesium from failed oxide particles was 

defined using the reference design assumption of diffusive 

and recoil release upon failure 5 calculated using the COPAR 

(coated PARticle Release) code (Ref. 4-14). Recoil results 

in the direct release of a small fraction of fission product 

atoms formed within the kernel. The fractional release of 

each isotope is dependent upon the radius of the kernel and 

the mass of the isotope. Since the recoil range of Cs-137 

(6 ym) is short compared to the buffer and coating thick

ness, no recoil release occurs from intact coated particles. 

However, when particle failure occurs, cesium atoms recoiled 

directly into the buffer can subsequently be rapidly 

released. Diffusion of fission metal atoms is a thermally 

activated process and the extent of cesium release from 

particles is dependent upon the temperature of irradiation. 

At low temperature, where diffusive release is negligible, 

release of fission products from failed particles is con

trolled by recoil release; at high temperatures, diffusive 

release becomes rate controlling. The recoil release 

fraction is dependent upon the mean recoil distance of the 

isotope of interest in the kernel material and the kernel 

radius (Ref. 4-15): 

F ,-1 recoil '"•i;^-h{^) • <"-"' 

where F .. = recoil release fraction, 
recoil 

p. = recoil range of isotope of mass i (ym), 

r = kernel radius (pm), 
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For the particles irradiated in SSL-1, p ^„^ = 6 ym, r = 255 ym, and the 

calculated recoil release fraction is 0.018. 

The fractional diffusive release was evaluated using the 

expression for the diffusion coefficient of cesium in oxide kernels 

supplied in the summary by Myers and Bell (Ref. 4-16), 

D = D^ exp(-Q/RT) , (4-5) 

2 
where D = diffusion coefficient (m /s), 

-10 2 

D = constant = 2.38 x 10 (m /s), 

Q = constant = 268,300 (J/mol-K), 

R = gas constant •= 8,314 (J/mol), 

T = temperature (K), 

A diffusive release fraction of 1% was calculated at the peak fuel tempera

ture (rod layer 4) of 1523 K, providing a total calculated release from 

failed particles in rod layer 4 of 2.8% when the contribution from recoil 

was included. This value is significantly less than the observed frac

tional cesium releases of 17%, 21%, and 31% noted for three failed fissile 

particles detected in fuel at this location during PIE gamma scans (see 

Table 4-5). The large discrepancy between predicted and observed release 

is difficult to explain; however, it is possible that when the particle 

coatings failed, the kernel also underwent fracture or degradation, 

resulting in higher than expected releases. (Equation 4-5 is applicable to 

intact kernels only.) 

100% Fractional Release of Inventory From Failed Particles, 

Since preliminary calculations showed that predicted release was signifi

cantly underpredicted when using the assumption discussed in the previous 

section, the more conservative assumption of total cesium release from 

failed oxide particles was used. While this is not felt to be a true 

representation of the release behavior, it does provide an upper bound to 

predicted cesium release from particles with failed coatings. The particle 

failure fractions derived previously were used with this assumption. 
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Fractional Release Defined by Axial Cesium Loading in Graphite. 

A third estimate of the cesium source was derived from axial and radial 

gamma scans of the fuel element graphite. During the fuel element PIE, the 

fuel body was cut into three longitudinal sections, as shown in Fig, 4-21, 

After removal of the fuel rods, sections A and C were gamma-scanned to 

determine the inventory of Cs-134, as shown in Fig. 4-22. (Cs-137 was not 

counted due to the high background activity present in the CEA hot cell 

facility.) The Cs-137 profile in the fuel body was calculated from the 

Cs~134 profile using the relative isotope loadings derived from radial 

profile measurements carried out on a graphite web irradiated at rod layer 

4 (see Fig. 4-23), Knowing the relative activities at this location and 

the axial flux profile, the concentration of Cs-137 at other rod layers was 

calculated. (Cs-1345 being an activation product of Cs-133, exhibits a 

squared dependence on flux; Cs-137, on the other hand, shows a linear 

dependence on flux.) The calculated Cs-137 loading is presented in Fig. 

4-22. 

Having derived the graphite loading, the cesium source at each 

rod layer was established by equating the FIPERQ-predicted and "observed" 

Cs-137 loadings. It is worth noting that the use of this method under

estimates the source term in the hotter fuel regions because some cesium 

does diffuse through the graphite into the coolant at the fuel body temper

atures present in the axial center of the element. This effect is felt to 

be small due to the relatively short duration of the experiment. 

Fuel and Graphite Temperatures 

Temperatures used as input to FIPERQ were calculated by the CEA 

using (1) measured helium coolant inlet and outlet temperatures, (2) opera

tional fuel element temperatures measured with three thermocouples posi

tioned within the graphite body, and (3) thermal analysis codes. The mean 

temperatures shown in Table 4-4 are accurate to within ±40 K. No attempt 

was made by GA to carry out any additional refinement of the thermal data 

provided. 
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Fig. 4-21. Axial sections from SSL~1 fuel element body (A = fuel rod 
stack cured in packed bed and B,C = fuel rod stacks cured 
in place) 

4-61 



2 -

GRAPHITE SLICE "A" 

— Cs-134 (MEASURED) 

-—Cs-137 (CALCULATED) 

SLICE SUBMITTED FOR 
WET CHEMISTRY ANALYSIS 

1 

(BOTTOM) 

4 5 6 

FUEL ROD LAYER NUMBER 

2 -

1 ~ 

1 

(BOTTOM) 

4 5 

FUEL ROD LAYER NUMBER 

(TOP) 

f-

h 

1 \ GRAPHITE SLICE "C" 

1 \ — Cs-134(MEASURED) 

1 \ — - Cs-137(CALCULATED) 

f\ i ^ \ 
3 \ / ^ ^ \ 

/ \ / \ / ^ ^ \ 
/ \ / \ / l ^ \ J"!^ 

y--^* ^^^.f" ^ \ 

^ ^ ^ ^ v V 
• ^ l - L . ! I \ ±... . ! '^^'>«»_L____. 1 

(TOP) 

4-22. Axial profiles of Cs-134 (measured) and Cs-137 (calculated) in SSL-1 graphite fuel body 



U 1.0 2.0 3.0 4.0 5.0 

DISTANCE IN GRAPHITE FROM FUEL ROD (mm) 

Fig. 4-23. Radial profiles of Cs-134 and Cs-137 in the graphite web 
adjacent to fuel rod stack C4 in the SSL-1 loop test 
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Integrated Fission Metal Release 

Accurate measurement of the integrated metal release is required 

to "calibrate" the final release numbers provided by FIPERQ. Portions of 

the SSL-1 primary coolant circuit downstream of the fuel element were 

examined to provide a mass balance for cesium in the loop. The SSL-1 fuel 

element was positioned within an Inconel tube (see Fig, 4-24). Three 15.0-

mm ring sections were cut from the tube at two ends and the midpoint. The 

samples were dissolved in an acid solution and gamma-counted to determine 

the cesium concentration. This method was used after it was noted that 

direct gamma scanning of the empty Inconel tube could not be used due to 

the high background activity of the neutron-activated materials in the 

tube. The results of the analysis are shown in Fig. 4-25. The straight 

lines shown represent the first-order least-squares fit of the data points; 

the equations for these lines were integrated to yield the total cesium 

plateout on the tube. Integration over the entire length of the tube 

yielded 9.47 mCi of Cs-137. This value was later summed with other values 

to provide an estimate of total cesium release. It will be noted that the 

Cs-137 concentration along the length of the tube exhibited a markedly dif

ferent behavior than that of Cs-134. Although the concentration of Cs-134 

would be expected to be an order of magnitude lower than Cs-137, the reason 

for a small positive slope of the profile along the tube is not clearly 

understood. It is possible that because of the early failure of some of 

the fissile particle coatings, most of the Cs-133 precursor Xe-133 was 

quickly released to the coolant. In this case, direct release of Cs-134 

would be expected to be low and the observed profile would result predomi

nantly from decay of Xe-133 in the helium coolant accompanied by activation 

of Cs-133 deposited on the Inconel surface. The positive slope may also 

result in part from uncertainties in the counting measurements. 

Adjacent to the Inconel tube was a Hastelloy tube which served as 

one wall of the double-walled pressure casing separating primary heliiim 

coolant from the cooling-moderator water of the Osiris reactor. Since this 

component was part of the reactor circuit, no PIE measurements of cesium 
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Fig. 4-25. Axial profiles of Cs-134 and Cs-137 and calculated temperatures along the length of the 
"outer Inconel tube" of the SSL-1 loop test 



plateout on the surface were undertaken. As a consequence, it was neces

sary to estimate this quantity. No temperature measurements were recorded 

during irradiation for this tube; however, a temperature drop of 150 K 

between the outer Inconel tube wall and the Hastelloy tube wall was esti

mated by the CEA. Since PAD code (Ref. 4-12) profile fitting showed that 

cesium plateout exhibited perfect sink behavior (as opposed to sorption 

isotherm control), an estimate of inventory was made incorporating the 

observed axial-dependent plateout on the adjacent Inconel surface and the 

longer length of Hastelloy tube. This provided a calculated cesium 

inventory of 10.8 mCi Cs-137, 

Two graphite sleeves were positioned in the primary coolant cir

cuit downstream of the fuel element and Inconel tube. These were designed 

to absorb condensible fission products on high surface area graphite,* The 

inventory of Cs-137 in the sleeves, 0.32 mCi, was measured by sectioning 

the sleeves and gamma-counting the graphite dust. No cesium was detectable 

by gamma-scanning the metal surfaces downstream of the plateout sleeves. 

Table 4-7 presents the summary of cesium location and concen

trations in the primary circuit. It should be noted that the major contri

butor to the total release (inventory on the Hastelloy tube surface) is an 

estimated quantity. 

Reference Input Data 

All reference input used in this analysis was taken from the sum

mary owrk of Myers and Bell (Ref,, 4-16), These data included cesium dif~ 

fusivity in oxide kernels and P„JHAN graphite and cesium vapor pressure 

over GA matrix material and P^JHAN graphite. 

*It should be noted that far less cesium was sorbed in the sleeves than 
had been expected. It is likely that most of the cesium in the primary 
coolant plated out on the metal surfaces upstream of the plateout sleeve 
prior to reaching the sleeve graphite surfaces. 
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TABLE 4-7 
SUMMARY OF Cs-137 RELEASE FROM THE SSL-1 LOOP 

Inconel tube (measured) 

Hastalloy tube (estimated) 

Graphite plateout sleeve (measured) 

Biological shielding and other 
downstream components (neglected) 

Total 

Release 
(mCi) 

9.47 

10.84 

0.32 

0 

20.6 
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Results and Discussion 

The release at each rod layer was calculated with FIPERQ using 

the three different source terms. The summed results, shown in Table 4-8, 

provide a comparison of predicted and measured release. Use of the source 

term derived from observed particle failure fractions and estimated cesium 

release from oxide kernels provides a release that is significantly less 

than that observed. The predicted axial loading of Cs-137 in the graphite 

fuel element is shown in Fig, 4-26. Note that the loading in this figure 

has been averaged over discrete rod layers since this is the smallest 

length modeled by FIPERQ, From these results, it is apparent that the use 

of a source term obtained using near-reference methods is not appropriate 

for SSL-1 fuel, 

A review of the assumptions used for estimating the above source 

Indicates that cesium release from oxide kernels has been inadequately 

modeled. This is borne out by the results in Table 4-5, wherein 17%, 21%, 

and 31% cesium loss from failed particles was observed. This is signifi

cantly larger than 2,8% predicted with the COPAR code. The early failure 

of SSL-1 fissile particles during irradiation indicates that the fissile 

particles were not representative of normal HTGR fuel. It is possible the 

oxide kernels in the failed particles underwent degradation that permitted 

higher than expected cesium releases. However, the limited PIE of the fuel 

particles did not reveal any significant changes in particles with failed 

coatings. 

Since the source based on diffusive and recoil release did not 

provide an adequate representation of cesium behavior, a source based on 

the assumption of total cesium release from failed oxide particles was 

used. The results in Table 4-8 show that the total release is more closely 

modeled, although still underpredicted. However, the axial loading of 

cesium shown in Fig. 4-26 does not correlate well with that measured from 

the gamma scans. Too much cesium release is ascribed to fuel at the ends 

of the fuel body, as demonstrated by the significant overprediction of 

loading in these regions. When the predicted and observed loadings are 
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TABLE 4-8 
COMPARISON OF PREDICTED AND MEASURED^^) Cs-137 RELEASE FROM THE SSL-1 LOOP 

Source Description 

Diffusive/recoil release 
of inventory from failed 
particles. Failure at 
each rod layer determined 
by PIE R/B measurements. 

Total release of Inventory 
from failed oxide parti
cles. Failure at each 
rod layer determined by 
PIE R/B measurements. 

Release at each rod layer 
estimated from PIE meas
urements carried out on 
fuel and graphite. 

Release per Rod Layer (mCi) 

1 

Bottom 

0.011 

0.38 

0.026 

2 

0.021 

0.70 

0.26 

3 

0.020 

0.67 

0.62 

A 

0.032 

1.06 

0.70 

5 

0.020 

0.66 

0.57 

6 

9.3 X lO"-̂  

0.31 

0.16 

7 

5.1 X 10~^ 

0.017 

7.9 X lO"-̂  

8 

6.6 X 10"^ 

2.2 X 10"* 

0 

9 

(Top) 

0 

0 

0 

Total 
FIPERQ 
Release 
(mCl) 

0.11 

3.80 

2.34 

"Measured" 
Release 
(mCi) 

20.6 

20.6 

20.6 

The measured release includes a calculated contribution equal to 10.84 mCl (see Table 4-7). 



MEASURED Cs-137 LOADING 

CALCULATED LOADING ASSUMING 
DIFFUSIVEAND RECOIL RELEASE 
FROM FAILED PARTICLES 

CALCULATED LOADING ASSUMING 
TOTAL RELEASE OF INVENTORY 
FROM FAILED PARTICLES 

AXIAL ROD LAYER LOCATION 

F i g , 4-26, P r e d i c t e d and measured Cs-137 loading i n the SSL-1 fue l body 



matched, as was done using the third estimate of the source, predicted 

release was a factor of ̂ 9 less than that measured. In view of the lack of 

correlation between calculated and observed data when the first two source 

terms were used, a source based on axial cesium loading was used in the 

analyses discussed below. 

The radial profile of Cs~137 in the graphite web at rod layer 4 

shows good agreement with the observed profile shape, as demonstrated in 

Fig, 4-27, The overall magnitudes of the profiles, by definition, are in 

agreement, although some difference can be expected due to the marked 

inhomogeneity of fuel loading noted at each rod layer location (see Fig. 

4-22). The similarity of the profiles appears to confirm that the Pick's 

law model used in FIPERQ adequately represents the diffusion of cesitm in 

SSL-1 P„J11AN graphite. In addition to this comparison, the CEA measured 

the partition coefficient, <j), of cesium at rod layer 4. They obtained a 

value of 1,0, indicating the cesium loadings per gram of matrix and per 

gram of graphite were nearly equal, (It should be noted that this is a 

very difficult measurement to perform, requiring disaggregation of the fuel 

rod and separation of fuel particles and matrix material. As such, it is 

prone to large uncertainty.) This compares favorably with the value calcu

lated by FIPERQ of 0.73, indicating that the relative values of vapor pres

sure derived from the cesium isotherms for GA matrix material and P„JHAN 

graphite provide an acceptable value of (J). 

The sensitivity of the total release, radial profile, and (j) to 

changes in the cesium diffusivity in graphite were studied. Previous 

analysis (Ref. 4-5) has shown that over the relatively short duration of 

the SSL-1 test, release is highly sensitive to the value of the diffusion 

coefficient, D , utilized. Since this value has a large associated 

uncertainty [la (log base 10) = 0.66] (Ref. 4-17), the value of D was 
US 

increased within this uncertainty range to assess the effect of this change 
upon release, A three-fold increase in D^ was found to increase the total 

Cs 

predicted release by a factor of 5.6. However, the higher diffusion 

resulted in a predicted radial profile that did not closely agree with the 

measured profile, as shown in Fig. 4-27. This result would appear to 
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demonstrate that uncertainty in the cesium diffusivity alone cannot account 

for the large difference noted. No other combination of credible FIPERQ 

input could be assigned that would result in a satisfactory explanation of 

the observed experimental data. 

Summary 

Since SSL-1 represents the first in-pile test subjected to 

detailed analysis of fission metal release for use in design methods 

verification studies, the findings of this study are of interest in 

planning future analysis. The conclusions of this study are as follows; 

1, The predicated and observed release showed poorer than 

expected correlation. Although uncertainty in the reference 

input data likely accounted for some of the disparity, the 

measured fission metal behavior was subject to large, essen

tially unquantifiable uncertainties. This is demonstrated 

in part by the need to carry out extrapolations and modifi

cations of the measured results in order to make the data 

suitable for comparison with predictions. Each of these 

changes introduces uncertainty into the analysis. 

2. The fractional cesium release from failed SSL-1 fissile par

ticles was underpredicted by the COPAR code. This is felt 

to arise in part because of the nonrepresentative nature of 

the fissile particles irradiated in this test. 

3. The Pick's law model used in FIPERQ adequately modeled the 

single radial profile shape available for analysis. How

ever, no statement regarding the correctness of the pre

dicted cesium loading in graphite can be made due to the 

large uncertainty in the source. 

4, The partition coefficient calculated from PIE measurements 

was closely modeled by FIPERQ. This provides some assurance 
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that the sorption isotherms used in this analysis provide 

the proper loadings at the temperatures and cesium vapor 

pressures present in this test, 

5, Insufficient data were available from the SSL-1 PIE to carry 

out a rigorous verification of the fission metal reference 

design methods. The shortcomings of the SSL-1 experimental 

data base are discussed later in this section in light of 

planned future work. In the future, more applicable data 

will be required of a test before it is selected for use in 

an extensive verification study. 

Fission Gas Release Calculations. The half-life dependence of krypton 

and xenon diffusion in matrix material has been evaluated using in-pile 

fission gas release data. Values of log (R/B). versus the square root of 

half-life of isotope i for five krypton nuclides and six xenon nuclides at 

25 and 120 EPFD of irradiation are presented in Figs. 4-28 and 4-29, 

respectively. The data at 25 EFPD were selected for analysis since this 

vas the earliest time at which results for all measurable nuclides were 

available. The latter data were collected just prior to shutdown of the 

test, A summary of the salient results from these two plots is presented 

in Table 4-9, 

The half-life dependence of krypton diffusion is seen to be slightly 

greater than 0.5 at both time points. This value is within the scatter 

band of data reported by Myers and Bell (Ref, 4-18). The similarity of the 

values at the two time points confirms that no apparent changes affecting 

fission gas release took place in the fissile particles during irradiation 

up to 7.3% FIMA, These findings are confirmed by the data on xenon 

release. In this instance, two estimates of the half-life dependence are 

presented due to uncertainty associated with the measured value of Xe-135m; 

at both time points, the Xe-135m release shows significant deviation from 

the expected behavior. Because of this uncertainty, the least-squares fit 

of the xenon data has been carried out with and without the Xe-135m data. 

The inclusion or deletion of these data has only a small impact on the 
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Fig. 4-28. Plot of 
isotopes 

log (R/B)-î  versus /r, . ,„ for krypton and xenon 
released from the SSL-1 fuel element at 25 EFP: EFPD 
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Fig. 4-29. Plot of log (R/B)^ versus /x, .,„ ^°^ krypton and xenon 
isotopes released from the SSL-1 fuel element at 120 EFPD 
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TABLE 4-9 
SUMMARY OF DATA ON HALF-LIFE DEPENDENCE OF Kr 
AND Xe DIFFUSION DERIVED FROM THE SSL-1 LOOP 

Half-life dependence 
of Kr diffusion in 
fuel rods 

Half-life dependence 
of Xe diffusion in 
fuel rods 

AKr/AXê ''̂  

Time of In-Pile R/B 
Measurement 

25 EFPD 

0.57 

0.49 (0.50)*̂ '̂' 

3.92 (4.40)^^^ 

120 EFPD 

0.56 

0.42 (0.45)^^^ 

4.04 (5.39)*-^^ 

These are values derived without the inclusion of 
Xe-135m data. 

AKr/AXe represents the ratio of the fractional 
release of krypton to that of xenon for isotopes of 
equal half-lives (hypothetical) of 1 hour. 
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calculated slope of the data, as shown in Table 4-9. However, the effect 

is much larger when the value of A^ /A , the fractional release of krypton 

to xenon for hypothetical isotopes with half-lives equal to 1 h, is calcu

lated. Based on data in Ref. 4-18 and the assumed volume-average fuel 

temperature of '̂ 1473 K, a ratio of '̂ 3̂ would be predicted. The results in 

Table 4-9 show that the measured values are higher than expected, particu

larly when measurements of Xe-135m R/B are not included. No explanation of 

this difference is offered; however, it is worth noting that a large uncer

tainty exists in volume-average fuel temperature (although values greater 

than 1573 K are unlikely) and the A^ /A^ ratio is very sensitive to the 

krypton and xenon activation energies used as input in the design method 

(Ref. 4-18), The values may differ for fuel rods cured-in-bed, from which 

the data in Ref. 4-18 are derived, and fuel rods cured-in-place. Eighteen 

of 27 fuel rods in SSL-1 were cured by the latter method. Overall, the R/B 

data from SSL-1 provide confirmation that the fission gas release model 

used in the design method provides an accurate description of noble gas 

diffusion in matrix materials. The agreement between predicted and 

observed behavior is acceptable In view of the uncertainty associated with 

both data sets. 

An analysis of the graphite sectioning data presented in Fig, 4-23 

revealed that gaseous precursors did not play an important role in estab

lishing the profiles of Cs-134 and Cs-137 in the graphite web. This can be 

visualized after reviewing the decay and activation schemes for these 

isotopes: 

Xe-133 (5,2 d) -̂  Cs-133 (stable) + y 

Cs-133 + n -̂  Cs-134 (2.06 y) 

Xe-137 (3,84 m) -*• Cs~137 (30 y) 

If the holdup time, T, , of xenon in graphite were <30 s, the decay of 

both isotopes would yield flat precursor profiles of differing magnitude 

(Cs-137 being greater than Cs-134), Since the isotope profiles show simi

lar decreasing concentrations toward the outer boundary of each web, the 

precursor contributions are seen to be insignificant. If a longer holdup 
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time were to exist, 30 s < T < 650 s, the decay of Xe~137 would provide a 

precursor profile that was not flat but decreasing toward the outer web 

boundary! the Xe-133 precursor contribution would still be flat due to its 

much longer half-life. However, if Xe-137 decay did provide a measurable 

contribution to the profile, the Cs-137 and Cs-134 profiles would not have 

identical slopes, a result not found during the sectioning. Analogous 

reasoning can be used to show that at T, > 650 s, the precursor contribu

tion of Xe-133 is likewise insignificant. Thus, the combination of Cs-134 

and Cs-137 profiles that are both identical and decreasing toward the outer 

web boundary indicates that metallic diffusion is the controlling release 

mechanism. 

An important parameter in the calculation of fission gas release is 

the assumed value of (R/B)^ .., ,, Until recently, (R/B)^ .̂  , (1373 K) for 
taxied « railea 

Kr-85m was assigned a value of 5 x 10 (Ref, 4-19) for all burnups. 
Recently the dependence of fission gas release for oxide kernels has been 

-2 
taken into account, and consequently (R/B) , increases to 2 x 10 at 

burnups greater than 10% FIMA. Analysis of SSL-1 fuel particles, including 

metallographic and gamma-scan examinations of the fuel during PIE, provided 
-2 

some of the first in-pile confirmation that a value of 2 x 10 for failed 

oxide particles is correct. 

Fission Product Plateout Calculations. Although cesium deposition 

along the Inconel tube was measured by the CEA, the lack of characteriza

tion of the metal surfaces and the large uncertainties associated with the 

calculated metal surface temperatures and the time-dependent source pre

cluded quantitative verification of the fission product plateout design 

methods with SSL-1 data. 

Analysis of Fission Product Behavior in Capsules P13Q, P13R, 
and P13S 

Capsule P13Q was designed to evaluate the performance of LHTGR fresh 

fuel Irradiated in integral graphite bodies under nominal LHTGR operating 

4-80 



conditions. This test, carried out in the Oak Ridge Reactor (ORR), con

tained three near-isotropic graphite bodies with a fuel - coolant hole pat

tern that was representative of the geometry envisioned for an LHTGR. A 

cross-section view of a single body is shown in Fig. 4-30, Each body con

tained six fuel rods nominally 1,57 cm (0,62 in.) in diameter and 5.35 cm 

(2,1 in.) long and a number of secondary ("piggy back") fuel particle and 

graphite specimens. This experiment was the first test of fuel rods fabri

cated by the cure-in-place process and also contained reference-type TRISO 

UC„ and BISO ThO„ fuel particles and graphite shim particles. A descrip

tion of the test is given in Ref. 4-20, 

Capsules P13R and P13S were two tests in a series to demonstrate the 

integrity of reference and alternate LHTGR fuels over a wide range of 

irradiation conditions (Ref, 4-21). The fuel rod samples in the capsules 

were irradiated in the General Electric Test Reactor (GETR) at design tem

peratures of 1348, 1573, and 1773 K. One series of fuel rods (cell 1, 

P13S) was thermal cycled 21 times from its nominal operating temperature of 

1348 K to 1773 K, This test was the first attempt to simulate temperature 

cycling that results from load following and/or control rod pattern changes 

in the LHTGR. 

Fission Metal Release Calculations. 

P13Q 

The release of Cs-137 from the three fuel bodies was modeled with 

the FIPERQ code. The same criteria as those required for analysis of metal 

release from the SSL-1 test are discussed below. 

Source. The cesium source strength in the fuel rods was esti

mated from the EOL particle failure fractions determined from metallogra

phic examinations. The data exhibit considerable scatter, but values of 1% 

UC„ fissile failure and 0% ThO^ fertile failure were assumed to exist 

throughout the irradiation. Because the in-pile fission gas release was 

dominated by heavy metal contamination (R/B of Kr-85m at EOL = 3 x 10 ), 
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no assessment of the time-dependent failure of the fissile particles could 

be made. Neglect of this effect results in a slight overpredlction of 

release^ In addition to the assignment of fissile failure fractionj the 

assumption of total release of cesium inventory from failed carbide kernels 

was used. This input is in keeping with observed cesium release behavior 

for this type kernel (Ref, 4-16). 

Temperature. Because a detailed thermal analysis was not per

formed ̂  the graphite fuel body temperatures were not clearly defined in 

each region of the capsule. Therefore^ the temperature gradient across the 

graphite web was estimated from in-pile thermocouple measurements. The 

surfaces adjacent to the fuel rods were assumed to operate at 1173 K; the 

graphite coolant hole surfaces were assumed to operate at 1133 K. The fuel 

temperature was arbitrarily assigned a value of 1373 K, The calculated 

release is insensitive to this parameter since total release of the cesium 

inventory from failed particles and rapid diffusion of cesium in matrix 

material are assumed» 

Total Integrated Release. No cesium was detectable on the stain

less steel containment tube or in the empty graphite fuel bodies. While 

this attests to the excellent fuel performance and fission product reten

tion of the fuel, it severely limits the usefulness of capsule data in 

verifying fission metal release methods. Nevertheless, the predicted frac

tional release of cesium was compared to the maximum in-pile fractional 

release that could have taken place and still gone undetected. The latter 

value was derived from gamma-scan data. These data showed that 10.8 Ci of 

cesium had been formed in the fuel. In addition, the minimum detectable 

quantity of cesium deposited on the stainless steel containment tube was 

estimated to be 0.1 Ci. These results provide a maximum fractional release 

of 1% that could have gone undetected above the background activity levels. 

Reference Input Data. All required reference data were taken 

from the summary work of Myers and Bell (Ref. 4-16). 
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Results and Discussion. The FIPERQ calculation of cesium release 

using a constant source strength and irradiation conditions provided a 

fractional release to the outer boundary circumference of the fuel body of 

0.12%. Since this value is significantly smaller than the minimum detect

able release, no quantitative statement regarding the validity of the 

fission metal release calculations can be made. Since P13Q is felt to be 

typical of most capsule tests, wherein demonstration of acceptable fission 

product retention is a major objective, future fission metal design methods 

verification studies of capsules will be restricted to those instances 

where high-temperature irradiation has resulted in measurable fission metal 

release, 

P13R and P13S 

The graphite crucibles surrounding the individual fuel rods irra

diated in these capsules were gamma scanned after irradiation. No cesiiun 

was detectable in these crucibles, with the exception of the samples con

taining fuel thermal cycled between 1348 and 1773 K. Preliminary hand 

calculations revealed that no verification of the FIPERQ code would be 

possible with these data. The sensitivity of the gamma-scan measurements 

did not allow a meaningful comparison of predicted and maximum possible 

cesium release (see discussion of P13Q above). Although the thermal-cycled 

samples did exhibit cesium release to the graphite body, no activity on the 

adjacent stainless steel containment tube was detectable. The large uncer

tainty associated with the source strength precluded a quantifiable compar

ison of predicted and measured loading in graphite or release. Therefore, 

no analysis of release beyond that presented in Ref. 4-21 is provided 

herein. 

Fission Gas Release Calculations. 

P13Q 

No attempt was made to verify the fission gas release design 

methods for the following reasons; 
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1. The in-pile R/B was very low and appeared to be dominated by 

release from heavy metal contamination. 

2. The time-dependent particle failure fractions could not be 

determined without the use of in-pile R/B measurements. 

3. The fuel temperatures were not precisely defined. 

4. The measured R/B of the capsule resulted from the accumu

lated release from all three fuel bodies; i.e., individual 

fuel bodies were not irradiated in containers. 

5. Preliminary review of release data for Kr and Xe isotopes 

revealed that insufficient data for short-lived isotopes 

were available for analysis of the half-life dependence of 

R/B. 

In addition, a leak appeared in the bulkhead separating the GA and ORNL 

capsules (both irradiated in the same ORR position) during irradiation, 

allowing some mixing of the respective purge gases. This introduced 

uncertainty in the measured R/B values after failure of the bulkhead seal. 

P13R and P13S 

A large body of in-pile fission gas release data from each con

tainment cell is available from these capsules. In the past, these data 

have been used to assign time-dependent failure fractions using an assumed 

value of (R/B) ̂  ••, ,• No other experimental means exists to assign the in-
raiied 

pile failure fractions. Because these data are required input for fission 

gas release calculations, the available data cannot effectively be used to 

verify fission gas release design methods. The data can, however, be used 

for verification of fuel performance models, and this work is anticipated 

under Task 9 at a later date. 
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No assessment of the half-life dependence of Kr and Xe release 

during capsule irradiation is presented. The in-pile data provided results 

that were not in accord with the large body of information available on 

fission gas release. The disparity between measured and expected behavior 

arises from the small number of Kr and Xe nuclides detectable (6) and 

uncertainity associated with the short-lived isotopes. 

Fission Metal Plateout Calculations. No data were available from 

either P13Q, PI3R5 or P13S to verify the reference design method used to 

predict fission product distribution and loading on primary circuit 

components. 

Summary. The available data from capsules P13Q, P13R, and P13S did not 

permit a quantifiable verification of the fission product design methods. 

This results mainly from the excellent performance and low fission product 

release exhibited by the fuels irradiated in the capsules. This study was 

carried out in part to assess the usefulness of capsule data in verifica

tion studies. It can be concluded that no further verification effort need 

be devoted to capsule tests that exhibit the expected low levels of fission 

product release. In any instance where measurable metal release is noted 

and coupled with a well-defined source term, fission metal release methods 

may be verifiable. Fission gas release measurements can best be used to 

verify fuel performance models. No verification of fission product plate-

out methods will likely be available from any foreseeable capsule tests. 

Appraisal of Potential Tests Based on Progress to Date 

As a result of the analyses of fission product behavior carried out 

under the program, a better understanding of the necessary input from in-

pile experiments has been acquired. Experience to date has shown that the 

single most important requirement is a large body of well-defined data that 

permits the evaluation of trends in the observed fission product behavior. 
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It is extremely difficult to arrive at meaningful quantitative assessments 

when only single measurements of a barrier to release have been examined. 

The importance of an extensive data base is highlighted by a comparison of 

the CPL-2/1 and SSL-1 fission metal release calculations. Where the former 

test provided a nearly complete picture of cesium behavior in the fuel and 

primary circuit, allowing the evaluation of numerous barriers to release, 

the SSL-1 analysis was hampered by a lack of PIE data available for com

parison with predictions. 

Having evaluated five in-pile tests, a ranking of necessary input for 

verification studies has been assembled. Table 4-10 lists the specific data 

requirements, in decreasing order of importance, needed to permit verifica

tion of the specific design methods. The qualifications put forth in this 

table have been used to assess the present and potential in-pile and out-

of-pile fission product tests that are suitable for use in fission product 

design methods verification. An. evaluation of the available data and an 

assessment of the overall value of each test are provided in Table 4-11. 

It should be noted that the length of irradiation was also considered as an 

important parameter when weighting the likely impact of each test, the 

longer tests receiving greater weighting. The tests in this table are 

currently being reviewed to aid selection of the next series of in-pile 

experiments to be analyzed. It is planned to intermittently amend and 

update this table to provide a summary of the overall work status for the 

task. 

TASK 300; FISSION PRODUCT DATA ANALYSIS 

Fission Product Design Data Review 

Introduction and Summary 

In the process of updating the Fuel Design Data Manual, fission pro

duct transport design data were critically reviewed with the objectives of 
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TABLE 4-10 
REQUIRED EXPERIMENTAL INPUT FOR VERIFICATION OF FISSION PRODUCT DESIGN MErriODS 

Fission Gas Release 
Calculations 

Experimental operating 
history data 

Circulating activity 

Fuel temperatures 

Power 

Time-dependent particle 
failure fractions 

Measure of heavy metal 
contamination 

Fission Metal Release 
Calculations 

Well-defined source 

Bare kernels 

Time-dependent particle 
failure fractions and 
metal release from kernel 

Estimate of total release 

Filters or plateout probes 

Gamma-scan measurements 

Fuel and graphite tempera
tures 

Experimental operating his
tory data 

Power 

Coolant flow 

Circulating activity 

Fission product loading in 
graphite (radial and/or 
axial) 

Fission Product Plateout 
Calculations 

Well-defined measure of fission 
product distribution and activity 

Estimate of steady-state fission 
product source in coolant 

Accurate plateout surface temper
atures 

Applicable sorption isotherms 
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(1) improving the accuracy of the design data, (2) improving the statis

tical (uncertainty) treatment of the design data, and (3) providing addi

tional (referenceable) supporting data. Areas covered in this review are 

discussed in the following sections; a summary of the results for each area 

is given below. 

1. Burnup Dependence of R/B for Failed Oxide Fuel Particles. 

Available data indicate that R/B for failed oxide particles 

increases with burnup. A burnup dependence equation is 

presented. 

2. Diffusion Coefficient Data for Fission Product Metals in Kernel 

Materials. Supporting data are presented for assigning diffusion 

coefficient data and uncertainties for barium, europium, 

samarium, cerium, and rubidium in carbide and oxide kernels, 

3. Diffusion Coefficient Data for Fission Product Metals in Pyro-

carbon. Supporting data are presented for assigning diffusion 

coefficient data and uncertainties for strontium, barium, 

europium, samarium, cerium, and rubidium in pyrocarbon. 

4. Estimation of Upper Limit Concentrations of Selected Fission 

Product Metals in Pyrocarbon Coatings. Upper limit concentra

tions of cesium, barium, and europium to be encountered in the 

pyrocarbon coatings under normal reactor conditions were esti

mated as an aid in selecting appropriate diffusion coefficient 

data for these elements in pyrocarbon. 

5. Sorption of Fission Product Metals on Fuel Rod Matrix Material. 

This section provides supporting data for selecting design 

sorption data for cerium, europium, rubidium, barium, and other 

elements on fuel rod matrix material. 

6. Diffusion Coefficients for Fission Product Metals in Graphite. 

This section presents new design diffusion coefficient data for 
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rubidium and barium in graphite and supports treating the dif

fusion of cerium, europium, and samarium in the same manner as 

the diffusion of strontium. 

7. Sorption of Selected Fission Product Metals on Graphite. This 

section presents new design isotherms for the sorption of 

strontium, barium, and rubidium on graphite and supports the 

assumption that the vapor pressures of cerium, samarium, 

europium, and other elements are equal to or less than that of 

strontium. 

8. Form of Uncertainty Expressions. This section presents relation

ships for converting uncertainty expressions to a form applicable 

to the core design computer codes. 

Burnup Dependence of R/B for Failed Oxide Fuel Particles 

This section describes the results of an effort to establish the 

burnup dependence of R/B for failed coated oxide particles. As detailed 

below, the available data suggest that R/B increases with burnup over the 

range 0 to 8% FIMA, which is the burnup range of interest for fertile 

particles. 

The available burnup dependence data are given in Fig. 4-31. The data 

are for Kr-85m at 1100°C (±50°C) and represent several types of failed 

oxide particles. Included are data for failed ThO„ particles, which are 

the reference fertile particles, but these data are relatively uncertain 

because the fraction of failed particles in the fuel rods tested was not 

well known. 

On the basis of the data in Fig. 4-31, the dependence of R/B on burnup 

for failed ThO^ fuel particles at 1100°C is taken to be 

R/B = 0,0246 exp[-1.594/(1 + 0.584F)] , (4-6) 
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0.02 -

.005 ~ 

Y 
.002 - 0 

.001 L - o 

PARTICLES 

O LASER FAILED (8Th,U)02 

A LASER-FAILED BISO(2Th,U)02 
FROMFTE-I AND-2 

D LASER-FAILED BISO UO2 

0 FAILED BISO ThO^ IN POP 
FUEL ROD 

A FAILED BISO ThO, IN P13N 
FUEL ROD 

• LASER-FAILED TRISO 
(8Th, U)02 

D 

A 
A 

REFERENCE 

4-13 

4-17 

4-19 

4-22 

4-19 

4-23 

(R/B) = 0.0246 exp 
/_ 1.594 \ 
V 1 -̂  0.584F / 

D 

10 20 30 

BURNUP (% FIMA) 

Fig. 4-31. Effect of burnup on R/B for failed coated oxide particles 
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where F is % FIMA, This equation is represented by the curve in Fig, 4-31; 

the position of the curve relative to the data shows that Eq, 4-6 is a con

servatively high estimate of the data. The R/B value of 0.005 at zero % 

FIMA, which fixes one end of the curve, was selected on the basis that (1) 

it is conservatively high, based on the data, and (2) it is the average R/B 

value found for failed carbide particles (Ref, 4-18), The form of Eq. 4-6, 

with respect to the F dependence, is the same as was found adequate to 

describe the burnup dependence for release of long-lived and stable gases 

from Th02 fuel (Ref. 4-18). 

Assuming that the exponential dependence on fluence applies at all 

temperatures, Eq. 4-6 becomes 

(R/B)^ p = 4.92 (R/B)^ exp[-1.594/(1 + 0.584F)] , (4-7) 

where (R/B) is the R/B value calculated at temperature T for zero % FIMA 

and (R/B) is the R/B value calculated at temperature T for F % FIMA, 

Equation 4-7 is assumed to apply to nuclides of Xe, I, Te, Br, and Se, as 

well as those of Kr. 

Diffusion Coefficient Data for Fission Product Metals in Kernel 
Materials 

This section provides supporting data for assigning diffusion coeffi

cient data and uncertainties for strontium, barium, europium, samarium, 

cerium, and rubidium in kernel material. 

Barium Diffusion in Oxide Kernels. A study of the distribution of 

barium and strontium in U0„ kernels (Ref. 4-24) indicated that a signifi

cant portion of barium is very mobile in contrast to strontium, suggesting 

that the release of barium is greater than that of strontium. Reduced 

diffusion coefficients for barium in (Th,U)02 kernels, presented in Table 

4-12, were derived from postirradiation anneal experiments (Ref. 4-23). 

Reduced diffusion coefficients for strontium derived from these experiments 

were reported earlier (Ref. 4-25). 
1 
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TABLE 4-12 
KERNEL DIFFUSION C0EFFICI.ENTS FOR BARIUM CALCULATED FROM 

ANNEALING RELEASE CURVES FOR BISO COATED PARTICLES 

Sample 
Ident. 

2702-57E'^^^ 

2702-57E 

2702-57E 

3023-99E 

3023-99E 

Particle 
Characteristics 

Fuel 
Type 

(Th,U)02 

(Th,U)02 

(Th,U)02 

(Th,U)02 

(Th,U)02 

Kernel 
Diameter 

(ym) 

240 - 300 

240 - 300 

240 - 300 

300 - 420 

300 - 420 

Irradiation 
Conditions 

Irrad. 
Temp. 
(°c) 

1165 

1165 

1165 

1600 

1600 

FIMA 
(%) 

3.0 

3.0 

3.0 

2.5 

2.5 

Anneal 
Temp. 
(°C) 

1400 

1550 

1650 

1400 

1550 

P p/^ 11 (-> p d 

Diffusion 
Coefficient 

(s-1) 

6.9 X 10-^0 

7.7 X 10"^ 

4,7 X 10"'̂  

2.0 X 10"^ 

1.2 X 10~^ 

Sample 2702-57E consists of triplex-coated particles. (Triplex 
coatings consist of an inner buffer (10 W density) procarbon layer, an 
Isotropic pyrocarbon layer, and an outer granular pyrocarbon layer.) 

I 
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The data of Table 4-12 are plotted in Fig, 4-32. The least-squares 

fit to the data is given by the following expression for the reduced dif

fusion coefficient: 

D' = 2.16 X 10« ^-557000/RT ^ (,„3̂  

2 -1 
where D' = D/a (s ), 

D = diffusion coefficient, 

a = radius of the equivalent sphere of the particle or grain 

through which diffusion occurs. 

The activation energy (557000) is in units of J/mol. The associated vari

ance for a single estimated value of the dependent variable in terms of In 

D' is 

S^ (In D') = 80,8 - 28.2 (10^/T) + 2,51 (10^/T)^ , (4-9) 

where S is the standard deviation, A line representing Eq, 4-8 is given in 

Fig, 4-32 with 95% confidence limits calculated using Eq. 4-9. 

If Eq. 4-8 for barium diffusion is compared with the reduced diffusion 

coefficient expression for strontium (Ref. 4-26), the ratio is found to be 

^ = 0 . 1 1 e^^^°/^ , (4-10) 
Sr 

indicating that the reduced diffusion coefficient for barium in oxide ker

nels is larger than that for strontium at temperatures below 2016 K. This 

result is consistent with the observation of Ref. 4-24 as stated above. 

Barium Diffusion in Carbide Kernels. Only a few, rather uncertain 

data on the release of barium from carbide kernels are available from post-

irradiation anneal experiments (Ref. 4-23), and these data are only for 

burnups to 13% FIMA. 
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Fig. 4-32. Reduced diffusion coefficients for barium in oxide kernels 
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In electron microprobe studies on annealed TRISO UC« particles (Ref. 

l*~n), cesium and barium were not detected in the UC« kernels, suggesting 

that barium and cesium exhibit similar release behavior and that both have 

relatively high mobility in carbide kernels. Earlier electron microprobe 

studies of TRISO UC„ particles (Ref. 4-5) showed that cesium is released 

from UC2 kernels during irradiation to 63% FIMA at less than 700°C, 

On the basis of these observations, it is appropriate to assume that 

the release of barium, as well as cesium, from coated UC„ particles under 

normal reactor conditions is limited only by the coatings (i.e., there is 

no appreciable holdup of barium and cesium in the kernel). 

Strontium Diffusion in Carbide Kernels, Data on the release of stron

tium from carbide kernels has been presented previously (Ref. 4-26). These 

data show considerable scatter and are limited to burnups ̂ 20% FIMA. 

Accordingly, in the case of strontium release from carbide kernels over the 

full range of burnup, the assumption of no appreciable holdup in the kernel 

is appropriate. 

Cerium Diffusion in Oxide Kernels. The data on cerium are limited. 

Brown and Faircloth (Ref. 4-11) have found roughly the same distribution 

for strontium and cerium between kernel and coating for coated UO^ par

ticles. In accord with this information, it can be assumed that the dif

fusion coefficient for cerium in oxide kernels is equal to that for 

strontium. 

Cerium Diffusion in Carbide Kernels, There are no release data for 

cerium over the full burnup range of carbide kernels; as for strontium, the 

assumption of no holdup in the kernel is appropriate. 

Europium and Samarium Diffusion in Oxide Kernels. No data on the 

release of europium or samarium from oxide kernels were found. On the 

basis of the physical and chemical similarity of europium and samarium to 

cerium, it is appropriate to treat these two elements the same as cerium 
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(see above). Accordingly, the diffusion coefficient for europium and 

samarium in oxide kernels is assumed to be equal to that of strontium. 

Europium and Samarium Diffusion in Carbide Kernels. There are 

apparently no data on the release of europium and samarium over the full 

burnup range of carbide kernels; as for strontium, the assumption of no 

holdup in the kernel is appropriate. 

Rubidium Diffusion in Oxide Kernels. No data on the release of rubi

dium from oxide kernels were found. An estimate of the reduced diffusion 

coefficient for rubidium in oxide kernels is made based on (1) the bond 

strengths of oxygen with rubidium and cesium, and (2) the reduced diffusion 

coefficient of cesium in oxide kernels. The bond strengths are 289000 

J/mol for cesium and 234000 J/mol for rubidium (Ref. 4-28), Accordingly, 

the estimated reduced diffusion coefficient for rubidium in oxide kernels 

iss 

-234000/RT 

°Rb ^'^^^^ " -2890007RT ' °Cs 
e 

55000/RT ^ „ ,„-3 -268000/RT 
= e j.oxlU e 

„ - . -3 -213000/RT .. ,. 
= 3.8 X 10 e , (4-11 

where Di is from Ref, 4-16, The associated variance is taken to be the 
Cs 

same as that of cesium (Ref, 4-16), i.e., 

S^ (In D') = 4.90 - 1.47 (10^/T) + 0.113 (10^/T)^ , (4-12) 

where S is the standard deviation in In D'. 

Rubidium Diffusion in Carbide Kernels. There are no data on the 

release of rubidium over the full range of burnup of carbide kernels; as 

for cesium and strontium, the assumption of no holdup in the kernel is 

appropriate. 
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Uncertainty of Diffusion Coefficient Data for Strontium in Oxide 

Kernels. Based on the data in Ref. 4-26, the variance for a single esti

mated value of the dependent variable in terms of in D' is 

S^ (In D') = 69.2 - 24,5 (10^/T) + 2.18 (10^/T)^ . (4-13) 

Diffusion Coefficient Data for Fission Product Metals in Pyrocarbon 

This section provides supporting data for assigning (1) diffusion 

coefficient data and uncertainties for barium, europium, samarium, cerium, 

and rubidium in pyrocarbon, and (2) the uncertainty for diffusion coeffi

cient data for strontium in pyrocarbon. 

Barium Diffusion in Pyrocarbon. Data on barium diffusion in pyrocar

bon have been obtained in experiments using pyrocarbon wafers (Ref, 4-29) 

and irradiated fuel particles (Ref, 4-30). In the Ref. 4-30 experiments, 

data were obtained in the temperature range between 1273 and 1973 K for 

-2 -5 

source concentrations of 10 and 10 g Ba/g carbon. The derived dif

fusion coefficients were strongly dependent on the source concentrations, 

the diffusion coefficients being larger for the larger source concentra

tion. However, as shown in a following section, source concentrations of 

barium will be less than about 4 x 1 0 g Ba/g carbon under HTGR normal 

operating conditions. Consequently, the data at the higher source concen

tration need not be considered here. 

The data on barium diffusion in pyrocarbon at the lower source concen

tration, 10~ g Ba/g carbon, are given in Table 4-13. These data are from 

chemical and self-diffusion experiments (Ref. 4-29); no distinction between 

the data from these two types of experiments is made in treating the data, 

Postirradiation anneal experiments (Ref, 4-30) were performed with 

samples of pyrocarbon coated UO^ particles irradiated to 11% FIMA and UC„ 
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TABLE 4-13 
DATA ON DIFFUSION OF BARIUM IN PYROCARBON 

Temp. 
(K) 

1273 

1273 

1523 

1673 

1823 

1973 

1973 

1273 

1473 

1673 

1873 

1973 

1423 

1423 

1423 

1773 

1973 

D 
(m2/s) 

-14 
1.5 X 10 

2.3 X IQ-l"̂  
-13 

1.6 X 10 
-1 3 

3.3 X 10 '^ 
-12 

1.4 X 10 -1 ? 
2,9 X 10 

-12 
2.7 X 10 

2.7 X IQ-l^ 
-14 

4.2 X 10 
-13 

4.3 X 10 
-12 

2.7 X 10 
-12 

7.4 X 10 

-13 
1.0 X 10 -̂  

-14 
1.1 X 10 

6.0 X 10"^^ 

4.1 X 10-1-̂  
-12 

4.3 X 10 

Pyrocarbon 
Type 

(a) 

1 

f 

LTI 

HTI 

LTI 

LTI 

LTI 

Reference 

Ref. 4-29, Table 4.6, 
p. 34 

Ref. 4-30, Table 5.3, 
p. 66 

The types of pyrocarbon used in these determinations were 
granular, isotropic, and laminar. 
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particles irradiated to 13% FIMA, The temperature range of the experiments 

was between 1423 and 1973 K. These data are included in Table 4-13. 

All the data of Table 4-13 are plotted in Fig. 4-33. From a least-

squares fit to the data, the following expression for the diffusion 

coefficient is derived: 

n / 2, . ^ .„ ,^-7 -181000/RT // 1/N 
D (m /s) = 2.10 X 10 e , (4-14) 

where the activation energy is in units of J/mol. The associated variance 

for a single estimated value of the dependent variable in terms of In D is: 

S^ (In D) = 1.63 - 0.35 (10^/T) + 0.028 (lO^/T)^ , (4-15) 

where S is the standard deviation. Equation 4-14 and 95% confidence limits 

calculated using Eq. 4-15 are represented by the solid and dashed lines in 

Fig. 4-33. 

Europium Diffusion in Pyrocarbon. Data on europium diffusion in pyro

carbon have been obtained (Ref, 4-29) over the temperature range 1073 to 
-3 -7 

1523 K for source concentrations of 1,9 x 10 and 6.0 x 10 g Eu/g car

bon. As shown in a following section, source concentrations of europium 

will be less than about 5 x 10 g Eu/g carbon under HTGR normal operating 

conditions. Thus, only the lower source concentration data are of present 

interest. A dependence of the diffusion coefficient on the source concen

tration, as found in the case of barium, is consistent with the europium 

data but cannot be substantiated because of the limited number of data. 
-13 

Only two data exist for the lower source concentrations 6.0 x 10 at 
1523 K and 2.1 x lO"̂ '̂  at 1273 K. 

An estimate of the diffusion coefficient expression, based on the two 

data at low source concentration, is the following: 

^ / 2, . , „ .n~10 -68000/RT ,, . . . 
D (m /s) = 1.3 X 10 e , (4-16) 
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Fig. 4-33. Diffusion coefficients for barium in pyrocarbon 
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where the activation energy is in J/mol. 

The standard deviation is undoubtedly quite large; the following is an 

estimate of the variance based on assuming the same temperature dependence 

for high and low source concentrations: 

S^ (In D) ̂  2.3 . (4-17) 

Samarium Diffusion in Pyrocarbon. No data on samarium diffusion in 

pyrocarbon were found. The diffusion coefficient and variance expressions 

applied to europium (Eqs. 4-16 and 4-17) are assumed to apply to samarium 

on the basis of the physical and chemical similarity of samarium and 

europium. 

Diffusion of Cerium in Pyrocarbon, Apparently, only one diffusion 

coefficient value for cerium in pyrocarbon is available. This value, '̂ 3̂,2 
1 / 9 

X 10~ m /s, was obtained in a postirradiation anneal test at 1423 K on a 

pyrocarbon (LTI type) coated UC„ particle irradiated to 13% FIMA (Ref, 

4-30), 

Other postirradiation anneal tests (Ref. 4-27) conducted in the tem

perature range 1873 to 2273 K yielded information on the relative release 

of europium and cerium from TRISO UC2 particles. (The SiC coating became 

permeable during the anneals.) In these tests, europium and cerium release 

fractions were found to be similar, indicating similar diffusion behavior 

for the two elements in the outer pyrocarbon coating. 

The above diffusion coefficient value for cerium in pyrocarbon (3.2 x 
1 / 9 

10~ m /s) is an order of magnitude smaller than the value predicted using 

Eq. 4-16, the diffusion coefficient expression for europium. However, this 

difference cannot be considered significant, given (1) the uncertainty in 

Eq, 4-16, (2) the approximate nature of the cerium diffusion coefficient 

value, and (3) the above described observation of similar behavior for the 

two elements. Accordingly, cerium is conservatively treated by assuming 

that Eqs, 4-16 and 4-17 apply also to cerium. 
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Rubidium Diffusion in Pyrocarbon. There are apparently no data on 

rubidium diffusion in pyrocarbon. Considering the chemical and physical 

properties of the elements, one would expect that the diffusion behavior of 

rubidium in relation to that of cesium is like the behavior of strontium in 

relation to that of barium. In estimating the diffusion coefficient 

expression for rubidium, this supposition is employed as follows. 

The ratio of the diffusion coefficient expressions for strontium to 

barium is 

°Sr .. ^ -16000/RT ., .„. 
= 11.0 e , (4-18) ^Ba 

where the diffusion coefficient expression for strontium was taken from 

Ref, 4-26 and that for barium is Eq, 4-14. Then, the diffusion coefficient 

expression for rubidium becomes 

where the diffusion coefficient expression for cesium was taken from Ref. 

4-16. The uncertainty associated with D , is based on that for cesium 
Kb 

(Ref, 4-16) but increased by a factor of 2; thus, 

S^ (In D) - 5.42 - 1.05 (10^/T) + 0.0927 (lO^/T)^ . (4-20) 

Uncertainty of Diffusion Coefficient Data for Strontium in Pyrocarbon. 

Based on the data in Table 4-3 of Ref. 4-26, the uncertainty of diffusion 

coefficient data for strontium in pyrocarbon has been calculated to give 

the variance for a single estimated value of the dependent variable in 

terms of In D as follows: 

S^ (In D) = 5.54 - 1.38 (10^/T) + 0.112 (10^/1)^ , (4-21) 

where S is the standard deviation in In D. 
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Estimation of Upper Limit Concentrations of Selected Fission Product 
Metals in Pyrocarbon Coatings 

Upper limit concentrations to be encountered in the pyrocarbon 

coatings of fuel particles in the HTGR under normal operating conditions 

are estimated as follows: 

1. The cesium concentration at the buffer - inner pyrocarbon inter

face is obtained from measurements of release profiles in post

irradiation anneal tests on Irradiated particles (Ref. 4-30). 

This concentration is an upper limit to the cesium concentration 

in the pyrocarbon. 

2. The upper limit cesium concentration of item (1) is corrected for 

full burnup of the fuel. 

3. The ratio of the inventory of the element of interest to that of 

cesium is calculated from published nuclide inventories in the 

fuel (Table 11.1-5 of Ref. 4-31). 

The concentration of cesium at the inner surface of the pyrocarbon in 

fertile particles irradiated to 3.5% FIMA is about 10 atoms Cs/g carbon 

(from Ref, 4-30). At full burnup of 7,5% FIMA, the estimate of the weight 

fraction of cesium is taken to be 

(7.5/3.5) 10^^ (137) ̂  . ,„-5 „ , , 
-: • jT^ î  5 X 10 g Cs/g carbon 

6.02 X 10 

For fissile particles, the concentration of cesium at the inner sur-
18 

face of the pyrocarbon for particles irradiated to 13% FIMA is '̂'10 atoms 

Cs/g carbon (from Ref. 4-30). At full burnup of 78% FIMA, the estimate of 

the weight fraction of cesium is taken to be 

(78/13) 10^^ (137) ̂  ,„-3 ̂  , 
s-T _ 10 Cs/g carbon 

6.02 X 10 
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From Ref, 4-31, the ratios of the mass of barium and europium to that 

of cesium are 0,36 and 0,005, respectively. Therefore, the estimated upper 

limit concentrations in the pyrocarbon coatings for fertile and fissile 

particles for the elements barium and europium are as follows: 

Ba 

Eu 

Upper Limit Concentration 
in Pyrocarbon 

(g element/g carbon) 

Fertile Particles 

2 X 10~5 

3 X 10"^ 

Fissile Particles 

4 X 10"^ 

5 X 10""̂  

Sorption of Fission Product Metals on Fuel Rod Matrix Material 

This section provides supporting data for assigning sorption isotherms 

for cerium, europium, samarium, rubidium, barium, and other elements on 

fuel rod matrix material. 

Sorption of Cerium, Europiijm, and Samarium on Fuel Rod Matrix 

Material. There are no data for sorption of cerium, europium, and samarium 

on fuel rod matrix material. Estimates of the sorption isotherms are made 

by comparing the relative vapor pressure of these elements in a graphite 

system with those of strontium and barium. The thermodynamic data (Refs. 

4-32 and 4-33) necessary to make the comparison are shown in Table 4-14. 

The relationship between the thermodynamic data and the vapor pressure is 

also presented in Table 4-14. In Table 4-15, calculated vapor pressures 

are presented. These data show that the vapor pressures of cerium, euro

pium, and samarium are smaller than those of strontium in the temperature 

range 1000 to 1600 K, Therefore, as a conservative estimate, cerium, 

europium, and samarium are assumed to have the same sorption behavior on 

fuel rod matrix material as strontium. 

Sorption of Rubidium on Fuel Rod Matrix Material, There are no data 

for rubidium sorption on fuel rod matrix material. To estimate the sorp

tion isotherm, use is made of the ratio of rubidium to cesium sorption on 
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TABLE 4-14 
THERMODYNAMIC DATA USEFUL IN CALCULATING VAPOR PRESSURES OF 
SELECTED FISSION PRODUCT ELEMENTS AND THEIR DICARBIDES (a) 

Vapor 
Species 

Sr 

Ba 

Ce 

CeC2 

Sm 

Eu 

EUC2 

AH° 

(kJ/mol) 

226 

234 

— 

— 

264 

222 

— 

AS° 

(J/mol. K) 

71 

59 

— 

— 

71 

63 

— 

B 

11800 

12200 

29500 

36700 

13800 

11600 

26200 

A 

8.7 

8.1 

11.8 

14.8 

8.7 

8.3 

11.7 

Ref. 

4-32 

4-32 

4-33 

4-33 

4-32 

4-32 

4-33 

log P(Pa) = - Y + A 

B = AH°/2.303R 

A = (AS°/2.303R) + 5.006 

R = 8.314 J/mol'K 
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TABLE 4-15 
CALCULATED VAPOR PRESSURES OF SELECTED FISSION PRODUCT ELEMENTS AND THEIR DICARBIDES AT SELECTED TEMPERATURES 

Temp. 
(K) 

1000 

1200 

1400 

1600 

Vapor Pressure (Pa) 

Sr 

7.9 X 10"" 

7.4 X 10"^ 

1.9 X 10° 

2.1 X lO"*"̂  

Ba 

7,9 X 10"^ 

8.6 X 10~^ 

2.4 X 10~^ 

3.0 X 10° 

Ce 

2.0 X 10"'^ 

1.6 X 10"^^ 

5.4 X 10-10 

2.3 X lO-*̂  

CeC2 

-22 
1.3 X 10 

1.6 X 10-1^ 

-12 
3.9 X 10 

7.3 X 10"^ 

Ce + 
CeC^ 

2.0 X 10"^^ 

-1 3 
1.6 X 10 

5.4 X 10-10 

2.4 X 10"^ 

Sm 

7.9 X 10"° 

1.6 X 10"-̂  

7.0 X IQ-^ 

1.2 X 10° 

Eu 

5.0 X 10"^ 

4.3 X 10"^ 

1.0 X 10^ 

1.1 X lO"*"! 

.„^!^2.„_„^ 

-15 
3.2 X 10 

7.4 X IQ-" 

-8 
9.7 X 10 

2.1 X 10"^ 

Eu + 
EuC^ 

5.0 X 10"'̂  

4.3 X 10"^ 

1.0 X IQO 

1.1 X 10^ 



graphite. Thus, the sorption isotherm for rubidium on fuel rod matrix 

material is determined from the cesium sorption isotherm on fuel rod matrix 

material corrected by the relationship of the sorption of rubidium to 

cesium on graphite. The latter relationship is obtained from Ref. 4-3A for 

sorption on TS-688 graphite and is as follows; 

(_..0. M O O ) ,„c^^_ (,,.3.2^00) 

In C^^ =-^ -, o/.onnv • (4-22) 

The Freundlich Isotherm for cesium sorption on fuel rod matrix 

material is (Ref. 4-16): 

In Pp (Pa) = (l9.3 - ̂ ^ ) + (l.51 + ~ ^ ) In C^^ (mmol/kg) , (4-23) 

where P is in units of pascals and C in units of mmol Cs/kg carbon. 

Equations 4-22 and 4-23 are combined to yield an expression for the pres

sure F in terms of the concentration of rubidium, C , . This expression is 

simplified to the standard form by reevaluating the constants at tempera

tures of 1073 and 1273 K with the following result; 

In Pp (Pa) = (22.1 - ~ ^ ) + (4.53 + 1^) In C^^ (mmol/kg) . (4-24) 

The transition concentration for rubidium is assumed to be the same as 

for cesium. Thus, 

In C = 3.40 - 6.15 X 10~^ T (K) . (4-25) 

The Henrian sorption isotherm for rubidium is based on Eqs. 4-24 and 

4-25; 

In P^ (Pa) = (22.1 - ̂ ^ 1 ^ ) + (3.52 + 1^) In C^ + In C^^ (mmol/kg) .(4-26) 
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To estimate the uncertainty in the isotherm expressions for rubidium, 

the assumption is made that the uncertainty In the data establishing the 

relationship between cesium and rubidium is the same as the uncertainty in 

the isotherm data for cesium sorption on fuel rod matrix material; thus, 

for rubidium 

S^ (In P„) - 0.84 (4-27) 

r 

and 

S^ (In P„) = 1.52 , (4-28) 
n 

where S is the standard deviation of In P.. 

Barium Sorption on Fuel Rod Matrix Material. There are no data for 

barium sorption on fuel rod matrix material. The isotherm for sorption of 

strontium on fuel rod matrix material will be taken as an upper limit esti

mate for barium sorption. This upper limit estimate is based on the fact 

that strontium vapor pressures are always larger than for barium over 

graphite at the same sorbate concentration. 

Another procedure for estimating the isotherm for barium sorption on 

fuel rod matrix material was tested and rejected. This procedure assumed 

that the relation of the Isotherm on fuel rod matrix to that on graphite 

was the same for barium as for strontium. However, this assumption lead to 
9 

vapor pressures 10 times smaller for barium than for strontium over fuel 

rod matrix material near the transition concentration (C '^ 20 mmol/kg) at 

1000 K. This was judged to be unreasonable in the absence of any sup

porting data and therefore the assumption was rejected. 

Sorption of Other Elements on Fuel Rod Matrix Material. Under temper

ature transient conditions, the mobility of certain fission product metal

lic elements, which are normally immobile, must be considered. These 

elements are cerium, europium, samarium, zirconium, niobium, molybdenum, 
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strontium is independent of concentration. The concentration of the upper 

curve, 14 mmol/kg carbon, is the same as the cerium concentration at the 

surface of the graphite samples in the soaking experiments (Ref. 4-39), In 

view of the cerium concentration within the graphite, the appropriate curve 

of strontium diffusion coefficients for comparison with the cerium data of 

Ref. 4-39 lies between the two curves of Fig. 4-34. Consequently the 

cerium diffusion coefficients measured in the soaking experiments (Ref. 

4-39) are probably not slgnificamtly lower than those found for strontium 

in graphite (Ref. 4-26). By contrast, the cerium data measured using 

uranium-impregnated graphite (Ref. 4-38) indicate significantly lower 

diffusion coefficients than either the cerium data of Ref. 4-39 or the 

strontium curves. 

Additional data on europium have been obtained from the fuel test ele

ments FTE-3, -4, and -6 (Ref. 4-40), The diffusion coefficients derived 

from the profiles in graphite spines for europium range from a factor of 

five larger to a factor of 180 smaller than the reference diffusion coeffi

cients for strontium diffusion in graphite (Ref. 4-26) within the narrow 

temperature range 1100 to 1200 K. Seventy-five percent of the europium 

diffusion coefficients were significantly below the corresponding values 

for strontium. 

The above data suggest that diffusion coefficients for cerium and 

europium are smaller than those for strontium. However, the data on 

uranium-impregnated graphite (Refs, 4-35 through 4-38) used non-HTGR type 

graphites and were obtained with one exception at temperatures beyond the 

range of interest for HTGRs under normal operating conditions. The soaking 

experiments (Ref, 4-39) were also on a non-HTGR type graphite. The data 

from fuel test element analysis have a very large scatter. Accordingly, 

the prudent choice is to use the diffusion coefficients for strontium to 

represent those of cerium and europium. This choice would then give upper 

limit values for cerium and europium. On the basis of physical and chemi

cal similarity, samarium will be treated like cerium and europium. 
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With these choices, the diffusion coefficient expression for 

strontium, 

r. / 2, . , ,, ,„-2 -268000/RT ,, ^.. 
D (m /s) = 1.66 X 10 e , (4-29) 

is used for cerium, europium, and samarium. The activation energy is in 

units of J/mol, Equation 4-29, which was taken from Table 3-1 of Ref. 

4-26, applies to concentrations of ̂ 0.7 mmol/kg carbon. 

Diffusion of Rubidium in Graphite. There are no data on the diffusion 

of rubidium in graphite. On the basis of chemical properties, rubidium is 

expected to behave like cesium. However, from sorption isotherm measure

ments (Refs. 4-34, 4-41), it is found that rubidium has a higher vapor 

pressure than cesium over graphite and that cesium readily displaces rubi

dium on graphite. Cesium migrates in graphite primarily on internal sur

faces (Ref. 4-16) and, presumably, rubidium also does. Based on this 

information, one would expect rubidium to migrate faster than cesium since 

the bonding of rubidium to surface sites is weaker than for cesium, as 

indicated by the sorption isotherm measurements. 

As an estimate of the upper limit to the diffusion coefficient for 

rubidium, ten times the diffusion coefficient expression for cesium is 

recommended. Thus the difussion coefficient expression for rubidium is 

T. r 2/ ^ ,70 ,n-5 -148900/RT ., „.. 
D (m /s) = 1.72 X 10 e , (4-30) 

where the activation energy is in units of J/mol. The diffusion coeffi

cient expression for cesium, used as the basis for Eq. 4-30, is given in 

Ref. 4-16. 

Diffusion of Barium in Graphite. Diffusion coefficient data for 

barium in graphite have been obtained from experiments with uranium-

impregnated samples of AUG graphite (Ref. 4-38), from diffusion spine 

samples in the Peach Bottom reactor (Ref, 4-40), and from fuel elements in 

the Pluto Loop A (charge 16) (Ref, 4-42). These data are listed in Table 
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4-17 and plotted in Fig, 4-35, The data of Table 4-17 and Fig. 4-35 

correspond to total diffusant concentrations %0.7 mmol/kg carbon and thus 

are in the region of concentration in which the diffusion coefficient is 

independent of concentration [judged by the data on strontium (Ref. 4-26)]. 

The least-squares fit to the barium data [except for the data of Ref. 4-43 

(see below)], shown by the solid line in Fig. 4-35, lies consistently below 

the strontium line (Ref. 4-26), but the difference in the two lines is not 

significant. The least-squares fit to the barium data is represented by 

T, , 2. . . ,. .,-4 -243000/RT ,, „,. 
D (m /s) - 1.54 x 10 e , (4-31) 

where the activation energy is in units of J/mol. 

Skerker and Zumwalt (Ref. 4-43) have obtained diffusion coefficients 

for barium in unirradiated H-327 graphite by measuring concentration pro

files in thin graphite disks. They gave only analtyical representations of 

their data, including uncertainties on the activation energies and on the 

fraction of barium which diffuses by the in-pore path. Consequently, a 

statistical treatment of their data in combination with the above data is 

not possible at the present time. 

Included in Fig. 4-35 is a plot of the region within which the data of 

Skerker and Zumwalt fall. [The temperature range of their experiments was 

approximately 970 to 1450 K (Ref, 4-44).] It can be seen that their data 

generally lie above the other data and suggest a lower temperature 

dependence. 

The estimated uncertainty of the barium diffusion coefficient data is 

S^ (In D) = 32.48 - 4,6 (10^/T) + 0.332 (10^/T)^ , (4-32) 

where S is the estimated standard deviation in In D, This estimated uncer

tainty is relatively high to account for the data of Skerker and Zumwalt. 

The 95% confidence bounds derived by using Eq. 4-32 are included in Fig. 

4-35. 
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TABLE 4-17 
DIFFUSION COEFFICIENTS FOR BARIUM IN GRAPHITE 

Temp. 
(K) 

1170 

1170 

1164 

1164 

1206 

1206 

1823 

2198 

2473 

2673 

1173 

1273 

1393 

1333 

%1673 

1743 

D 
(m^/s) 

3.3 X 10"''̂  

5.8 X 10"^^ 

4.2 X 10"" 

4.6 X 10"^^ 
-14 

2.6 X 10 
-13 

1.25 X 10 

2.7 X IQ-" 

8.0 X 10"^^ 

4.2 X 10"^ 

1.5 X 10"^ 

-15 
3.6 X 10 

3.3 X 10"''̂  
-14 

4.8 X 10 
-14 

1.9 X 10 ^ 
-13 

2.2 X 10 
-13 

1.3 X 10 

Graphite 

H-327 

H-327 

H-327 

H-327 

H-327 

H-327 

AUG 

AUG 

AUG 

AUG 

HX-30 

HX-30 

HX-30 

HX-30 

HX-30 

HX-30 

Ref. 

4-40 

4-40 

4-40 

4-40 

4-40 

4-40 

4-38 

4-38 

4-38 

4-38 

4-42 

4-42 

4-42 

4-42 

4-42 

4-42 
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Fig. 4-35, Diffusion coefficients for barium in graphite 
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Another consideration is that the barium diffusion data of Skerker and 

Zumwalt were obtained using unirradiated graphite and the data for FTE-3 

and -4 were obtained using graphite that had been irradiated to thermal 
25 2 

fluences of 0.4 and 1.7 x 10 n/m , respectively. Figure 4-35 shows that 

the data of Skerker and Zumwalt are higher than the FTE-3 data, which in 

turn are higher than the FTE-4 data. This suggests that the diffusion 

coefficient for barium in graphite decreases with increasing fluence. 

Sorption of Selected Fission Product Metals on Graphite 

This section describes the results of a review of sorption data for 

fission product metals on graphite. New isotherms for the sorption of 

strontium, barium, and rubidium on graphite and supporting data for the 

sorption behavior of the other elements are presented. 

Sorption of Strontium on Unirradiated Graphite. Most of the data for 

sorption of strontium on unirradiated graphite apply to H-327 graphite. 

There are fewer data for sorption on H-451 graphite. These data indicate 

no significant difference in sorptivity of strontium on H-327 and H-451 

graphites. 

The data on sorption of strontium on H-327 graphite are presented in 

Tables 4-18 through 4-20. These data are the results of three experiments 

(Sr-1, Sr-5, and Sr-6) performed at General Atomic using the mass spec-

trometric - Knudsen cell method, (For a description of the method see 

Refs. 4-45 through 4-47,) 

The data in Tables 4-18 through 4-20 were derived from experimental 

(raw) data given in laboratory notebooks (Ref, 4-48), These data apply 

only to the Freundlich region. All the values of In P in Tables 4-18 

through 4-20 were derived from a fit to the experimental data for each con

centration, C, The experimental data were in the form In P = a - b/T, The 

standard deviation in P is 5% or less. The values of In P given in the 

three tables are within the temperature and concentration ranges of the 

measurements. 
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TABLE'4-18 
DATA FOR STRONTIUM SORPTION ON UNIRRADIATED H~327 GRAPHITE (EXPERIMENT Sr-1) 

cone C' 

(g Sr/kg carbon) 

4.34 
3.66 
3.09 
2.72 
2.48 
2,19 
1.806 
1.654 
1.558 
1.475 
1.320 
1.191 
0.941 
0.740 
0.641 
0.533 
0.495 
0.464 
0.414 
0.360 
0.309 
0.222 
0.1936 
0.1629 
0.1178 
0.1035 
0.0825 
0,0756 
0.0704 
0.0604 
0.0556 

cone C^^^ 

(mmol Sr/kg carbon) 

49.32 
41.59 
35.11 
30.91 
28.18 
24.89 
20.52 
18.80 
17.70 
16.76 
15.00 
13.53 
10.69 
8.41 
7.28 
6.06 
5.62 
5.27 
4.70 
4.09 
3.51 
2,52 
2.20 
1.85 
1.34 
1.18 
0.937 
0.859 
0,800 
0.686 
0.632 

In C 

3.898 
3.728 
3.559 
3.431 
3.339 
3.214 
3.022 
2.934 
2.874 
2.819 
2.708 
2.605 
2.370 
2.129 
1.986 
1.801 
1.727 
1.663 
1.549 
1.409 
1.256 
0.925 
0.788 
0.616 
0.292 
0.162 
-0.064! 
-0.152 
-0.223 
-0.376 
-0.459 

In P (Pa) 

800°C 

-4.65 
-4.96 
-5.68 
-6.41 
-6.66 
-6.66 
-6.98 
-7.75 

900°C 

-2.75 
-3.01 
-3.64 
-4.26 
-4.45 
-4.47 
-4.77 
-5.47 
-5.84 
-6.16 
-6.39 
-6.77 
-7,32 
-8.27 

1000°C 

-1.15 
-1.37 
-1.92 
-2.45 
-2.58 
-2.62 
-2.91 
-3.54 
-3.85 
-4.12 
-4.36 
-4.73 
-5.22 
-6.08 
-6,49 
-7.19 
-7.66 
-7.91 
-8.28 
-8.62 
-8.97 

1100°C 

.025 
-.450 
-.903 
-.990 
-1,04 
-1.31 
-1.90 
-2,15 
-2.38 
-2.62 
-3.00 
-3.43 
-4,22 
-4.60 
-5.22 
-5.64 
-5,87 
-6.22 
-6.54 
-6.88 
-7.56 
-7.97 
-8.06 
-8.84 
-9.13 
-9,93 
-10.23 

1200°C 

-1.12 
-1.49 
-1.88 
-2.61 
-2.97 
-3.52 
-3.89 
-4.11 
-4.43 
-4.74 
-5.08 
-5.67 
-6.02 
-6.14 
-6.84 
-7,12 
-7.83 
-8.11 
-8.45 
-8.91 
-9,12 

1300°C 

-.53 
-1.21 
-1.54 
-2.04 
-2.36 
-2.57 
-2.88 
-3,18 
-3.50 
-4.02 
-4.33 
-4.47 
-5.09 
-5.37 
-6.00 
-6.26 
-6.60 
-7.03 
-7.26 

1400°C 

-1,80 
-2.11 
-2.56 
-2,84 
-2.99 
-3.55 
-3.83 
-4.38 
-4,63 
-4,97 
-5,37 
-5.62 

1500°C 

-2.19 
-2.46 
-2.95 
-3.18 
-3.53 
-3.90 
-4.16 



TABLE 4-18 (Continued) 

cone C' 

(̂  Sr/kg carbon) 

0.0491 
0.0447 
0.0381 
0.0339 
0.0301 
0.0261 
0.0233 
0,0215 

cone Ĉ ^̂  

(mmol Sr/kg carbon) 

0,558 
0.508 
0.433 
0.385 
0.342 
0,297 
0.265 
0.244 

In C 

-0.583 
-0.677 
-0.837 
-0.954 
-1,073 
-1.215 
-1,329 
-1,409 

In P (Pa) 

800°C 900°C 1000°C 1100°C 1200°C 

-9.64 
-9,90 

1300°C 

-7.69 
-7,95 
-8.34 
-8.61 
-8.93 
-9.28 
-9.55 
-9.71 

1400°C 

-5.97 
-6.22 
-6.56 
-6.84 
-7,12 
-7.46 
-7.70 
-7.83 

1500°C 

-4.46 
-4.68 
-4.99 
-5.26 
-5.51 
-5,86 
-6.07 
-6.16 

^^^C - 1000 C' /88, 
I 
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TABLE 4-19 
DATA FOR SORPTION OF STRONTIUM ON UNIRRADIATED H-327 GRAPHITE (EXPERIMENT Sr-5) 

cone C' 

(g Sr/kg carbon) 

0.434 
0.354 
0,308 
0.284 
0.256 
0.226 
0.210 
0.192 
0.166 
0.139 
0,114 
0.0924 
0.0679 
0.0562 
0.0455 
0.0310 
0.0251 
0.0172 
0.0116 
0.00910 
0.00612 
0.00484 
0.00398 
0.00282 

cone C (̂ ) 

(mmol Sr/kg carbon) 

4.93 
4.02 
3.50 
3.23 
2.91 
2.57 
2.39 
2.18 
1.89 
1.58 
1.30 
1,05 
0.772 
0,639 
0.517 
0,352 
0.285 
0.195 
0,132 
0.103 
0.0695 
0.0550 
0.0452 
0.0320 

In C 

1.596 
1,392 
1.253 
1.172 
1,068 
0,943 
0,870 
0,780 
0,635 
0.457 
0,259 
0.0488 
-0,259 
-0.448 
-0.660 
-1.043 
-1.254 
-1.632 
-2.026 
-2.269 
-2.666 
-2.900 
-3.096 
-3.441 

In P(Pa) 

1000°C 

-7.44 
-8.10 
-8.77 

1100°C 

-4.89 
-5,68 
-6.32 
-6.46 
-7.29 
-7.40 
-7.66 
-8.02 
-8.43 
-8.82 
-9.15 

1200°C 

-2.69 

-4.20 
-4.46 
-5,14 
-5.49 
-5.70 
-6.00 
-6.39 
-6.78 
-7,19 
-8.05 
-8.75 
-9.28 

o 
1300 C 

-3.25 

-3.99 
-4,23 
-4.60 
-5.00 
-5.47 
-6,12 
-6.76 
-7.19 
-7.92 
-8,68 
-9.17 
-10.01 

1400°C 

-3.96 
-4.43. 
-5.02 
-5.35 
-5.94 
-6.75 
-7.17 
-7.96 
-8,64 
-9.08 
-9,97 

1500°C 

-4.18 
-5.04 
-5.38 
-6.15 
-6.77 
-7.20 
-7.96 
-8.19 
-8.68 
-9.35 

1600°C 

-6.62 
-7.04 
-7,41 

C = 1000 CV88. 



TABLE 4-20 
DATA FOR STRONTIUM SORPTION ON UNIRRADIATED H-327 GRAPHITE (EXPERIMENT Sr-6) 

Cone C' 
(g Sr/Rg carbon) 

0.342 
0.284 
0.248 
0.219 
0.202 
0.180 
0.170 
0.148 
0.134 
0.110 
0.0948 
0.0712 
0.0597 
0.0463 
0.0352 
0.0244 
0,0186 
0,0150 
0,0128 
0,0116 
0,00983 

Cone c ̂ ^̂  
(mmol Sr/kg carbon) 

3.89 
3.23 
2.82 
2.49 
2.30 
2,05 
1.93 
1.68 
1.52 
1.25 
1,08 
0.809 
0.678 
0,526 
0.400 
0.277 
0.211 
0.170 
0.145 
0.132 
0,112 

In C 

1.357 
1,172 
1.036 
0.912 
0.831 
0.716 
0.658 
0.520 
0.421 
0.223 
0,0744 
-0,212 
-0.388 
-0.642 
-0.916 
-1.283 
-1.554 
-1.769 
-1.928 
-2.026 
-2.192 

1000°C 

-6,44 
-7.43 
-8.26 
-8,76 
-9.15 
-9.82 

1100°C 

-4.14 
-5.13 
-5.78 
-6.42 
-6.86 
-7,47 
-7.64 
-8,27 
-8,97 

In P(Pa) 
1200°C 

-4,88 
-5,44 
-5.66 
-6.30 
-6.92 
-7,35 
-7,92 
-8.62 
-9,33 

1300°C 

-3.94 
-4,57 
-5.14 
-5.60 
-6.09 
-6.77 
-7.36 
-8.02 
-8.92 
-9.91 

1400°C 

-4.07 
-4.48 
-5,15 
-5.63 
-6.29 
-7.07 
-7.96 
-8.61 
-9.03 
-9.43 
-9.72 
-10,01 

1500°C 

-4.09 
-4,75 
-5.44 
-6.24 
-6.82 
-7.27 
-7,62 
-7.84 
-8.20 

" G = 1000 C'/88. 



The grain size of the H-327 graphite used in the three experiments was 

44 to 74 ym. However, the data do not need to be corrected for grain size. 

A study (Ref. 4-49) indicated that for strontium sorption on graphite, the 

sorptivity is independent of grain size. 

The data of Tables 4-18 through 4-20 are shown for selected tempera

tures in Figs, 4-36 through 4-38, along with the least-squares fit (Ref. 

4-50) to all the data of each experiment. The least-squares fits are 

represented by the following three relations; 

1. For data of experiment Sr~1j 

In P (Pa) = /2O.28 - ™ ^ ) + (-0,401 + -~^) In C (mmol/kg) (4-33) 

2. For data of experiment Sr-5; 

In F (Pa) = (21.68 - -^^1^) + (-1.946 + ^Y^) In C (mmol/kg) (4-34) 

3e For da ta of experiment Sr-61 

In P (Pa) = (20.97 - ^ ™ ^ ) + (-3 .398 + i ™ 2 6 | -^^ ^ (mmol/kg) (4-35) 

Units of P, T, and C are pascal, kelvin, and mmol Sr/kg carbon, respec

tively. These relations are in the standard form used in core design 

calculations. 

All of the data in Tables 4-18 through 4-20 have been combined to 

obtain by the least-squares method (Ref. 4-50) the general fit function: 

In P (Pa) = (19.38 - ̂ ^|^) + (-0.324 + - ^ l In C (mmol/kg) . (4-36) 
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Fig. 4-36. Data and least-squares fit for strontium sorption on H-327 
graphite (from experiment Sr-1) 
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-1 0 

In C (mmol/kg) 

Fig. 4-37, Data and least-squares fit for strontium sorption on H-327 
graphite (from experiment Sr-5) 
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0 1 

In C (mmol/kg) 

Fig, 4-38, Data and least-squares fit for strontium sorption on 
H-327 graphite (from experiment Sr-6) 
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Isotherms for this equation are given in Fig, 4-39 along with iso

therms for Eqs, 4-33, 4-34, and 4-35, It can be seen that the isotherms of 

Eqs, 4-33 and 4-36 are relatively close together, whereas the isotherms of 

Eqs. 4-34 and 4-35 deviate appreciably from the other two isotherms. This 

behavior indicates some discord in the data from the three experiments. 

This behavior also reflects the fact that more data were available for 

experiment Sr-1| thus, the data of this experiment had a predominant 

influence in Eq. 4-36, 

Isotherm equations were derived earlier (Refs, 4-26, 4-46, and 4-47) 

from the data for the three experiments. However, Eq. 4-36, compared to 

the earlier equations, is believed to be a more accurate representation of 

the data. This equation is based on application of the least-squares 

method to all the data of the three experiments. None of the earlier 

equations were based on all the data. 

There are no GA data for strontium sorption on graphite in the Henrian 

regime. The treatment of sorption in the Henrian regimes, introduced pre

viously (Ref, 4-26), will be retained; thus, the transition concentration 

C is given by In C = -2,12 in the Henrian Isotherm expression 

In P (Pa) = (l9.38 - ̂ ~ ^ ) + (-1.324 + •™^) In C^ + In C (mmol/kg) .(4-37) 

The data for sorption of strontium on H-451 (Ref. 4-25) are listed in 

Table 4-21 and are compared in Fig, 4-40 with the least-squares fit to the 

sorption data on H-327 according to Eq, 4-36. There is reasonable agree

ment between the sorption isotherms for H-327 and H-451 graphites. The 

H-451 data had some associated experimental problems (Ref. 4-25), so the 

H-327 data are selected to represent strontium sorption. 

Sorption of Strontium on Irradiated Graphite. Sorption data for 

strontium on irradiated H-451 graphite have been measured (Ref. 4-4) using 

the mass spectrometric - Knudsen cell method. The graphite sample used had 
25 2 

been irradiated to a fluence of 3,7 x 10 n/m . The resulting data are 
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LEAST-SQUARES FIT 
FOR ALL DATA 

1400°C 

I 
-2 -1 1 2 

In C (mmol/kg) 

Fig. 4-39, Comparison of least-squares fit for all data with least-
squares fit for Sr-1, Sr-5, and Sr-6 data at selected 
temperatures 
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TABLE 4-21 
DATA FOR STRONTIUM SORPTION ON UNIRRADIATED H-451 GRAPHITE (EXPERIMENT Sr-8) 

Cone C 
(g Sr/kg carbon) 

8.824 
7,838 
5,271 
3.758 
2,790 
2,083 
1.612 
1.170 
0.9369 
0.7462 
0.6185 
0.4558 
0,3610 
0.2132 
0,1359 
0.1000 
0.0786 
0.0598 
0.0546 
0.0455 
0.0399 
0.0252 
0.0148 

Cone C^^^ 
(mmol Sr/kg_carbon) 

100.3 
89.1 
59.9 
42.7 
31.7 
23.7 
18,3 
13.3 
10.6 
8.48 
7.03 
5.18 
4.10 
2.42 
1.54 
1.14 
0.893 
0,680 
0.620 
0.517 
0.453 
0.286 
0.168 

In C 

4.608 
4.489 
4.093 
3.754 
3.456 
3.164 
2.908 
2.587 
2.365 
2.138 
1.950 
1.645 
1.412 
0.885 
0.435 
0.128 
-0.113 
-0.386 
-0.477 
-0.660 
-0.791 
-1.250 
-1.783 

In P (Pa) 

800°C 

-4.39 
-3.34 
-3.92 
-5.44 
-5.89 

900°C 

-2.10 
-1.36 
-1.89 
-3.21 
-3.66 
-4.86 
-5.74 
-7.16 

1000°C 

0.311 
-0.178 
-1.34 
-1.78 
-2.89 
-3.75 
-5.03 
-6.32 
-7.06 
-7.72 

1100°C 

-0.179 
-1.22 
-2.05 
-3.22 
-4.36 
-5.07 
-5.68 
-6.36 
-6.56 
-7.46 

1200°C 

-2.66 
-3.35 
-3.91 
-4.57 
-4.82 
-5.68 
-6.81 
-7.86 
-9.12 

1300°C 

-3.00 
-3,31 
-4.12 
-5.20 
-6.23 
-7.35 
-8.09 
-9.18 

1 

1400°C 

-2.75 
-3.78 
-4.80 
-5.79 
-6.49 
-7.55 
-8.06 
-8,59 
-9,17 
-9.67 

1500°C 

-4.41 
-5.08 
-6,11 
-6.53 
-7.00 
-7.56 
-8.06 

1600°C 

-5,16 
-5,57 
-6.13 
-6.63 

C = 1000 C'/(88) 



-2 
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-7 

-10 

H-327 

O 800°C 
A 1000°C 
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D 1400"C 
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in C (mmol/kg) 

Fig. 4-40. Comparison of strontium data for H-451 graphite with isotherms 
for H-327 graphite 

# 
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given in Table 4-22 and plotted in Fig» 4-41 along with the least-squares 

fit to the data in the Freundlich region and estimates of the Henrian 

Isotherms according to the equations 

In P (Pa) - (29.62 - ̂ ^ ~ ) + (-2.879 + ™ ^ ) In C (mmol/kg) (4-38) 

for the Freundlich region and 

In P (Pa) = (29.62 - ^~^] + (-3.879 + -^|^) In C^ + In C (mmol/kg) (4-39) 

for the Henrian region where 

In C^ - 2,473 - 10"^ T (K) . (4-40) 

To combine the data for strontium sorption on unirradiated and irradi

ated graphite, the assumption is made that the ratio C./C is linearly 

dependent on fluence in the Henrian region. This ratio is the ratio of the 

sorbate concentration on the irradiated graphite, C., to that on the unir

radiated graphite, C, This procedure has been previously used in the case 

of cesium sorption on graphite (Ref, 4-16). The choice of a linear depend

ence of C./C on fluence in the Henrian region leads to a nonlinear depend

ence in the Freundlich region (Ref, 4-16). The uncertainties introduced by 

this choice are reflected in increases in the variances for the sorption 

isotherms. 

By use of this procedure in combination with Eq, 4-36, the sorption 

isotherms for strontium sorption on graphite irradiated to a fluence f 
2 

(n/m ) were derived for the Freundlich region; 

In P (Pa) = (19,38 - ~ ^ ^ + (-0.324 + ̂ ) In C (mmol/kg) , (4-36) 
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TABLE 4-22 
DATA FOR STRONTIUM SORPTION ON IRRADIATED H-451 GRAPHITE (EXPERIMENT Sr-12) 

Cone C 
(g Sr/kg carbon) 

2.301 
1,969 
1,580 
1,282 
1,070 
0,8009 
0,6964 
0.489 
0.416 
0,318 
0.228 
0,170 
0.112 

Cone Ĝ ^̂  
(nmol Sr/kg carbon) 

26,1 
22.4 
17.95 
14.6 
12.2 
9.10 
7.91 
5.56 
4.73 
3,61 
2.59 
1.93 
1.27 

In C 

3.264 
3.108 
2.888 
2.679 
2.498 
2,208 
2,069 
1.715 
1.553 
1.285 
0.952 
0.658 
0.241 

In P (Pa; 

1100°C 

-4.40 

1200°C 

-2.49 
-3.87 
-4.76 
-5.52 

1300°C 

-0.828 
-2.26 
-3.07 
-3.65 
-4,23 
-4,96 
-5.40 
-6.38 
-7.06 

) 

1400°C 

-0.837 
-1.59 
-2.00 
-2,50 
-3,19 
-3.56 
-4,58 
-5.15 
-5,74 
-7.06 
-7.30 
-8.04 

1500°C 

-1.62 
-1.92 
-2.97 
-3.45 
-3.99 
-5,32 
-5,46 
-6,19 

1600°C 

-2,43 
-3.76 
-3,82 
-4,54 

C = 1000 C'/88. 



a. 

In C (mmol/kg) 

Fig, 4-41. Data and least-squares fit for strontium sorption on irradiated 
H-451 graphite 
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where 

^i 

.+. 5.133 x 10 yf exp(13890/T - 6094000/T ) 

(0.976 - 3273/T + 4358000/T^) 
^i 

with 

^1 

1 -f 1.434 X 10 ̂ ^ yf (10^/T)^^ exp[-1.745 (10^/T)] 

(4-41) 

y"̂  = 1 + exp[0.0439(T - 1423)] (4-42) 

and for the Henrian region: 

1„P (Pa). (,,.38- ^ ) . (-,.32.^^) in C^ 

+ In C (mmol/kg) , (4-37) 

where 

(4-43) 

and 

In C^ = -2.12 , (4-44) 

The factor y accounts for the effect of annealing on sorptivity; as the 

temperature rises, the increase in sorptivity resulting from irradiation is 

nullified by structural changes induced by the annealing. The actual tem

perature range in which the annealing becomes effective is uncertain; the 

parameters in the y factor are chosen to initiate the annealing effects at 

a conservatively low temperature. 
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The uncertainties in the sorption isotherms for strontium as repre

sented by Eqs. 4-36 and 4-37 in combination with Eqs. 4-41 through 4-44 are 

assigned the same overall values as deduced in the case of cesium (Ref. 

4-16). This is reasonable since (1) the same experimental method was used 

in both casesj (2) the same assumption regarding dependence of sorbate con

centration ratio on fluence was made in both cases» and (3) the same con

centration and temperature range were involved in both cases. Thus, the 

variance is given by 

S^ (In P^) = 1.48 , (4-45) 

where S is the estimated standard deviation in In P. with i = H (Henrian 

region) or F (Freundlich region), 

Sorption of Barium on Graphite. Sorption data for barium on unirradi

ated H-451 graphite were measured at General Atomic in 1973 using the mass 

spectrometric - Knudsen cell method. The resulting data are given in 

Tables 4-23 and 4-24. These data were derived from a laboratory notebook 

(Ref. 4-48) and have not been previously reported. 

The data of Tables 4-23 and 4-24 were combined and fitted by use of 

the least-squares method. The resulting Freundlich expression is2 

In P (Pa) = (l9.37 - ^ I ^ \ + (o.426 +-2~^) In C (mmol/kg) . (4-46) 

There are no data for barium sorption in the Henrian regime; thus^ the 

transition concentrations are not known for barium. The assumption is made 

that barium has the same transition concentrations as strontium. ThuSj for 

barium the Henrian isotherm is given by 

In P (Pa) = (l9.37 - ~ 1 ^ ) + (-0.574 + ~ ^ \ In C^ + In C (mmol/kg) ,(4-47) 
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TABLE 4-23 
DATA FOR BARIUM SORPTION ON UNIRRADIATED H-451 GRAPHITE (EXPERIMENT Ba-1) 

Cone C 
(g Ba/kg carbon) 

3.347 
2.845 
2.391 
1.994 
1.640 
1,303 
1.016 
0.842 
0.661 
0.528 
0.407 
0.356 
0.292 
0.243 
0,186 
0.144 
0.0987 
0.0749 
0,0545 

^(a) 
Cone C^ 

(mmol Ba/kg carbon) 

24.43 
20.77 
17.45 
14.55 
11.97 
9.51 
7.42 
6.15 
4.82 
3.85 
2.97 
2.60 
2.13 
1.77 
1.36 
1.05 
0.720 
0.547 
0.398 

In C 

3.196 
3.033 
2.859 
2.678 
2.482 
2.252 
2.004 
1.816 
1.574 
1.349 
1.089 
0.955 
0.757 
0.573 
0.306 
0.0498 
-0.328 
-0.604 
-0.922 

In P(Fa) 
„ 

1100°C 

-4.02 
-4.57 

O 
1200 C 

-2.43 
-3.01 
-3.84 
-4.66 
-5,23 
-5.95 

1300°C 

-1.04 
-1.65 
-2.39 
-3.05 
-3.56 
-4.25 
-4.73 
-5.42 
-6.30 

1400°C 

-1.62 
-2,10 
-2.75 
-3.13 
-3.76 
-4.53 
-5.27 
-6.17 
-6.58 
-7.29 

1500°C 

-1.70 
-2.29 
-2,96 
-3.65 
-4.47 
-4.85 
-5.44 
-6.20 
-6.97 

1600°C 

-2.95 
-3.31 
-3.80 
-4.52 
-5,19 
-5.87 
-6.73 
-7.25 
-7.84 

1700°C 

-3.00 
-3.58 
-4.08 
-4.96 
-5.41 
-5.97 

(a),^ 1000 C'/(137). 



TABLE 4-24 
DATA FOR BARIUM SORPTION ON UNIRRADIATED H-451 GRAPHITE (EXPERIMENT Ba-2) 

Cone C 
(g Ba/kg carbon) 

3.341 
2.732 
2.254 
1.799 
1.494 
1.050 
0.7741 
0.5945 
0.402 
0.3188 
0.2239 
0.1798 
0.1285 
0.09716 
0.06730 

Cone C^^^ 
(mmol Ba/kg carbon) 

24.38 
19.94 
16.45 
13.13 
10.91 
7.66 
5.65 
4.34 
2.93 
2.33 
1.63 
1.31 
0.938 
0.709 
0.491 

In C 

3.194 
2.993 
2.800 
2.575 
2.389 
2.037 
1.732 
1.468 
1.076 
0.845 
0.491 
0.272 
-0.0641 
-0.344 
-0.711 

In P (Pa) 

llOO^C 

-5.98 
-5.90 

1200°C 

-4.04 
-4.18 
-4.84 
-5.81 
-6.29 

1300°C 

-2.34 
-2.68 
-3.28 
-4.04 
-4.43 
-5.37 
-6.14 

1400°C 

-1.37 
-1.90 
-2.49 
-2.80 
-3.71 
-4.43 
-5.33 
-6.39 

1500°C 

-2.25 
-2.91 
-3.68 
-4.71 
-5.50 
-6.57 

1600°C 

-2.20 
-3.21 
-3.91 
-4.80 
-5.59 
-6.89 

1700°C 

-2.49 
-3.22 
-3.99 
-5.08 
-5.89 
-7.18 

1800°C 

-3.45 
-4.24 
-5.53 

C = 1000 C'/137. 



where 

In C^ = -2.12 . (4-48) 

Barium^ compared to strontium^ is known to be more strongly sorbed on 

graphite (Refs. 4-51 and 4-52). This is consistent with the Freundlich 

isotherms for strontium, Eq. 4-36^ and bariumj Eq. 4-46s as shown by the 

comparison in Fig. 4-42. 

There are no data for barium sorption on irradiated graphite. The 

assumption is made that the changes in barium sorption on graphite as a 

function of fluence are the same as for strontium; thus Eqs. 4-41, 4-42, 

and 4-43 are assumed to apply to barium sorption on irradiated graphite. 

The uncertainty in the isotherms for barium are taken to be the same 

as for cesium (see Eq. 4-45); the reasons for this choice are the same as 

for the case of strontium (see above)• 

Sorption of Rubidium on Graphite. The sorption isotherm for rubidium 

is often taken to be the same as that of cesium. This is not reasonable 

since cesium will readily displace rubidium sorbed on graphite. Accord

ingly ̂  one would expect the vapor pressure of rubidium to be greater than 

that of cesium at the same sorbate concentration and temperature. 

A reasonable estimate of the rubidium isotherm for H~451 graphite is 

made as follows. The relation between the sorbate concentrations of cesium 

and rubidium is determined from data on TS-688 graphite (Ref. 4-34). This 

relation is combined with the isotherm for cesium sorption on unirradiated 

H-451 graphite to obtain the estimate for the isotherm of rubidium on H-451 

graphite. The data used in this procedure apply to the Freundlich regime. 

In the Henrian regime there are no comparable data, and the assumption 

is made that the transition concentration for rubidium is the same as for 

cesium. 
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In C (mmol/kg) 

Fig, 4-42, Comparison of strontium and barium 120 isotherms for sorption 
on H-451 graphite (unirradiated) 
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From the data on TS-688 (Ref. 4-34), the relation between the sorbate 

concentrations of cesium and rubidium is found to be 

(-9.0 -̂  l ^ ) l n C ^ ^ - (12.3 - lifS; 
In C = -̂̂  ^—j-^ ^",,,^„\ ±—'- (4-49) 

This equation is combined with the sorption isotherm for cesium on 

unirradiated H-451 graphite (Ref. 4-16). The resulting expression is then 

simplified by reevaluating the isotherm constants. A, B, D, and E (Ref. 

4-16), to obtain the following isotheirm in the standard form: 

In P (Pa) = (24.39 - ̂ ~ ) + (0.938 + - ^ j In C (mmol/kg) (4-50) 

for the Freundlich regime and 

In P (Pa) = (24.39 - ̂ ^ ) + (-0.062 + ~ ^ ) In C^ + In C (mmol/kg) (4-51) 

for the Henrian regime where 

In C^ = 2.04 - 1.79 x 10"^ T (K) . (4-52) 

There are no data for rubidium sorption on irradiated graphite. The 

assumption is made that the changes in rubidium sorption on graphite as a 

function of fluence are the same as for cesium; thus, the following 

equations for cesium (Ref. 4-16) apply to rubidium: 

In the Freundlich region, 

C = i (4-53) 
6.55 X 10 Yf exp (21830/T - 9870000/T ) 

1 + 2 
(-3.663 + 11140/T - 4937000/T ) 
X 
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with 

Y ^ = 1 + exp[0.0439(T - 1423)] (4-54) 

and in the Henrian region 

^ (4„55) 
1 + 1.025 X 10 yf (10 /T) exp[-2.584 (10 /T)] 

where the expression for C in the Freundlich and Henrian regions (Eqs. 4-53 

and 4-55) are to be combined with Eqs. 4-50 and 4-51, respectively. (See 

above for definition of f and Y-) 

The uncertainty in the isotherms for rubidium is taken to be the same 

as for cesium (see Eq. 4-45); the reasons for this choice are the same as 

for the case of strontium (see above). 

Sorption of Cerium, Europium, and Samarium on Graphite. There are no 

data for the sorption of cerium, europium, and samarium on either unirradi

ated or irradiated graphite. Data on the diffusion of cerium and europium 

in graphite indicate that these elements generally diffuse more slowly than 

does strontium (see previous section). On the basis of this result, one 

might expect these elements to be more strongly sorbed than strontium. 

Accordingly, it is conservative to assume that cerium and europium (and 

samarium on the basis of physical and chemical similarity to cerium and 

europium) have the same sorption behavior as strontium. 

Using strontium isotherms for cerium, europium, and samarium yields 

upper limits to the vapor pressure for these elements; consequently, uncer

tainties are not given. 

Sorption of Other Elements on Graphite. Under temperature transient 

conditions, the mobility of certain fission product elements, that are nor

mally Immobile, needs to be considered. The elements of interest in this 
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category are: zirconium, niobium, molybdenum, technetium, promethium, 

neodynmium, praseodymium, yttrium, palladium, tin, lanthanum, ruthenium, 

and rhodium. There are no sorption data for these elements on graphite, 

but one can conservatively assume that they have the same sorption 

isotherms as strontium. 

Adoption of the strontium isotherms for these metals yields upper 

limits to the vapor pressure; consequently, uncertainties are not given. 

Form of Uncertainty Expressions 

The uncertainty expressions given in the above sections are in the 

following form: 

S^ (In D) - A.J + A2 (10^/T) + A^ (10^/T)^ , (4-56) 

where S is the standard deviation in In D and A., A„, and A_ are constants, 

A more convenient form for application to core design computer codes 

is the following: 

S^ (In D) = a.j + a^ [0.7855 - (10^/T)] 

+ a^ [0.7855 - (lO^^/T)]^ , (4-57) 

where a., a„, and a.̂  are constants. The relations between the constants of 

Eqs. 4-56 and 4-57 are as follows: 

a3 = lOOA^ (4-58) 

&^ = -d.Syia^ + IOA2) (4-59) 

a., - A^ - 0.7855a2 - (0.7855)^a2 (4-60) 

The values of the constants a. and A. for i = 1,2,3 are given in Table 

4-25. 

4-144 



TABLE 4-25 
UNCERTAINTY PARAMETERS FOR FISSION PRODUCT ELEMENTS 

Process 

Diffusion in pyrocarbon 

Diffusion in ThO 

Diffusion in graphite 

Element 

Sr 
Ba 
Eu 
Ce 
Sm 
Cs 
Rb 

Sr 
Ba 
Ce 
Eu 
Sm 
Cs 
Rb 

Sr 
Ba 
Cs 

^ 

5.54 
1.63 
2.3 
2.3 
2.3 
4.73 
5.42 

69.2 
80.8 
69.2 
69.2 
69.2 
4.90 
4,90 

(a) 
32.48 
5.52 

^2 

-1,38 
-0.35 
0.0 
0.0 
0.0 
-1.05 
-1.05 

-24.5 
-28.2 
-24.5 
-24.5 
-24.5 
-1.47 
-1.47 

(a) 
-4.6 
-0.809 

A3 

0.112 
0.028 
0.0 
0.0 
0.0 
0.0927 
0.0927 

2.18 
2.51 
2.18 
2,18 
2.18 
0.113 
0.113 

(a) 
0.332 
0.0467 

1̂ 

1.61 
0.61 
2.3 
2.3 
2.3 
2.20 
2.89 

11,3 
13.9 
11.3 
11,3 
11.3 
0.324 
0.324 

0.0798 
16.8 
2.05 

^2 

-3.80 
-0.90 
0.0 
0.0 
0.0 
-4.06 
-4.06 

-97.5 
-112. 
-97.5 
-97.5 
-97.5 
-3.05 
-3.05 

-0.640 
-6.16 
-0.753 

^3 

11.2 
2.8 
0.0 
0.0 
0.0 
9.27 
9.27 

218. 
251. 
218. 
218. 
218. 
11.3 
11.3 

3.16 
33.2 
4.67 

Values of a. were calculated directly. 



TASK 600: COOLANT IMPURITY/CORE MATERIALS INTERACTION 

Subtask 610: Reaction of Coolant Impurities with Fuel Material 

Hydrolysis Reaction Rate Studies 

Summary. Work on the hydrolysis of exposed irradiated carbide fuel 

materials and concomitant release of fission gases is presented. In a 

series of tests, it was shown that the rate of fission gas release during 

hydrolysis can be used as an effective means of following the rate of the 

reaction. The reaction rate appears to be first order with respect to the 

amount of carbide remaining; therefore, an exponential rate law is 

governing. In a second series of tests, the release of fission gas was 

used to signal particle rupture due to hydrolysis-induced swelling. These 

tests indicated that irradiated ThC2 (2,1% FIMA) is measurably less 

reactive than unirradiated ThC„ at temperatures below 600 K. 

Introduction. In the HTGR, hydrolysis of exposed carbide fuel con

sists of two separate steps: (1) transport of water via diffusion through 

the graphite webs and fuel rod matrix, and (2) chemical reaction with the 

carbide. In order to simulate these processes, the OXIDE-3 computer code 

utilizes a model which includes both transport and chemical reaction to 

calculate the release of fission gases caused by hydrolysis following steam 

ingress accidents. 

Earlier work (Ref. 4-27) on the chemical reactivity of fuel carbides 

has shown that the chemical reaction of unirradiated ThC2 is considerably 

faster than transport of water molecules to the surface. However, Dyck et_ 

al. (Ref. 4-53) have shown that prior irradiation of uranium monocarbide 

results in a substantial reduction in the rate of hydrolysis. In a prelim

inary study at General Atomic, a similar effect was observed for fuel 

dicarbides. Accordingly, experiments are being conducted to measure the 

rate of the hydrolysis reaction as a function of irradiation (burnup), tem

perature, and moisture content. These data can be used to: (1) update and 

improve the OXIDE computer code calculations of fission gas release and (2) 
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determine the effects on R/B and fuel element stress of moisture ingress. 

The experiments are conducted on UC„, ThC„, and (U,Th)C^ at burnups of 0 to 

75% FIMA in the temperature range 475° to 1275 K and at water vapor concen

trations up to 3 kPa (0.03 atm). 

Apparatus and Procedure. Two methods are currently being used. In 

the first method, the release rate of long-lived Kr-85 from irradiated fuel 

samples having exposed kernels undergoing hydrolysis is used to monitor the 

effective reaction rate. It is assumed that since the hydrolysis reaction 

produces multiple disruptions in the carbide lattice, the release of fis

sion gases stored therein should be virtually instantaneous and could 

therefore be a measure of the reaction rate. This method and results 

obtained using this method were described in detail in the previous 

quarterly report (Ref, 4-54), 

In the second method, the time-to-failure of laser-drilled particles 

exposed to moisture is measured. Time-to-failure of irradiated particles 

is compared directly with that of unirradiated particles. For this method 

the apparatus consists of a quartz, flow-through furnace liner surrounded 

by a clamshell furnace. The gas exiting the furnace liner passes through a 

Gary ionization chamber to determine the concentration of Kr-85. A sudden 

increase in Kr-85 evolution signals the rupture of the irradiated particle. 

Verification of coating failure is accomplished visually by simply opening 

the clamshell furnace for a brief period of time. 

Sample Description. Three separate samples of irradiated fuel have 

been.studied. The first type of fuel sample (sample A) consists of small 

chunks of Peach Bottom (Core 1) compact No. 29 from fuel element D13-05, 

This compact contained 17 wt % heavy metal in the form of pyrocarbon coated 

(Th,U)C2 (Th:U = 4.25:1). The burnup is estimated at 4% FIMA, and the 

fraction of particles which experienced coating failure is greater than 

85%. Sample sizes were kept approximately constant by using chunks which 

had similar gamma activities. 
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The second type of fuel sample (sample B) consists of microspheres of 

TRISO coated ThC2 (batch 4000-242), which had been irradiated in FTE-5 to 

2,1% FIMA at an irradiation temperature of 1425 K. 

The third type of fuel sample (sample C) consists of TRISO coated UC„ 

particles (weak acid resin, batch OR-1694 from ORNL). These particles had 

been irradiated in capsule P13P and were located in fuel rod 1D-28. The 

irradiation temperature was 1325 K, and the burnup was estimated at 58% 

FIMA. 

Postirradiation examination of samples B and C indicated that the 

TRISO coatings were intact. Each particle was laser-drilled three times to 

provide a pathway for water vapor to reach the reactive carbide. To elimi

nate hydrolysis prior to the start of the reaction, the laser drilling was 

conducted under a flow of inert helium and the laser-drilled particles were 

stored in a glove box under purified argon. 

Results and Discussion. 

Hydrolysis Reaction Rates Derived From Fission Gas Release Data 

Results of the hydrolysis-induced fission gas release tests are 

given in Table 4-26. The results were reported in part in the previous 

quarterly report (Ref. 4-54), 

Figure 4-43 shows typical data obtained from sample A (Peach 

Bottom compact material) during the gas release test. In this particular 

run, the fuel sample was exposed to 2.6 kPa moisture at 885 K; as shown by 

Fig. 4-43, the response of the Gary 401 electrometer increased rapidly as 

the hydrolysis began, passed through a maximum, and then declined steadily 

as the release or chemical reaction approached completion. 

In order to transform the raw data into a form suitable for 

kinetic analysis, the millivolt response from the Gary ionization chamber 
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TABLE 4-26 
EXPERIMENTAL CONDITIONS AND RESULTS FOR HYDROLYSIS-INDUCED 

FISSION GAS RELEASE FROM IRRADIATED FUEL CARBIDE SAMPLES 

Sample'^^^ 

A 

A 

A 

A 

A 

A 

A 

A 

A 

C 

A 

A 

A 

A 

A 

A 

A 

Run 
Conditions 

Temp. 

(K) 

1162 

1085 

985 

885 

859 

784 

732 

677 

572 

925 

1203 

1081 

973 

978 

960 

859 

785 

P 
H2O 
(kPa) 

2.6 

2.6 

2.6 

2.6 

2.6 

2,6 

2,6 

2.6 

2.6 

1.82 

0.61 

0.61 

0.61 

0.61 

0.61 

0.61 

0.61 

Experimental 

Initial 
Rate , ^ 

(x10^s-1)(b) 

8.1 

6.3 

4.5 

3.8 

2.6 

1.3 

1.0 

0.32 

0.18 

2.6 

9.3 

4,0 

6.5 

4.5 

4.9 

2,1 

1.4 
: _ 

Initial 
Validity 
Range ̂'̂•̂  

0,1-0.3 

0.01-0,35 

0.03-0.3 

0.04-0.25 

0.02-0.25 

0.1-0.5 

0.01-0.1 

0.01-0.10 

0.02-0.15 

0.01-0.3 

0.075-0.25 

0.05-0.25 

0.1-0.4 

0.1-0.25 

0.02-0.25 

0,04-0.10 

0.02-0.20 

Results 

First-Order ,,. 
Rate Constant^ 

(x 10^ s"') 

14.6 

9.3 

5.9 

2,8 

1.6 

0.33 

(e) 

(e) 

(e) 

2.8 

15.7 

6.1 

11.7 

1.0 

6.0 

0.78 

0.46 

First-Order 
Validity 
Range(c) 

0.2-0.9 

0.16-0.91 

0.27-1.0 

0,34-0.94 

0.45-0.96 

0,17-0.55 

(e) 

(e) 

(e) 

0.2-0.6 

0.07-0.65 

0.17-0.68 

0.3-0.8 

0.23-0,80 

0.38-0.81 

0.37-0.98 

0.34-0.85 

(a) 

(b) 

(c), 

See text for sample characteristics. 

Initial reaction rate in fraction reacted/second. 

Fraction of gas released during time interval in which rate express
ion is valid, 

(d), 

(e) 
First-order rate constant determined by Guggenheim approximation. 

Not applicable since data did not fit first-order rate expression. 
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Fig. 4-43. Release of Kr-85 from exposed irradiated (ThjU)C2 "̂ ^̂ î̂ S hydrolysis 



was integrated using Simpson's parabolic rule. This integrated area, dis

played as a function of time, is plotted in Fig. 4-43 along with the raw 

data. 

The apparent fractional gas released can be calculated up to any 

given time using the equation: 

\ = \/\otal ' (̂ -̂ >̂ 

where A = Simpson's integrated area up to time t, 

A T - total Simpson's area for the duration of the test. total ^ 

As previously reported (Ref. 4-54), the apparent fraction of fis

sion gas released was found to depend on the hydrolysis temperature. In 

order to obtain the actual release fraction, a was multiplied by a cor

rection factor: 

c _ yCi Kr-85 released during hydrolysis ,, ^^-^ 
"'t ~ \ ^ t^taTTici Kr-85 i i T T a i ^ 

where the total Kr-85 was obtained by reacting the sample at high tempera

ture to effect total release. 

Figure 4-44 shows that the initial portion of the release is 

linearly dependent on time. That is, the increase in the fraction of gas 
c 

release, da , during any small time interval, dt, is a constant: 

da^ 

dt 
- = constant , (4-63) 

Figure 4-44 also demonstrates that release rates increase with exposure 

temperature. 
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Fig. 4-44. Determination of initial rate of hydrolysis-induced fission 
gas release in irradiated (Th,U)C_ fuel; P„ „ = 2.6 kPa 

/ 2 
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After this initial release portion, the release rate begins to 

decline and appears best fitted to an expression in which the rate is 

proportional to the amount of reactant remaining: 

'̂'̂  = k.c , (4-64) 
dt 1 

where c is amount of fission gas remaining in the sample. Mathematical 

analysis of the majority of the experimental runs has indicated that these 

two kinetic expressions explain greater than 90% of the release behavior 

exhibited by these a versus time curves. 

In order to calculate k.., the release rate constant, a method 

first described by Guggenheim (Ref. 4-55) has been utilized. This method 

employs any experimental parameter that is a linear function of c. In the 
c 

present experiments, a is the fraction of fission gas released. Thus (1 -
c a ) is the fraction remaining in the sample and should be a linear function 

of the remaining carbide concentration: 

(1 - a^) = Ac^ + B , (4-65) 

where c is the true amount of material remaining and A and B are unknown 

constants. 

Combining Eq. 4-65 with the integrated form of Eq. 4-64 results 

in 

(1 - a*̂ ) = Ac exp(-k.jt) + B (4-66) 

and at time t + At, 

(1 - \+^^)= AcQexp(~k^At) exp(-k^t) + B . (4-67) 
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The difference between Eq. 4-66 and 4-67 is 

^ \ " \ + A t ~ \ " ^^o ^^ ~ expC-^i^t)] exp(-k.,t) . (4-68) 

Thus, for a constant At, Aa varies exponentially in a way similar to the 

actual material remaining. 

Figure 4-45 illustrates the Guggenheim analysis for the two 

experimental runs of Fig, 4-44. The linearity of the logarithmic plot 

confirms the assumption of first-order kinetics. 

Table 4-26 lists the initial rates of reaction calculated from 

Eq. 4-63 and the Guggenheim rate constants, k., calculated from Eq. 4-68. 

Also tabulated is the range of gas release, a , during which the rate law 

is valid. There appears to be little, if any, temperature dependence on 

the validity ranges for both rate laws. The linear expression holds for 

0.01 <$ a -̂  0,3, and the exponential, or Guggenheim expression, is valid 

when 0.2 ^ a rv '̂  • 

The initial reaction rate and the Guggenheim rate constant versus 

1/T are given in Figs. 4-46 and 4-47 along with the associated 2a error 

bands as calculated by CONFID, a computer code. From the slopes of the 

lines, apparent activation energies of 37.6 kJ/mol (9 kcal/mole) for the 

initial reaction rate and 71.1 kJ/mol (17 kcal/mole) for the Guggenheim 

rate constant are calculated. 

One experiment (at 925 K) was performed using a particle from 

sample C, i.e., an irradiated (58% FIMA) weak acid resin (WAR) particle. 

As shown in Figs. 4-46 and 4-47, the release rate was very similar to that 

observed with failed Peach Bottom (Th,U)C2 material even though the burnup 

was much greater. It is probable that irradiation does not cause measur

able hydrolysis passivation at temperatures above 673 K (see below). 
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Fig. 4-45. Determination of first-order rate constants by the Guggenheim 
method 
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A SAMPLE A {Pf^20 " 2.6 kPa) 

O SAMPLE A (PH20 = 0.8 kPa) 

D SAMPLE C ( P H 2 O = ' 8 kPa) 

10" 
0.8 1.0 1.2 2.0 

10*/T (K) 

4-46. Temperature dependence of initial release rate of Kr-85m from 
irradiated (Th,U)C during hydrolysis 
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Fig. 4-47. Temperature dependence of Guggenheim reaction rate constant 
for irradiated (Th,U)C. 

4-157 



Time to Failure 

In the time-to-failure experiments, laser-drilled TRISO ThC„ par

ticles, both unirradiated and irradiated (2,1% FIMA), were used. The irra

diated particles were from sample B. It was found that the release of 

fission gas from the irradiated samples prior to particle rupture was 

immeasurably small; therefore, only a small amount of kernel hydrolysis is 

required to cause the coatings of the laser-drilled particles to rupture. 

Accordingly, it is assumed that the reciprocal of the exposure time neces

sary to cause particle rupture, T_ , is a valid rate parameter similar to 
si 

the initial rate of reaction discussed above. 

Figure 4-48 is a plot of T versus 1/T for both the irradiated 

and unirradiated particles. Each data point for the irradiated samples 

(open circles) represents a measurement on a single particle. Each data 

point for the unirradiated samples (open triangles) represents a measure

ment on three particles. Since failure of the unirradiated particles could 

only be detected visually, in most cases failures occurred within a time 

span when the experiments were unattended, i.e., at night or during week

ends. The number of unirradiated particles which failed within the time 

span is indicated in each triangle. 

Reaction rates for the irradiated particles appear to follow 

typical inverse temperature dependence (or Arrhenius behavior), having an 

apparent activation energy of 50 kJ/mol (12 kcal/mole), which is similar to 

that found in the rate studies described above. The unirradiated samples 

show little or no temperature dependence, which is indicative of a gas 

phase mass transport controlled mechanism. 

At temperatures above about 973 K, the irradiated particles are 

more reactive than the unirradiated samples. At below about 600 K, the 

irradiated particles are less reactive, indicating a passivation effect. 

In fact, at about 473 K the irradiated particles were about 100 times less 

reactive. This is remarkable in view of the relatively small burnup (2.1% 

FIMA) of the irradiated samples. 
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Fig. 4-48. Temperature dependence of time to failure for laser-drilled 
TRISO coated ThC„ particles 
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The apparent low rate of hydrolysis of exposed irradiated fuel at 

temperatures below 600 K is important from the reactor standpoint because 

it means that in the event of moisture ingress, fuel hydrolysis is less 

likely to occur during the cleanup period when the core temperature is 

about 500 K, It is anticipated that experiments under way on fuel par

ticles having higher burnups will indicate even greater resistance to 

hydrolysis. 

Effect of Fuel Hydrolysis on Fuel Element Design Criteria 

Introduction and Summary. A potential consequence of carbide hydrol

ysis is expansion of the affected fuel. This occurs because the solid 

products of the hydrolysis reaction are considerably less dense than the 

original carbide fuel kernels. Fuel expansion can add stress to the 

graphite fuel elements which could already be stressed due to irradiation 

and thermal effects and potential seismic events. 

Considerable experimental work has been performed to elucidate the 

effect of fuel expansion on graphite stress. Based on the results of this 

work and present core design criteria, the amount of graphite stress due to 

fuel expansion in the large HTGR is expected to be negligible. This is 

because of (1) the low carbide content in the core and (2) limited fuel 

temperature peaking so that local particle failure and subsequent con

version of oxide fuel to carbide will be minimized. 

Details. Experimental work to elucidate the degree of stress that 

fuel expansion can cause is covered in Refs. 4-7, 4-54, 4-56, and 4-57. 

Results Indicate that the stress observed is a function of: (1) the degree 

of hydrolysis or length of exposure, (2) the volume loading of exposed UC„ 

or ThC^, and (3) temperature (with maximum loads observed at around 573 K), 

The rate of the process is governed totally by mass transport (i.e., dif

fusion) of water vapor through the surrounding graphite; therefore, the 

rate of the stress increase should be proportional to water vapor pressure 

and inversely proportional to total He pressure. 
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In experiments at 573 K where exposed carbide concentrations simulated 
3 

100% failure of all carbide fuel ('̂ 0̂.6 g ThC„/cm ), a maximum graphite 

stress of around 3.4 MPa (̂ 500 psi) has been measured. At a fuel failure 
3 

fraction of '̂ 1̂0% ('̂ 0̂.069 g ThC„/cm ), which is more representative of a 

worst-case condition in service, the amount of stress produced was only 0.1 

ÎPa ('̂15 psi) or less. Apparently, small amounts of fuel expansion are 

accommodated by the voidage in the fuel rod, leading to low apparent stress 

levels. 

The amount of graphite stress due to fuel expansion in the lead HTGR 

is expected to be negligible. This is because of the low carbide content 

in the core. For example, only two basic fuel kernel types are considered 

in the high-enriched (HEU) system, carbide, or oxycarbide, fissile and 

oxide fertile. Only 5% (by weight) of the fuel is fissile UC^, and the 

remaining 95% is fertile ThO„, The low-enriched (LEU) fuel system would 

likely be all oxide. Therefore, the only possible mechanism for having 

sufficient exposed carbide to cause measurably increased stress levels is 

failure of greater than 10% fuel loading locally followed by sufficiently 

high temperature (>1673 K) to convert the exposed ThO„ fuel to ThC„ by the 

carbothermic reaction. 

A design criterion of the Lead Plant core is to limit fuel temperature 

peaking so that local particle failure and subsequent conversion to carbide 

will be minimized. Such a criterion is relatively easy to attain, particu

larly in the LEU core with its low power density, by fuel load and coolant 

orifice adjustments. Consequently, graphite stress due to hydrolysis-

induced fuel expansion is presently deemed to be of little or no conse

quence in the LHTGR and will therefore have no impact on fuel element 

design criteria. 

With two exceptions, all the work to date in this area has been on 

mixed beds of ThC^ kernels and graphite shim particles or laboratory-made 

(simulated) fuel rods of the same constituents. A small amount of addi

tional work is required to perform proof or validation tests using 

production-type fuel rods. The rods could be prepared from ThO kernels 
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with special coatings that would fail and permit the oxide to convert to 

carbide during an anneal step at ̂ 2̂200 K, It is anticipated that the 

stress levels from hydrolysis of production-type rods would be no greater 

than levels observed in the mixed bed tests. 

TASK 900: FORT ST. VRAIN CHEMISTRY SURVEILLANCE 

Fission gas activities and impurity levels in the primary coolant of 

the Fort St. Vrain reactor are measured at power steps during the rise-to-

power program. The measurements are made during steady-state operation at 

each power step. Through January 1977, steady-state operating conditions 

had been attained at power steps of 2, 5, 8, 11, 18, 27, and 28%. Since 

that time, the reactor has operated intermittently, with interruptions due 

to technical difficulties. The reactor attained a power level around 39% 

for a brief period of about 2 days in August 1977. 

Fission Product Surveillance 

Fission gas activities in the primary coolant were measured for each 

of the above power steps. R/B values were derived from the activity data. 

The results for power steps through 27% were described in Ref. 4-3. 

The primary coolant activity data measured at power levels around 28% 

are given in Table 4-27. Activity data were measured at the power level 

around 39%, but these data are not meaningful because steady-state opera

tion was not attained. 

The specific activity data of Table 4-27 were used to calculate the 

steady-state release (R/B) values given in Table 4-28. The calculated fuel 

temperatures at the steady-state power levels given in Tables 4-27 and 4-28 

were 794 K (970°F) at 26.7%, 845 K (1061°F) at 28%, and 886 K (1136°F) at 

28.9% power. 

The measured R/B values, given in Table 4-28, are low (10 range) 

indicating satisfactory retention of fission gases by the fuel and thus 
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TABLE 4-27 
MEASURED STEADY-STATE ACTIVITIES FOR NOBLE GAS ISOTOPES AT VARIOUS 

POWER LEVELS DURING FSV RISE TO POWER 

Date 

11/22/76 
11/22/76 

Time 

2330 
2336 

Average activity .' 

12/15/76 
12/15/76 

1037 
1055 

Average activity . 
1 

12/17/76 
12/17/76 

1110 
1130 

1 
Average activity ; 

Power 
(%) 

26,7 
26.7 

.evels 

28.0 
28.0 

.evels 

28.9 
28.9 

.evels 

Gross 
Circulating 
Activity 
(Ci) 

69 
59 

64 

79 
68 

74 

92 
85 

89 

Activity in 

Kr-85m 

2.6 
2.3 

2.5 

3.3 
3.3 

3.3 

3.9 
3.4 

3.7 

Kr-87 

6.2 
5.4 

5.8 

7.2 
6.0 

6.6 

8.3 
7.2 

7.8 

the Primary Coolant by 

(yCi/cm^ X lo'̂  STP) 

Kr-88 

5.4 
4.6 

5.0 

6.9 
6.0 

6.5 

7.9 
7.2 

7.6 

Kr-89 

3.8 
2.1 

3.0 

2.3 
2.2 

2.3 

2.9 
3.3 

3.1 

Xe-135 

8.3 
7.4 

7.9 

10.9 
9.6 

10.3 

12.1 
11.1 

11.6 

(a 
Isotope 

Xe-137 

3.3 
3.5 

3.4 

3.6 
2.2 

2.9 

4.0 
4.4 

4.2 

) 

Xe-138 

7.3 
6,5 

6.9 

8.2 
7.0 

7.6 

10.3 
8.9 

9,6 

Data corrected for 2.5-min delay time between primary coolant and sampling point. 



TABLE 4-28 
MEASURED R/B VALUES FOR NOBLE GAS ISOTOPES AT VARIOUS POWER 

LEVELS DURING FSV RISE TO POWER(a) 

Date 

11/22/76 
11/22/76 

Time 

2330 
2336 

Average R/B values 
1 

12/15/76 
12/15/76 

Average R/ 

12/17/76 
12/17/76 

1037 
1055 

B values 

1110 
1130 

1 

Average R/B values 

Power 
(%) 

26.7 
26.7 

28.0 
28.0 

28.9 
28.9 

Kr-85m 

0.39 
0.34 

0.37 

0.47 
0.41 

0.44 

0.54 
0.47 

0.51 

Kr-87 

0.33 
0.29 

0.31 

0.37 
0.31 

0.34 

0.41 
0.36 

0.39 

R/B X 10^ 

Kr-88 

0.24 
0.20 

0.22 

0.29 
0.25 

0.27 

0.33 
0.30 

0.31 

Kr-89 

0.08 
0.05 

0.07 

0.07 
0.07 

0.07 

0.06 
0.07 

0.07 

Xe-135 

0.34 
0.33 

0.33 

0.47 
0.41 

0.44 

0a51 
0a47 

0.49 

Xe-137 

0.05 
0a06 

0.06 

0.08 
0.05 

0.07 

0.06 
0.07 

0.07 

Xe-138 

0.12 
0.11 

0.12 

0.14 
0.12 

0.13 

0.16 
0.14 

0.15 

Data corrected for 2.5-min delay time between primary coolant and sampling point. 



satisfactory performance of the fuel. The data indicate a half-life 

dependence somewhat less than the square root of half-life. However, the 

low half-life dependence found was as expected at the low fuel temperatures 

where recoil-type fission gas release predominates, (See Ref. 4-18 for 

information on recoil-type release.) 

The measured R/B values in Table 4-28 are in good accord with pre

dicted values given in Ref. 4-58, the measured values being slightly lower 

(by a factor of about two) than the predicted values. The predicted values 

at 28,6% power are as follows? 

Isotope 

Kr-85m 

Kr-88 

Kr-89 

Coolant Impurity Surveillance 

Primary coolant impurity levels were measured and analyzed for each of 

the above power levels. The results for power levels through 28% are 

described in Refs, 4-3 and 4-59. Impurity levels were measured at the 

power level around 39%, but the data are not meaningful because steady-

state operation was not attained. 
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9. HTGR FUEL DEVELOPmNT AND ENGINEERING 
189a NO, 00551 

TASK 100: FUEL PRODUCT SPECIFICATION 

The first draft of the "Technical Support Document for Issue C of the 

HTGR Fuel Product Specification" has been reviewed by GA and ORNL person

nel, ORNL contributions to the document were formally transmitted in a 

series of working sessions on July 13, 14, and 15. Review comments have 

been incorporated, and the final draft of the document is being prepared. 

TASK 200: ACCELERATED IRRADIATION TESTING 

Subtask 210; Fresh Fuel Qualification 

Summary 

Work on the postirradiation examination (PIE) of capsule P13T was 

continued during the report period. The P13T thermal analysis was com

pleted and indicated that the time-averaged (over the Irradiation lifetime) 

peak fuel temperatures for fuel rods in crucibles 1, 2, 3, and 4 are 1230°, 

1100**, 1050°, and 1045°C, respectively. The design temperatures were 

1300°C for crucible 1 and 1100°C for crucibles 2, 3, and 4. It therefore 

appears that the assumptions made during design of the capsule fuel 

loadings were correct and that the capsule operated at close to the desired 

design temperatures. 

The P13T fuel rod burnup analysis was also completed. Fuel rod fis

sile particle burnups ranged from 53 to 75% FIMA, and fertile particle 

burnups ranged from 0,8 to 3,8% FIMA. The burnup analysis revealed that 

the cobalt thermal fluence dosimetry previously reported (Ref, 9-1) was 
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incorrect. After using vanadium as a thermal neutron monitor, a new ther

mal fluence profile for P13T was developed. At the peak thermal fluence 
2 

position (fuel rod 2-2), the new thermal fluence of 6.05 n/m is 21% larger 

than the value reported in Ref. 9-1. 

Capsule HT-34 began irradiation in the High Flux Isotope Reactor 

(HFIR) on July 25, 1977. The capsule contains Th0„ TRISO particles which 

are representative of Fort St. Vrain reload 1 test element fertile fuel and 

were coated in the 240-mm coater. Capsule HT-34 is scheduled to be dis

charged in December 1977 after receiving five cycles of irradiation. 

Capsule P13T 

Introduction. Capsule P13T is the ninth in a GA series of LHTGR fuel 

irradiation tests conducted under the HTGR Fuels and Core Development Pro

gram. P13T is a large-diameter capsule containing two cells. Cell 1 is a 

qualification test of reference fresh fuel [TRISO UC^ (VSM) and BISO ThO 

particles] irradiated at 1300°C. Cell 2 is an evaluation test of reference 

fresh fuel and recycle fissile fuel [TRISO UC 0 (WAR) particles] irradi

ated at 1100°C. A detailed description of the capsule is given in Ref. 

9-2. The capsule began Irradiation in the E-3 position of the Oak Ridge 

Reactor (ORR) on May 10, 1975, The capsule was discharged from the core on 

July 6, 1976., The capsule residence time was 422 calendar days or 363.4 

effective full power days. The capsule was irradiated to a peak fast 

fluence of 8 x 10^^ n/m^ (E > 29 fJ)„^^^, 

The postirradiation examination of P13T was started on September 10, 

1976. All of the hot cell work on P13T has now been completed. Work is 

continuing on the analysis of the broad range of data generated by this 

PIE. Recent results from the thermal and burnup analyses follow. 

Thermal Analysis. The P13T experiment was a two-cell, doubly con

tained and instrumented capsule irradiated in the ORR, Nominal reactor 

power was 30 MW. Temperature control was achieved by means of He-Ne sweep 

1/ 
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gas mixtures in the primary containments of the two cells. Table 9-1 lists 

the type and location of all thermocouples within the capsule. 

The technique employed in the thermal analysis of P13T combined meas

ured data and analytical calculations to determine temperature histories 

over the entire irradiation period. As indicated in Fig. 9-1, AT̂ ,, is a 
AB 

measured quantity since thermocouples were located at A and B in each cru

cible. Furthermore, AT can be a measure of reactor power from day to day 

since the geometry is constant and the graphite conductivity will be nearly 

constant over short periods. Also, if concentric isothermal lines are 

assumed near the outer edge of the crucible (TAG models show this is true 

to within 20°C), the temperature at point B is the same as the temperature 

at the outer edge of the fuel rod hole. This being the case, the peak fuel 

temperature is then the sum of the temperature at B, the AT across the 

fuel-to-crucible gap, and the AT across the fuel rod. A TAC2D (Ref, 9-3) 

thermal model of a 60° sector of the crucible (dashed lines in Fig. 9-1) 

was constructed. Four models representing each of the four graphite bodies 

were run at five time points of the irradiation (beginning of life, quarter 

life, middle of life, three-quarter life, and end of life) to match meas

ured capsule temperatures as closely as possible. The AT , ̂ '̂ ean* ̂'̂ ^ 
AT values from these TAG runs were then curve fitted as a function of 
fuel 

megawatt days. By then combining the daily measured T„, AT , and sweep 

gas mix values with the curve-fitted (or reference) values, it was possible 

to calculate peak fuel rod temperatures for each day of operation as 

follows: 

\ ^ / \ AB ref / \ '̂  ̂ / \ AB ref / \ gas meas/ peak ^ ref ' ^ / \ j-gf o 

where T = daily measured temperature at point B, 
D 

AT^ ^ = temperature drop across fuel rod from reference curve 
ref fit, 

r = tempj 
gap 
ref curve fit. 

AT = temperature drop across fuel-crucible gap from reference 

9-3 



TABLE 9-1 
THERMOCOUPLE ARRANGEMENT WITHIN CAPSULE P13T 

Cell 

2 

1 I 

1 

( 

Crucible 

4 

3 

( 

2 

1 

1 

' 

T/C^^> 

W32 
W18 
W17 
W16 
W24, , 
K23^^> 
W31 
W30 

W29 
W22, , 
K21^^> 
W28 

W27 
W15 
W14 
W13 
W20, , 
K19^'^^ 
W26 
W25 

W12 
W9 
K8 
W11 
W7, , 
K6̂ '̂ > 
W10 
W5 
K4 
W3 
W2 
W1 

nicit'^^nrp pTntn 
iJ -1. O U. Cti.!. Wh^ K \,\J ill 

Bottom of Core 
(in.)(b) 

22.06 
22.06 
22.06 
22.06 
21.81 
21.81 
20.86 
19a41 

16.56 
15.58 
15.58 
14.60 

11.23 
11.23 
11.23 
11.23 
10.98 
10.98 
10.01 
9.76 

6.20 
6.20 
6.20 
3.80 
3.80 
3,80 
2.36 
1.38 
la 38 
1.16 
1.16 
1.16 

Location 

Fuel 
Rod 

C 
B 
A 

C 
B 
A 

A 
C 
B 

Graphite 
Inner 

X 

X 
X 

X 

X 

X 

X 
X 

X 

X 

X 

Graphite 
Outer 

X 
X 

X 
X 

X 
^ X 

X 
X 

X 
X 

X 
X 

^ -̂W indicates tungsten-rhenium (W3%Re/W25%Re) thermocouples (T/C) and 
K Indicates Chromel/Alumel thermocouples. 

1 m . = 2.54 cm. 

Used as starting point temperature in TAG models when calculating 
peak fuel rod temperatures. 
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Fig . 9 - 1 . Radia l s e c t i o n of P13T capsule 



AT._ „ •= T. - T„ from reference (TAC-derived) curves, Ax> rer A a 

^^AB meas " ̂ A " ̂ B ^^"^ measured value, 

K ^ = gas mix conductivity from reference (TAC-derived) runs, 

K = daily measured gas mix conductivity. 

Note that (AT /^'^AB C) corrects for local power variations such as 

rod bank movement, and (K ./K ) corrects for sweep gas mixture 
gas ref gas meas ° 

changes. 

The TAC models included property variations with temperature and 

fluence, axial flux variations determined from capsule dosimetry, and as 

precise a geometrical representation of the actual capsule as was 

practicable. 

It is known that tungsten/rhenium (W/Re) thermocouples decalibrate 

with neutron exposure (Ref, 9-4). For this reason, six pairs of the two 

thermocouple types [W/Re and Chromel/Alumel (C/A)] were positioned together 

at various locations in the capsule so that a determination of this emf 

loss could be made. Table 9-2 shows the decalibration rates determined for 

each pair. By applying the decalibration factor of the nearest thermo

couple pair to a given W/Re thermocouple, its corrected temperature indica

tion can be calculated. Measured and decallbrated values for a typical 

W/Re thermocouple that was positioned in a high flux area of the capsule 

are shown in Fig. 9-2. 

The temperature histories (peak fuel, volume-average, and peak graph

ite temperatures) are plotted as a function of megawatt days in Figs. 9-3 

through 9-8. For these graphs, the following definitions apply: 

1, Peak fuel temperature is the highest temperature in a fuel rod as 

calculated by the "hybrid" technique. This is usually not the 

centerline fuel rod temperature because of the asymmetric con

figuration of this capsule. 
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TABLE 9-2 
W/Re THERMOCOUPLE DECALIBRATION RATES IN P13T 

Thermocouple Pair 

K4/W5 

K6/W7 

K8/W9 

K19/W20 

K21/W22 

K23/W24 

Cell 

1 

Distance From 
Bottom of Core 

(in.)(a) 

1.38 

3.80 

6 a 20 

10.98 

15.58 

21.81 

AT^^Vf (c) 
th 

-112/2.89 

--

-181/4.95 

-162/4.08 

-52/1.67 

Decal 
= Factor (°C/unit W J 

th 
-38.8 

-37.7(d> 

-36.6 

-35.4(^> 

-39.7 

-31.1 

(a) 

(b), 
1 in. = 2.54 cm. 

'AT is (T„/„ - T^) after normalization at BOL. 
, , W/Ke K ^„_ „ 

¥ , is thermal fluence x 10 n/m . 
(A\ *-

^ '^This pair failed early in life (W7 failed on July 17, 1975); there
fore, this decalibration factor is the average of K4/W5 and K8/W9 pairs. 

The calculated decalibration factor for this pair was -8.2 C/¥|.j^ 
which does not seem consistent with the other pairs, especially since this 
pair was in the highest fluence (5.15 x 1025 n/xtr) position. Therefore, 
the average of the other two pairs in cell 2 was used for the K19/W20 
pair. 
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Fig. 9-5. P13T temperature his tory , crucible 2 



1388' 

1208' 

1180' 

1888' 
*.< 

. d i . _ _ _ _ _ _ ^ 

./*# 

988' 

888' 

e 

«..A 

•" 

T 

* « ^ 
>y-

T 

^ ^ Z ' - ^ -

T 

.,(»_%. 
V̂ 4 

.* .' 

T 

7^-

2888 4880 6888 8888 18888 12888 

MEGAWATT DAYS 

Fig. 9-6. P13T temperature history, rods 2-1A, 2-1B, and 2-1C 



M5 

1200 

1168 

o 
^ 1008 

< 

LU 

a. 
LU-

900 

808 

78i 

-

-

-

-

-

• • 

• • • < 
• • • • • 
• . • . 

• : 

/ / ; . . 

m 

• " — — 1 — ^ 

• 
• 

• 
• • • 

• • 

f 

" —1 ^ 

• • • / 

1 

1 

1 

J 
1 

# 

— ^ — _ ^ 

"•̂  T" — 

» 

* 

1 r-̂  1 

PKFUEL 

AMGRPH 

8 2888 4008 6008 8888 18088 12000 

MEGAWATT DAYS 

Fig. 9-7. P13T temperature h i s tory , crucible 3 



I 

1480 

1200 

o 
LU 
IT 

< 
CC 
m 
a. 
LU 

1080 

808 

688 

PKFUEL 
m 

AUGRPH 

4808 6088 8800 

MEGAWATT DAYS 

10000 12000 

Fig. 9-8. P13T temperature h i s tory , crucible 4 



2. Average fuel temperature is half the sum of the peak fuel rod and 

rod surface temperatures. 

3» Average graphite temperature is half the sum of the inner and 

outer graphite crucible temperatures (points A and B in Fig. 

9-1), 

There is a noticeable discontinuity in all of these plots at '̂ '5500 

MWD, This was due to some condition external to the capsule since all 

cells were affected. Since the discrepancy occurred at the start of a 

reactor cycle (cycle 129), it is postulated that a fuel loading change 

could have caused this effect. Investigation of the cause is continuing. 

For crucible 1 temperature histories (Figs. 9-3 and 9-4), all values 

beyond 5000 }MD are estimates. This was necessary because of the high 

failure rate of thermocouples in this cell. Only two thermocouples in cell 

1 lasted throughout the entire Irradiation, It can be seen in Fig. 9-4 

that rods 1-3A, 1-3B, and 1-3G operated approximately within ±50°C of the 

design temperature of ISOO^C before the thermocouples began to fail. 

Figures 9-5 and 9-6 show the temperature histories for body 2 of cell 

2, During the first half of the irradiation, cell 2 was controlled with 

fuel thermocouple WM. During this time the temperature steadily rose from 

'̂ 9̂80° to 1220''C as the fuel-crucible gap in this body increased from 0.0584 

to 0.2083 iim (0.0023 to 0.0082 in.). This large gap increase was a result 

of the high flux at this position in the capsule and the differential 

shrinkage rates of fuel rod and TS-1240 graphites of which cell 2 was con

structed. On December 12, 1975 (coincidentally also the start of cycle 

129), control was switched from thermocouple W14 to thermocouple K19. The 

peak fuel temperature then leveled off at 1100° ± 50°C for the remainder of 

the experiment. 

Figures 9-7 and 9-8 show the operating histories for bodies 3 and 4 of 

cell 2. Temperatures varied considerably during reactor cycles in these 

crucibles since they were not controlled as they were in bodies 1 and 2, 
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The temperature distribution by percentages was also calculated for 

each fuel rod In P13T. These values for crucibles 1 through 4 are shown in 

Tables 9-3 through 9-6. 

Three of the graphite bodies (1, 2, and 4) contained fuel thermo

couples. Figures 9-9 through 9-11 are plots of the differences between the 

measured (decallbrated) temperatures and the calculated values. Again, 

cell 1 data were only valid up to '̂ 5̂000 MWD due to the thermocouple fail

ures in this cell. 

Burnup Analysis. Six samples of fuel particles from the capsule P13T 

experiment were analyzed in accordance with a standard GA procedure, "Atom 

Percent Fission in Fissile and Fertile Fuel Particles." The fuel particles 

were cleaned to remove external contamination| following the cleaning oper

ation each particle was measured for prominent fission products. Total 

measured fission products to Zr-95 atom ratios were calculated for each 

sample to reveal any abnormal fuel particles. 

The ASTM fission product monitor radiochemical method (which uses 

Cs-137 as the burnup monitor) was used in the analysis of the fissile and 

fertile fuel particles. A second fission product monitor method (which 

uses stable Zr as the burnup monitor) was also used in the analysis of the 

fissile fuel particles. This second method can not be used effectively in 

the analysis of fertile fuel particles due to thorium interference. In 

addition to the fission product monitor methods, the fissile fuel particles 

were analyzed by a mass spectrometric uranium isotopic analysis method. 

This method measures burnup through changes in uranium isotopic composition 

and can be applied only to fuel particles that do not contain thorium and/ 

or U-233 before irradiationi thus, it is not applicable to fertile fuel 

particles. 

Replicate analyses were performed on those particles which met the 

selection criteria. Initially,, the particles were crushed and dissolved in 

a perchloric acid mixture. These solutions containing fission products and 

uranium (plus thorium if fertile fuel particles) were separated by an anion 
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TEMPERATURE (°C) 

PAVI I 

MINIMUM VALUE 

l« ARE 

5» ARE 

10« ARE 

20* ARE 

30* Arte 

40* ARE 

50» ARE 

60« ARE 

70% ARE 

80% ARE 

90% ARE 

95» A«e 

99« ARE 

LESS 

LESS 

LESS 

LESS 

LESS 

LESS 

LESS 

LESS 

LESS 

LESS 

LESS 

L£SS 

LESS 

OR m 

OR • 

OR • 

OB • 

OH'"» 

OR"«' 

OR •' 

OR « 

OR »' 

OR • 

'o« • 

Oft o 

OR m 

MAXIMUM VALUE 

"" AVER#GE"VALUE " 

PEAK FUEL HOD 
ROOI-I BOOI-2 

967 

uos 

II2JI 

11*1 

^1153 

^116* 

"•'uaz 

1211 

• 12^5 

"~"l26i 

127? 

1290 

""129 f 

'^1331 

1409 

"Tzii 

967 

1105 

1128 

1144 

U&3 

1164 

1182 

1213 

12*5 

1264 

I2T7 

1290 

1297 

1332 

1409 

1215 

TEMPERATURES 
R0Dl~3 R001-* 

987 

1125 

li*8 

1164 

IIT3 

1184 

1202 

1233 

1265 

1284 

1297 

1310 

1317 

1352 

1429 

1235' 

1005 

1143 

1166 

1182 

1191 

1202 

1220 

1251 

1263 

1302 

1315 

1328 

• I33S 

1370 

14*7 

1253 

TABLE 9-3 
[ BY PERCENTAGES, CRUCIBLE 1 OF CELL 1 

fU€L ROD SURFACE TEMPERATURES VOt» AVERAGE FUEL TEHPERATURES 
«00|-1 ROOl-2 ROOl-3 ROOI-4 rtOOl-I ROOl̂ 'g R001»3 «00|«.4 

970 9T0 990 1008 

1003 

1034 

10*6 

: 058 

1067 

1076 

109T 

1119 

1137 

ll*fc 

1157 

:tl66 

1193 

1216 

"llOO " 

1003 

1034 

10*6 

1058 

1067 

1076 

1097 

1119 

1137 

IH6 

lis? 

U66 

^ 1193 

1216 

~110O 

1023 

1054 

1066 

1078 

1087 

1096 

1117 

1139 

1157 " 

1166 

117? 

1186 

1213 

1236 

"im" 

1041 

1072 

1084 

109$ 

1105 

111*' 

~U35 

1157 

1175 

U84 

1195 

"'l20* 

1231 

125* 

~"li38 

969 

i05# 

1082 

1095 

1106 

Ills 

1130 

1154 " 

U8& 

1198 

1212 

1221 

122a "̂  

1260 

1312 

lis? "" 

969 

105* 

1082 

1095 

1106 

1115 

1130 

115* 

1165 

1198 

1212 

1221 

"1228 ' 

UM 

1312 

'TlST"'"' 

989 

1074 

1102 

Ills 

1126 

1135 

liSO 

1174 

IZOb 

1218 

1232 

11*1 

1248 

1280 

1332 

"1177 ~ 

1007 

1092 

1120 

1133 

1144 

1153 

1168 

1192 

1223 

1236 

1250 

1259 

1266 

1298 

1350 

1195 



TABLE 9-4 
TEMPERATURE CC) DISTRIBUTION BY PERCENTAGES, CRUCIBLE 2 OF CELL 2 

1 

00 

HINIMUM V&LUf 

1% ME LESS OR • 

S% ARE LESS OH 8 

10% ARE LESS OR m 

2Q% ARE UESS OH m 

30% M€ LESS OH 8 

40i ARE LESS OH • 

50% A«£ LESS OR s 

&0% A«£ LESS 0« m 

70% AHE LESS OR n 

80% A«E LESS OH m 

90% A8E LESS OR m 

9S% ARE LESS OR m 

99% ARE LESS OR m 

MAXIMUM VALUE 

AvEKASi "VALUE' ' 

PEAK n»EL «00 
»>0D«-1 

aai 

949 

978 

997 

10«7 

1090 

1103 

mo 

1118 

1126 

U*^ 

1199 

1216 

i2a& 

1229 

1101 

TEMPERATURES 
R00?»2 

875 

941 

97? 

991 

1041 

1084 

1097 

1104 

1112 

1120 

113B 

1193 

1210 

1218 

1223 

1095 

FUEL KOO SURFACE TEHPERATURES VOLi AVERAGE FUEL TEMFtHATURl 
)i)2«.l 

731 

793 

823 

8*0 

893 

939 

949 

961 

971 

97(b 

991 

1066 

1081 

1086 

1091 

9sa 

R002-2 

725 

787 

81? 

834 

887 

933 

943 

95S 

965 

970 

985 

1060 

107S 

1080 

108S 

• ' 946" 

HOUl»l 

BOb " 

871 

900 

918 

969 

lOlft 

I0i7 

1036 

10*4 

1049 

1065 

1131 

U4a 

us* 

U59 

'1027 

H0U2-g 

ioo 

865 

894 

912 

963 

1008 

1021 

1930 

1038 

id«3 

1059 

lUfe 

a*2 

11*8 

1153-" 

1911 



TABLE 9-5 
TEMPERATURE (̂ C) DISTRIBUTION BY PERCENTAGES^ CRUCIBLE 3 OF CELL 2 

M3 
1 

MINIHUM VALUE 

IX ARE LESS OH « 

5X Ml LESS OK • 

10% Ml LESS OR s 

20X ARE LESS OH as 

U% ARE LESS OR « 

m% ARE LESS OH • 

SOX ARi LESS OR s 

mX ARE LESS OR ^ 

70X ARE LESS OR « 

BOX ARE LESS OH • 

H% Ml LKSS OR • 

n% Ml LE8S OH • 

mt ARETISS OR ^ 

MAXIMUM VALUE 

"—^^BiTvlLur" 

R003-1 

870 

918 

9bS 

979 

996 

JOtJ 

1030 

lObi 

t069 

1090 

IHO 

ll«l 

1163 

llSfe 

1195 

i©5<» 

f|.AK_pUEt KUO Ti-MP£HATt)HtS 
RUD3-2 

FUtL HOD SURFACE TfeMPERATURtS 
HQD3-I RU03-2 

VULt AVfcRAOe •UEL TtMPfcRATURkS 

»bb 

<3 4iU 

961 

975 

992 

1009 '̂  

lOSfc 

"iO«7 " ~ 

iOfeS 

"iOBb 

1 105^ 

1137 

!lb9 

Ii82 " ~ 

119! 

"1050 

713 

803 

837'" 

d<s7 

86b 

d78 

889 

9or 

9|fe 

934 

9tt9 

999 

ID27 

ia«4 

709 

T99 

"' S33 

861 

871 

•"•885 

" 897 

912 

930 • 

9tt5 

""• 995 

"1023 

1000 

" 1050 

— 9 © 6 " 

R003-1 

" 791 

d87 

699 

9|fe 

932 

9aS 

"••̂  9iO 

99« 

lOlO 

"" 1031 

•^1068 " 

- iQ^j-

" 1115 

1113 

— 982 

R003-2 

787 

8d3 

895 

912 

928 

9ai 

954 

972 

990 

ISOfe -

1021 

•-|089 " 

^ i n i 

1119 

fTi" 



TEMPERATURE ("C) 

vo 
1 
O 

PEiK FUEL TEMPERATURES 

R004»l R004-2 R00*«3 P00*«4 

MINIMUM VALUE " 8S9 85* S37 e*0 

IS ARE LESS OR ® 9#f, 940 923 926 

S% ARE LESS OR • 965 958 941 9*4 

10% ARE LESS OR m 98C 975 9S8 961 

20% AHE LESS OH m lOOC 995 97-8 981 

3S« ARE LESS OR ti lOlC lOll 994 997 
40* ARE LESS 0R • lOSC 1085 1008 lOll 

5fS» ARE LESS OR • lO*P 1043 1026 1029 

60» ARE LESS OH • 1062 1957 1040 1043 

T0% ARE LESS OR m 108| 1076 1059 1062 

80« ARE LESS OR • llO^ 1097 1080 1083 

90% ARE tESS OR • 1151 IH6 1129 1|32 

95% ARE LESS OR i^llBft UBl U 6 * 1167 

f9» ARE LESS OR • 1239 1234 1217 1220 

MAXIMUM VALUE iZlJ 1272 1255 1258 

AVE«A9E'~¥ALUg~"'lOS5 iOSO 1033 1636 

TABLE 9-6 
.ON BY PERCENTAGES, CRUCIBLE 4 OF CELL 2 

FUEL SURFACE TEMPERATURES 

R004-1 R004-2 R0D4-3 R004-4 

733 728 711 714 

905 800 783 786 

815 810 793 796 

030 825 800 811 

848 843 826 829 

862 85T 8*0 8*3 

875 870 853 056 

888 883 866 869 

903 898 881 88* 

921 916 899 902 

941 936 919 922 

974 f69 952 95S 

1005 1000 983 986 

10#8 l©«3 1026 1029 

1089 1084 106? IS?0 

8»6 891 §?• " S?? 

VOL» AVERAGE FUEL TEH^ERATUHLS 

H004-I R004»i H0D*"3 R004«4 

796 791 774 777 

974 869 8Sa 855 

891 886 S69 S72 

906 901 884 8d7 

92S 920 903 906 

939 934 917 fiO 

fSO 945 918 931 

968 963 946 949 

983 978 961 964 

999 994 977 980 

1021 1017 1000 1903 

1060 1055 IS3« 1041 

1094 - 1089 1072 1075 

I1S2 1147 1130 1133 

1176 U7I H i * lis? 

" • 975 970 953 fii 
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exchange method. The thorium and uranium fractions were spectrophotomet-

rically analyzed by absorbance of their Arsenazo-III complex. Zirconium 

fractions were recovered from the fissile fuel particle samples and these 

fractions were also colorimetrically analyzed. A portion of the uranium 

fraction from each sample was analyzed by mass spectrometry for uranium 

isotopic composition. 

The mass spectrometric data (atom percent) obtained were then treated 

in accordance with ASTM Procedure E244, "Atom Percent Fission in Uranium 

and Plutonium Fuel (Mass Spectrometric Method)." The capture-to-fission 

ratio for U-235 (a^ = 0.178) used in these calculations is the previous 

value determined for capsule P13Q. Burnup values obtained by this method 

are shown in Table 9-7. 

The radiochemical fission product monitor burnup method is essentially 

ASTM E219, "Atom Percent Fission in Uranium Fuel (Radiochemical Method)." 

In principle, the number of fissions that have occurred in the fuel par

ticles is determined by measuring the number of atoms of Cs-137 present and 

dividing by the fractional fission yield (U-233 yield is 6.80% and U-235 

yield is 6.27%). The number of fissions is divided by the initial heavy 

metal atoms. The radiochemical burnup results are shown in Table 9-7. 

For long irradiations, the correct Cs-137 concentrations require con

sideration for decay during as well as after irradiation. An approximate 

correction was made using the following ASTM recommended equation: 

N' = N/{e~^^' - [(1 - e"^^)At]} , (9-2) 

where N' = atoms of Cs-137 corrected for decay during and after irradiation, 

N = atoms of Cs-137 at time of measurement, 
-10 -1 

X = Cs-137 decay constant (7.3 x 10 s ), 

t' = elapsed time from end of irradiation to measurement (s), 

t = irradiation time (s). 
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TABLE 9-7 
COMPARISON OF BURNUP DETERMINATIONS FOR CAPSULE IRRADIATION EXPERIMENT P13T 

Batch 
Number Type 

Percent FIMA 

ASTM Procedure E244 

Case I Case II Case III FISSIN 

ASTM Procedure E219 

Fiss Cs-137 Fiss Zr 

6157-02-026 

6157-02-0260 

6157-02-0270 

6542-27-0160 

6542-27-0160 

6542-27-0160 

TRISO (a) 

(a) 

Avg. 

TRISO 

Avg. 

TRISO 

Avg. 

ThO BISO 

(a) 

67.14 

50.46 

74.96 

Avg. 

ThO BISO 

Avg. 

ThO BISO 

Avg. 

68.33 

67.77 

52.51 

51.38 

75.16 

74.97 

NA(^) 

NA 

NA 

67.83 

51.1{ 

75.06 

67.95 

52.04 

74.63 

0.85 

4.03 

1.93 

65.6 
71.0 
66.0 
67.5 
±4.6% 

51.3 
53.1 
49.9 
51.4 
±3.6 

74.3 
77.3 
77.1 
76.2 
±2.3% 

0.786 
0.695 
0.769 
0,75 

±7.0% 

4.12 
3.96 
4.15 
4.08 

±2.7% 

1.81 
2.08 

1.89 
±8.9% 

(a) 

(b) 
TRISO - UC2.930.62. 

Not applicable. 
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In addition to the burnups determined by radiochemistry and mass spec

trometric methods, calculated values were obtained via the Sigma 2 FISSIN 

program. The Sigma 2 FISSIN program calculates burnup (FIMA) for both 

U-235 and Th at the beginning of each reactor irradiation cycle. The 

weights of U and Th are also calculated, as well as the final U isotopic 

inventory. Required inputs are reactor power history, thermal fluence, and 

U and Th loadings. There is an option to change the initial weight percent 

U and macroscopic cross-sections which are used in the calculations. These 

FISSIN-calculated burnup values are Included in Table 9-7. The burnups for 

all P13T fuel rods are given in Table 9-8. 

A comparison of mass spectrometric uranium isotopic compositions at 

the end of irradiation with those computed by the FISSIN program is shown 

in Table 9-9. The inputted fluences that yielded the corresponding Iso

topic compositions are included in Table 9-9. For additional comparison 

between measured and FISSIN-calculated results. Table 9-10 compares the 

heavy metal compositions (at end of life) that were obtained radiocheml-

cally with the calculated values. 

Typically a third-order polynomial fit is made on the dosimetry values 

and thermal and fast fluence profiles are generated. Using the thermal 

fluence value from this profile, each burnup sample is computed over a 

range of thermal fluences that bracket this profile value. The FISSIN-

computed U isotopic composition is compared with the mass spectrometric U 

isotopic composition. The fluence value for the FISSIN computation 

yielding the best match of isotopic composition is then compared with the 

actual dosimetry fluence value for that location. This action is to verify 

the validity of the fluence profiles and heavy metal reaction rates. 

Although there was excellent agreement between measured burnup results 

(mass spectrometric and fission product monitor methods) and calculated 

burnup results (FISSIN program), a problem was observed with the thermal 

fluence profile previously determined from cobalt dosimetry (Ref. 9-1). In 

pursuing this problem, it was found that there was a bulkhead of consider

able mass located at 0.22 m (8.5 in.) [distance from bottom of core (DFBC)] 
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TABLE 9-8 

EXPOSURES AND BURNUPS FOR PI31 FUEL RODS 

Fuel 
Rod 

1-1 

1-2 

1-3 

1-4 

2-1 

2-2 

3-1 

3-2 

4-1 

4-2 

4-3 

4-4 

Distance 
from Bottom 
of Core 
(cm) 

2.03 

5.08 

9.65 

15.75 

25.37 

30.38 

37.06 

42.06 

47.75 

50.80 

53.85 

56.90 

Thermal 
Fluence 

(x 1025 n/m2) 

3.65 

3.90 

4.65 

5.60 

5.95 

6.05 

5.30 

4.15 

2.95 

2.45 

2.15 

2.10 

Fast Fluence 
(x 1025 n/m2) 
(E > 29 f J),,,, 

3.45 

4.84 

6.42 

7.67 

8.04 

7.64 

6.69 

5.77 

4.64 

4.05 

3.49 

2.98 

Particle EOL Burnups 
(% FIMA) 

Fissile 

67.7 

69.1 

72.2 

74.7 

75.3 

75.5 

74.0 

70.3 

62.7 

57.8 

54.1 

53.4 

Fertile 

1.9 

2.0 

2.7 

3.5 

3.7 

3.8 

3.2 

2.3 

1.3 

1.0 

0.8 

0.8 
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TABLE 9-9 
COMPARISON OF MASS SPECTROMETRIC URANIUM ISOTOPIC COMPOSITIONS 

FOR CAPSULE IRRADIATION EXPERIMENT P13T 

Sample 

PB 1A-1 
(C-2172) 

PB 2A-8 
(C-2170) 

PB 4C-3 
(C-2168-3) 

Sample 

PB 2A-1 
(C-2171) 

PB 4B3-3 
(C-2169) 

PB 3C1-3 
(C-2167) 

Fertile Fuel Particles (wt %) 

U-233 

86.63 
86.78 

78.07 
77.89 

92.29 
92.53 

U-234 

11.69 
11.42 

18.07 
17.92 

7.01 
6.78 

U-235 

1.53 
1.64 

3.37 
3.55 

0.662 
0.65 

U-236 

0.15 
0.16 

0.55 
0.63 

0.032 
0.032 

Fertile Fuel Particles (wt %) 

U-234 

1.22 
1.27 

0.97 
0.98 

1.19 
1.21 

U-235 

21.75 
21.75 

67.73 
67.64 

42.80 
43.10 

U-236 

55.44 
54.96 

19.97 
19.64 

39.25 
38.44 

U-238 

21.60 
22.02 

11.32 
11.74 

16.77 
17.25 

Method 

(a) 
Mass Spec. (avg.) 
Sigma 2 (FISSIN code) 

(a) 
Mass Spec. (avg.) 
Sigma 2 (FISSIN code) 

(a) 
Mass Spec. 
Sigma 2 (FISSIN code) 

Method 

Mass Spec. 
Sigma 2 (FISSIN code) 

Mass Spec. 
Sigma 2 (FISSIN code) 

Mass Spec. 
Sigma 2 (FISSIN code) 

Thermal 
Fluence 
(n/m2) 

3.70 X 10^^ 

6.30 X 10^^ 

25 
2.15 X 10" 

Thermal 
Fluence 
(n/m2) 

5.60 X 10^^ 

2.00 X 10^^ 

3.70 X 10^^ 

Normalized to eliminate U-238. 
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TABLE 9-10 
COMPARISON OF MEASURED AND CALCULATED BURNUP RESULTS 

FOR CAPSULE IRRADIATION EXPERIMENT P13T 

Sample 

PB-1A-1 
(C-2172) 

PB 2A-8 
(C-2170) 

PB C-3 
(C-2168) 

PB 2A~1 
(C-2171) 

PB 4B3-3 
(C~2169) 

PB 3C1-3 
(C-2167) 

Fractions 

Th remaining 
U remaining 
U fissioned 

Total 

Th remaining 
U remaining 
U fissioned 

Total 

Th remaining 
U remaining 
U fissioned 

Total 

U remaining 
U fissioned 

"U" not recovered 
Total 

U remaining 
U fissioned 

"U" not recovered 
Total 

U remaining 
U fissioned 

"U" not recovered 
Total 

Radic 

95.71 
2.50 
1.80 

100.01 

92.25 
3.62 
4.13 

100.00 

97.31 
1.92 
.78 

100.01 

23,98 
76.02 
™""" 

48.62 
51.38 
*""" 

32.28 
67.71 

jchemistry 
(%) 

(22,99)[J^ 
(72.88) ̂  
( 4.13)^^'' 
100,00 

(48,08)^^5 
(50.81) ̂  
( 1.11)^^-' 
100.00 

(31.47)[^^ 
(66.01) ̂ ^ 
( 2.51)^^^ 
(99.99) 

Calculated 
Result From 
FISSIN Code, 
Sigma 2 

(%) 

95.37 
2,72 
1.89 

99.98 

92.25 
3.59 
4.03 

99,87 

97.29 
1.93 
.79 

100.01 

21.24 
74.63 
— 
95.87 

46.88 
52.01 
— 
98.89 

29.54 
67.95 
— 
97.49 

Thermal 
Fluence 
(n/m2) 

?S 
3,70 X 10" 

6.30 X 10^^ 

25 
2.15 X 10 

5.60 X 10^^ 

2.00 X 10^^ 

3.70 X 10^^ 

(a) Normalization based on Sigma 2 FISSIN code. 
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(Ref. 9-5), The placement of the V-Co dosimeters at 0.16 m (6.2 in.) 

(DFBC) and 0.27 m (10,5 in.) (DFBC) was such that they could not indicate 

the flux depression caused by this bulkhead. There were V-Fe dosimeters 

located at 0.19 m (7.3 in.) (DFBC) and 0.24 m (9.5 in.) (DFBC)| however, 

they could not reveal the thermal flux depression primarily because Fe is 

used as a fast neutron monitor. Since both V-Co and V-Fe are essentially 

pure vanadium (99.4%+), a thermal fluence was determined by measuring the 

chromium produced in vanadium by the reaction 

^V(n,Y)^^V ^-y^^j^^^Cr (stable) . 

The stable chromium is measured by atomic absorption spectrophotometry 

rather than y-ray spectrometry. The fluences determined by this monitor 

were in agreement with most of the burnup fluences and the fluence profile 

indicated the flux depression. After ascertaining that the FISSIN reaction 

rates and fluences were consistent with the measured values, an explanation 

was sought for the difference between the burnup fluence at 8.4 mm (0,33 

in.) (DFBC) and the extrapolated fluence at this location. The y-scanning 

counting data for the outer containment cladding were obtained| since this 

cladding was 304 SS, both the Fe fast neutron reaction and the Co thermal 

neutron reaction were produced. These raw cobalt Y~scan counts were given 

a three-point smooth fit, and the smoothed data were normalized to thermal 

fluence. Figure 9-12 shows the thermal neutron fluence from y-scanning 

results and the thermal neutron fluence from vanadium and burnup results. 

The fast neutron fluences obtained from y-scanning the secondary contain

ment and from V-Fe dosimetry are shown in Fig, 9-13. Fast neutron fluence 

from y-scanning was also obtained by smoothing and normalization. The 

bottom dosimeter was located at 50.8 iran (2,0 in.) (DFBC) and the curve had 

to be extrapolated to 8,4 mm (0.33 in.) (DFBC), 

Capsule HT-34 

Irradiation capsule HT-34 is part of a continuing cooperation effort 

between GA and Oak Ridge National Laboratory. The capsule will test TRISO 
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coated ThO» particle fuel which is representative of fuel for Fort St. 

Vrain reload 1 fuel test elements and is the prime alternate fertile fuel 

for the LHTGR. Eight TRISO ThO^ particle batches fabricated in the 240-mm-

diameter LHTGR pilot plant coater are being tested in order to characterize 

the irradiation performance of this type of fuel, A detailed description 

was given in Ref, 9-5. The samples are being irradiated in the GA half of 

the uninstrumented capsule in the target facility of the HFIR at ORNL at 

design peak fuel temperatures of 1200® and 1500°C over a wide range of 

fluence and burnups. The HT-34 experiment was inserted into the reactor on 

July 25, 1977 and will be Irradiated for five cycles. Reactor and capsule 

startup occurred on the same day. 

The TRISO ThO„ particle batches were evaluated and the samples for 

capsule HT-34 were prepared during the spring of 1977. The selection of 

samples and the irradiation conditions are given in Table 9-11 and a more 

detailed sample description is presented in Table 9-12. The primary 

coating variables of the samples were buffer thickness, SiC internal flaw 

distributions^ and OPyC density, coating rate, and diluent gas. The actual 

batch properties were in good agreement with the design parameters, as dis

cussed in Ref. 9-5̂  and were acceptable for the irradiation experiment. 

The test was designed to evaluate the performance of TRISO ThO„ particles, 

to characterize the OPyC coating, and to correlate particle failure with 

the particle performance model. The samples in the 1200°C magazine will 
25 2 

reach fluences of approximately 5,3 to 8.3 x 10 n/m (E > 29 fJ) g„ and 
burnups of 5,6 to 9,1% FIMA, The fast fluences and burnups for the high-

25 2 
temperature magazine are 9.4 to 10,4 x 10 n/m (E > 29 fJ) ̂  and 11,0 
to 12,8% FIMA, respectively. 

TASK 300? INTEGRAL FUEL SYSTEM TESTING 

Subtask 310; Peach Bottom Fuel Test Elements 

FTE-6 Thermal Analysis 

Introduction. The power generated at any local point within a fuel 

test element can be established by utilizing precision burnup measurements 
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TABLE 9-11 
DESCRIPTION AND DESIGN IRRADIATION CONDITIONS OF TRISO ThOj SAMPLES FOR CAPSULE HT~34 

Sample No. 

Buffer 
Thickness 

(ym) 

Variables to be Tested 

SiC 
Flaw-

Frequency 
(%) 

OPyC 

Liquid 
Gradient 
Density 
(M/gm3) 

Coating 
Rate 

(ym/min) 
Diluent 

Gas 
Primary , , 

Objective'-'̂ -̂  

Th-232 
Loading 
(mg) 

Number 
of 

Particles 

Irradiation Conditions 

Capsule 
Position 

Fast 
Fluence „ 

(x 1025 n/m^) 
(E > 29fg) 

Burnup 
a FIMA) 

1200° Magazine 

6252-20-0161-001 

6252-07-0262-001^''^ 

6252-14-0261-001 

6252-14-0171-001 

6252-13-0161-001 

6252-14-0161-001 

6252-15-0161-001 

6252-16-0161-001 

83 

60 

27 

35 

57 

63 

56 

57 

6 

38 

29 

9 

16 

9 

12 

12 

1.98 

1.80 

1.97 

1.97 

1.79 

1.97 

1.81 

1.96 

8.4 

5.0 

7.1 

7.1 

8.3 

7.6 

5.0 

5.3 

«2 
A 
r 

»2 
«2 

«2 

»2 

»2 

»2 

OPyC 

Standard 

PV 

PV 

OPyC 

OPyC 

OPyC 

OPyC 

23.4 

23.4 

23.4 

23.4 

23.4 

23.4 

23.4 

23.4 

56 

57 

56 

56 

57 

57 

56 

56 

2 

4 

5 

7 

8 

10 

11 

13 

5.3 

5.9 

6.2 

6.8 

7.1 

7.6 

7,9 

8.3 

5.6 

6.2 

6.5 

7.1 

7.5 

8.1 

8.5 

9.1 

1500° Magazine 

6252-20-0161-002 

6252-07-0262-002^*^' 

6252-14-0161-002 

5252-14-0271-001 

6252-14-0181-001 

6252-17-0161-001 

6252-15-0171-001 

6252-13-0171-001 

82 

57 

62 

86 

91 

80 

84 

79 

6 

38 

9 

29 

10 

6 

12 

16 

1.98 

1.80 

1.97 

1.97 

1.97 

1.95 

1.81 

1.79 

8.0 

5.6 

7.6 

8.0 

8.1 

5.0 

5.6 

8.5 

»2 
A 
r 

«2 

«2 

«2 

«2 

«2 

»2 

PV 

Standard 

PV 

PV 

PV 

PV 

PV 

PV 

33.1 

33.1 

33.1 

33.1 

33.1 

33.1 

33.1 

33.1 

80 

81 

81 

83 

82 

81 

81 

85 

15 

17 

18 

20 

21 

23 

24 

26 

9.4 

9.8 

9.9 

10.1 

10.2 

10.4 

10.4 

10.4 

11.0 

11.5 

11.7 

12.1 

12.2 

12.5 

12.6 

12.8 

OPyC - performance of OPyC coating; PV - results to be correlated with particle performance model. 

Samples previously irradiated in capsules HT-31 and HT-33. 



GENERAL DESCRIPTION 
(a) 

TABLE 9-12 
OF TRISO ThO PARTICLE SAMPLES FOR CAPSULE HT-34 

Batch No. 

6252-07-0262-001 

6252-07-0262-002 

6252-13-0161-001 

6252-13-0171-001 

6252-14-0161-001 

6252-14-0161-002 

6252-14-0171-001 

6252-14-0181-001 

6252-14-0261-001 

6252-14-0271-001 

6252-15-0161-001 

6252-15-0171-001 

6252-16-0161-001 

6252-17-0161-001 

6252-20-0161-001 

6252-20-0161-002 

Kernel 
Diameter 

(ym) 

449 

449 

447 

443 

448 

447 

451 

445 

455 

443 

450 

448 

451 

451 

450 

452 

Buffer 

Thickness 
(Um) 

60 

57 

57 

79 

63 

62 

35 

91 

27 

86 

56 

84 

57 

80 

83 

82 

Density^^^ 
(Mg/m^) 

1.12 

1.12 

1.13 

1.13 

1.10 

1.10 

1.10 

1.10 

1.08 

1.08 

1.07 

1.07 

1.07 

0.93 

0.93 

0.93 

IPyC 

Thickness 

(um) 

39 

39 

32 

32 

32 

32 

32 

32 

35 

35 

36 

36 

36 

40 

40 

40 

Liquid 
Gradient , 
Density^ ^ 
(Mg/m3) 

1.93 

1.93 

1.86 

1.86 

1.84 

1.84 

1.84 

1.84 

1.83 

1.83 

1.85 

1.85 

1.85 

1.79 

1.79 

1.79 

SiC 

Thickness 
(ym) 

38 

37 

43 

43 

37 

37 

35 

37 

35 

38 

38 

39 

39 

37 

36 

35 

Density 
(Mg/m3) 

3.21 

3.21 

3.22 

3.22 

3.22 

3.22 

3.22 

3.22 

3.21 

3.21 

3.22 

3.22 

3.21 

3.22 

3.21 

3.21 

Flaw,, , 
Content (''•'̂^ 

(%) 

38 

38 

16 

16 

9 

9 

9 

9 

29 

29 

12 

12 

12 

6 

6 

6 

OPyC 

Thickness 
(ym) 

45 

41 

48 

49 

44 

44 

41 

47 

40 

45 

45 

50 

48 

45 

47 

45 

Density 

Liquid 
Gradient 

1.80 

1.80 

1.79 

1.79 

1.97 

1.97 

1.97 

1.97 

1.97 

1.97 

1.81 

1.81 

1.96 

1.95 

1.98 

1.98 

(Mg/m3) 

Bulk 

1.65 

1.65 

1.61 

1.61 

1.76 

1.76 

1.76 

1.76 

1.79 

1.79 

1.68 

1.68 

1.82 

1.80 

1.74 

1.74 

BAF ^"''^ 
o 

1.027 

1.027 

1.031 

1.031 

1.041 

1.041 

1.041 

1.041 

1.040 

1.040 

1.033 

1.033 

1.048 

1.049 

1.041 

1.041 

Accessible 
Porosity 

(ml/kg(^'^) 
OPyC Coatings) 

48 

48 

57 

57 

57 

57 

57 

57 

54 

54 

21 

21 

25 

28 

59 

59 

Coating 
Rate 

(ym/min) 

5.0 

4.6 

8.3 

8.5 

7.6 

7.6 

7.1 

8.1 

7.1 

8.0 

5.0 

5.6 

5.3 

5.0 

8.4 

8.0 

Coating 
Diluent 
Gas 

Ar 

Ar 

»2 

«2 

H^ 

«2 

«2 

"2 

«2 

«2 

«2 

H^ 

«2 

«2 

»2 

»2 

Diameter 
(um) 

816 

808 

808 

848 

798 

796 

736 

854 

729 

849 

798 

865 

813 

858 

862 

854 

Total Coated 

Defective 

Coating^^'^^ 
(kg Th/kg Th) 

2.9 X 10"* 

2.9 X 10"* 

4.3 X 10"* 

4.3 X 10"* 

2.4 X 10"^ 

2.4 X 10"^ 

2.4 X 10"-' 

2.4 X 10"^ 

1.1 X 10"-' 

1.1 X 10"-' 

4.7 X 10"* 

1.9 X 10"* 

8.9 X 10"^ 

1.3 X 10"^ 

2.9 X 10"^ 

2.9 X 10"-' 

Particle 

Th , 
Contamination^ '^ 
(kg Th/kg Th) 

1.1 X 10"^ 

1.1 X 10~^ 

4.9 X 10"^ 

4.9 X 10"^ 

8.3 X 10"^ 

8.3 X 10"^ 

8.3 X 10"^ 

8.3 X 10"^ 

6.1 X 10"* 

6.1 X 10"* 

4.9 X 10"^ 

4.9 X 10"^ 

9.8 X 10"^ 

2.1 X 10~^ 

2.5 X 10"* 

2.5 X lO"* 

Fission 

„ ?^^ (b.h) 
Release 

1.6 X 10"^ 

1.6 X 10~^ 

1.2 X 10"^ 

1.2 X 10"^ 

4.2 X 10"^ 

4.2 X 10"^ 

4.2 X 10"^ 

4.2 X 10"-^ 

3.9 X 10"^ 

3.9 X 10"^ 

4.0 X 10"^ 

4.0 X 10"^ 

2.5 X 10"^ 

2.1 X 10"^ 

7.3 X 10"^ 

7.3 X 10"^ 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

Mean valves given; valves are for capsule samples except where noted. 

Calculated or measured on parent hatch. 

Internal flaws measured by visual examination of SiC substrate. 

Optical anisotropy measured using a seibersdort optical unit at GA. 

The amount of Hy which intrudes into coatings at 67 MPa (10000 psi). 

OPyC burned off and particles leached for 24 hours in acid. 

Particles leached for 24 hours in acid. 

Release rate/birth rate for/Kr-85m at 1100°C (in linear accelerator). 
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and fission product profiles obtained through gamma spectroscopy in con

junction with physics code predictions, and by accounting for azimuthal 

power variations (power tilts) resulting from nonuniform heavy metal 

loadings. The methods used to calculate the power generation in Peach 

Bottom fuel test element FTE-6 are presented here. It is anticipated that 

these methods will be employed for future analyses of fuel test elements, 

although minor deviations dictated by the idiosyncrasies of each element 

may be necessary. It is postulated that reliable temperatures to be used 

in detailed graphite stress, fuel performance^ and fission product analyses 

can be computed using powers determined through the described procedure. 

Local Power Generation. The power generated at a given axial location 

(z) in a given fuel stack (h) of test element x at time point t is given by 

the equation: 

P ^ =• (CPF )(Tilt^ )(APF^ )(P ) , (9-3) 
x,h,z,t x,t h,t h,z,t core,t ' 

where CPF = P /F = element average power factor at time t, 
x,t _x,t _core,t '̂  ^ 

Tilt, ^ = P̂  /P ^ = power tilt for fuel stack h at time t, h,t h,t x,t 
APF, = P, /P, - axial power factor for axial location z 

h,z,t h,z,t h,t '' 

of fuel stack h at time t, 

P -L • ^ - power generated by entity denoted by subscripts. 

The manner in which the power tilts, axial power factors, and element aver

age power factor used in the FTE-6 thermal analysis were calculated is dis

cussed below. 

Power Tilts, Power tilts for FTE-6 were calculated as a function of 

fuel hole, core height, and time using the following equations 

['i ^"h,z,t)i^*J.t^ij] 
Tilt^^^^^ = ~ ^ - ^ \ T (9-4) 
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where (i = 1,4) = four fissionable nuclides (U-233, U-235, Pu-239, Pu-241), 

(j = 1^4) = four energy groups for which the GAUGE code computes 

neutron flux, 

f. » relative power generated by fission of nuclide i, 

c|) = neutron flux for energy group j at time t (obtained 

from GAUGE calculations), 

a. . = fission micro-cross section for nuclide i and 

energy group j, 

(w, ). = nuclide density at axial position z of fuel hole h 
n ̂  2 J u X 

at time t, 

(w *.)• ~ element average nuclide density at axial position z 

at time t. 

The element average and local nuclide densities are calculated as 

follows; 

\ x , z , t / i \ x , t / i 1̂  w^^^ ;_ \ g ^ ^ ^ ^ o ; . 
(Q-5) 

("-.0.=K.J. • {^X 
where |w \ ~ element average nuclide density at time t. 

\ x,t /j 

/gx,z,t=o\ 

V Sx,t=o A 

ratio of the element average nuclide density at axial 

position z and the element average nuclide density. 

These factors are taken from the normalized axial dis

tributions for various nuclides given in the PIE report 

on FTE-18 (Ref. 9-6). 

ratio of the grams/in. of nuclide i at axial location 

z and the average grams/in. of nuclide i for the entire 

element at BOL. For FTE-6, this factor is equal to 1 

at all z since the heavy metal within each fuel stack 

was uniformly distributed. 

9-38 



/%.z,t=0\ 

\^x,z,t=o/ 
ratio of the grams/in. of nuclide i in fuel stack h at 

axial position z to the element average grams/in. of 

nuclide i at axial position z at BOL. Values of this 

factor for FTE-6 are given in Table 9-13. 

TABLE 9-13 
RELATIVE HEAVY METAL LOADINGS AT BOL FOR FTE-6 

Fuel Holes 

1 and 2 

3 and 4 

5 and 6 

7 and 8 

fa's 
Th-232^ ̂  

2.0 

0.784 

0.761 

0.456 

U-235 

1.0 

1.0 

1.0 

1.0 

Pu-239 

1.0 

1.0 

1.0 

1.0 

Pu-241 

1.0 

1,0 

1.0 

1.0 

(a) 
Th-232 used for U-233. 

In calculating the ratios discussed above, the heavy metal contained 

in the spine was not considered. Since the heat generated in the spine 

should flow radially outward in all directions, each segment of the element 

should be influenced relatively the same by the spine samples. In addi

tion, the quantity of heavy metal contained in the spine samples is rela

tively small compared to the heavy metal contained in the fuel rods. For 

these reasons, the exclusion of the spine samples in tilt calculations is 

justified. 

The tilt required for Eq. 9-3 is calculated as followss 

tilt 
h,z,t 

Tilt 
h,t 

(9-7) 

where n is the number of fuel rods (42) or TREVER nodal points (30) along 

the fuel element length. The tilts calculated for FTE-6 are given in Table 

9-14. 
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TABLE 9-14 
FTE-6 POWER TILTS 

Time 
Point 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

Time Interval 
(EFPD) 

252 - 298 

298 - 343 

343 - 385 

385 

385 - 500 

500 - 564 

564 - 610 

610 - 701 

701 

701 - 748 

748 - 788 

788 - 818 

818 - 835 

835 - 858 

858 - 890 

890 ~ 897 

897 

Hole 
1 

1.00 

1.005 

1.019 

1.028 

1.037 

1.067 

1.080 

1.095 

1.122 

1.132 

1.138 

1.150 

1.168 

1.172 

1,177 

1.188 

1.192 

Hole 
3 

1.00 

0.999 

0.996 

0.994 

0.992 

0.986 

0.983 

0.979 

0.974 

0.971 

0.970 

0.967 

0.963 

0.963 

0.962 

0,959 

0.958 

Hole 
5 

1.00 

0.999 

0.995 

0.993 

0.991 

0.984 

0.981 

0.977 

0,971 

0.968 

0.967 

0,964 

0.960 

0.959 

0.957 

0.955 

0.955 

Hole 
7 

1.00 

0.997 

0.989 

0.985 

0.980 

0.964 

0.957 

0.948 

0.934 

0.927 

0.924 

0.919 

0.909 

0.907 

0.904 

0.898 

0.896 
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Axial Power Factors, The axial power factors given in Ref. 9-7 were 

computed by the FEVER computer code using element average uranium and 

thorium loadings. The following adjustment to these axial power profiles 

was made in order to account for the varying thorium-to-uranium ratio from 

fuel hole to fuel hole: 

^^\,z.t = ̂ ^x.z,t -^^I^ET^ • (̂ -8) 
h,t 

The revised FEVER power profiles are given in Table 9-15. 

A second adjustment, based on PIE gamma scan information, was also 

made to the FEVER axial power profiles. Approximately every other fuel rod 

in fuel stacks 1, 3, 5, and 7, as well as the central spine, of FTE-6 were 

ganma scanned in the hot cell at GA, yielding the counts per minute (cpm) 

for a variety of nuclides. The cpm for fuel rods which were not scanned 

were obtained through interpolation. The total cpm for a given nuclide at 

each axial location corresponding to the center of a fuel rod was obtained 

for each stack by summing the cpm for the appropriate fuel rod and one-

eighth of the cpm for the adjacent spine sample (if any). Axial power 

profiles were then obtained for each fuel stack by normalizing the cpm at 

each axial location. 

Since Cs-137 and Zr-95 have very long (̂ 3̂0 years) and very short ('\'65 

days) half-lives, respectively, it was concluded that the profiles obtained 

from the cpm of Cs-137 would be equivalent to time-averaged power profiles 

and the profiles obtained from the cpm of Zr-95 would be equivalent to end-

of-life power profiles. Unfortunately, the hot cell scans were taken long 

after the Peach Bottom reactor had been shut down. Thus, most of the 

zirconium had decayed away and the rods were not scanned for a sufficient 

length of time to obtain a large enough Zr-95 peak to avoid large counting 

errors. Due to the magnitude of these errors (2a Ri ±20%), it was decided 

not to use the Zr-95 profiles. The Cs-137 profiles are given in Table 

9-16. Since a considerable quantity of cesium escaped from the fuel rods 
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TABLE 9-15 
FEVER AXIAL POWER PROFILES OSED IN FTE-6 THERMAL ANALYSIS 

vo 
i 

IS3 

TRFVFR 

Node 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Fue l 

0 -150(a ) 

0.543 
0.607 
0.760 
0.915 
1.020 
1.110 
1.180 
1.230 
1.255 
1.270 
1.285 
1.285 
1.280 
1.276 
1.250 
1.230 
1.195 
1.160 
1.130 
1.090 
1.040 
0 .995 
0.935 
0,865 
0 .810 
0.745 
0.675 
0.615 
0.550 
0.595 

Holes 1 

150-450 

0.500 
0.577 
0.724 
0 .860 
0.967 
1.060 
1.133 
1.195 
1.246 
1.274 
1.293 
1.299 
1.303 
1.301 
1.290 
1.272 
1.244 
1.215 
1.177 
1.133 
1.073 
1.030 
0.965 
0.912 
0.837 
0.764 
0.697 
0.720 
0.553 
0.587 

and 2 

450-645( t i ) 

0.447 
0.538 
0.686 
0.806 
0.891 
0.967 
1.041 
1.097 
1.142 
1.190 
1.231 
1.253 
1.274 
1.278 
1.281 
1.276 
1.266 
1.251 
1.229 
1.207 
1.162 
1.111 
1.061 
1.001 
0.933 
0.865 
0.788 
0.703 
0.620 
0.623 

F u e l Holes 3 and 4 

0-150 

Same as 
h o l e s 1 
and 2 

! 

150-450 

0.525 
0,599 
0.744 
0 .873 
0.976 
1.054 
1.117 
1.170 
1.214 
1.239 
1.252 
1.257 
1.262 
1.260 
1.252 
1.239 
1.214 
1.190 
1.155 
1.117 
1.069 
1.030 
0.971 
0.922 
0 .853 
0.784 
0.719 
0.644 
0.580 
0.622 

450-645 

0.495 
0.585 
0.729 
0.837 
0.903 
0.958 
1.014 
1.056 
1.089 
1.126 
1.154 
1.173 
1.193 
1.198 
1.204 
1.205 
1 .202 
1.193 
1.179 
1.167 
1.147 
1.110 
1.072 
1.025 
0.967 
0.909 
0.841 
0.762 
0.683 
0.701 

F u e l Holes 5 and 6 

0-150 

Same as 
ho les 
and 2 

! 

150-450 

0.525 
0.600 
0.744 
0.873 
0.971 
1.054 
1.117 
1.170 
1.214 
1.238 
1.251 
1.256 
1.261 
1.259 
1.252 
1.238 
1.214 
1.189 
1.155 
1.117 
1.069 
1.030 
0.971 
0.922 
0.853 
0.784 
0.720 
0.645 
0.581 
0.622 

450-645 

0.496 
0.586 
0.730 
0.837 
0.903 
0.958 
1.014 
1.055 
1.088 
1.125 
1.153 
1.171 
1.191 
1.197 
1.202 
1.203 
1.200 
1.192 
1.178 
1.166 
1.147 
1.110 
1.072 
1.025 
0.968 
0.910 
0.842 
0.764 
0.685 
0.703 

Fue l Holes 7 and 8 

0-150 

Same as 
h o l e s 1 
and 2 

f J 

150-450 

0,532 
0.606 
0.750 
0.877 
0.972 
1.052 
1.111 
1.163 
1.204 
1.228 
1.240 
1.245 
1.250 
1.248 
1.241 
1.228 
1.205 
1.182 
1.150 
1.112 
1.068 
1.030 
0.973 
0.926 
0.858 
0.789 
0.726 
0.652 
0.588 
0.632 

450-645 

0.512 
0.601 
0.744 
0.847 
0.906 
0.955 
1.005 
1.043 
1.070 
1.105 
1.127 
1.145 
1.164 
1.170 
1.177 
1.180 
1.179 
1.172 
1.163 
1.153 
1.142 
1.109 
1.076 
1.033 
0.979 
0,924 
0,859 
0.783 
0,706 
0.728 

(a) 

(b) 

All times are in EFPD and correspond to the number of effective full power days during which FTE-6 was in the core. 

FTE-6 went into the core at 252 EFPD and came out at 897 EFPD (EOL), for a total residency time of 645 EFPD. 



TABLE 9-16 
FTE-6 AXIAL POWER PROFILES, Cs-137 PLUS SPINE 

Fuel 
Rod 
Ident. 

1-1 
1-2 
1-3 
1-4 
1-5 
1-6 
1-7 
1-8 
1-9 
1-10 
1-11 
1-12 
1-13 
1-14 
2-1 
2-2 
2-3 
2-4 
2-5 
2-6 
2-7 
2-8 
2-9 
2-10 
2-11 
2-12 
2-13 
2-14 
3-1 
3-2 
3-3 
3-4 
3-5 
3-6 
3-7 
3-8 
3-9 
3-10 
3-11 
3-12 
3-13 
3-14 

Core Height 

Bottom 

664 
714 
763 
813 
862 
912 
961 
1011 
1061 
1110 
1159 
1209 
1258 
1308 
1154 
1504 
1554 
1603 
1653 
1702 
1752 
1801 
1851 
1900 
1950 
1999 
2049 
2098 
2244 
2294 
2343 
2393 
2943 
2492 
2542 
2591 
2641 
2690 
2739 
1789 
2839 
2888 

Top 

714 
763 
813 
862 
912 
961 
1011 
1061 
1110 
1159 
1209 
1258 
1308 
1357 
1504 
1554 
1603 
1653 
1702 
1752 
1801 
1851 
1900 
1950 
1999 
2049 
2098 
2148 
2294 
2343 
2393 
2443 
2492 
2542 
2591 
2641 
2690 
2739 
2789 
2839 
2888 
2938 

Spine 
(cpm) 

0 
0 
0 
0 
0 
87.5 
112.5 
0 
0 
0 
0 
0 
25 
75 
19 
56 
151 
170.5 
170.5 
170.5 
170.5 
170.5 
45 
0 
52.5 
37.5 
69.0 
31.0 
133.5 
503.5 
508.5 
492 
441 
441 
315 
108.5 
184 
308 
0 
0 
0 
0 

Stack 1 

cpm 

673 
785 
888 
1005 
1105 
1204 
1257 
1292 
1309 
1313 
1448 
1585 
1659 
1740 
1749 
1756 
1760 
1757 
1755 
1742 
1762 
1721 
1656 
1607 
1662 
1707 
1703 
1683 
1568 
1577 
1545 
1501 
1428 
1369 
1313 
1250 
1172 
1115 
966 
867 
838 
803 

cpm 
mean 

0.482 
0.563 
0.637 
0.720 
0.792 
0.863 
0.901 
0.926 
0.938 
0.941 
1.038 
1.136 
1.189 
1.247 
1.254 
1.259 
1.262 
1.250 
1.258 
1.249 
1.263 
1.234 
1.187 
1.152 
1.191 
1.224 
1.221 
1.206 
1.124 
1.130 
1.107 
1.076 
1.024 
0.981 
0.941 
0.896 
0.840 
0.799 
0.692 
0.621 
0.601 
0.575 

Stack 3 

cpm 

758(a) 
859 
960(3) 
1062 
1158(a) 
1266 
1321(a) 
1359 
1359(a) 
1360 
1496(a) 
1633 
1706(a) 

1781 
1740(a) 
1748 
1763(a) 
1768 
1775(a) 
1775(a) 

1781 
1719 
1685(a) 
1661 
1683(a) 
1697 
1695(a) 
1684 
1595(a) 
1613 
1583(a) 
1552 
1484(a) 

1423 
1377(a) 
1321 
1282^^-' 
1250 
1062(a) 
912 
909(a) 
905 

cpm 
mean 

0.526 
0.596 
0.666 
0.737 
0.804 
0.879 
0.917 
0.943 
0.943 
0.944 
1.038 
1.133 
1.184 
1.236 
1.208 
1.213 
1.223 
1.227 
1.232 
1.232 
1.236 
1.193 
1.169 
1.153 
1.168 
1.178 
1.176 
1.169 
1.107 
1.119 
1.099 
1.077 
1.030 
0.987 
0.956 
0.917 
0.890 
0.867 
0.737 
0.633 
0.631 
0.628 

Stack 

cpm 

717(a) 
847 
976(a) 
1106 
1160(a) 
1225 
1245(a) 
1247 
1269(a) 
1292 
1424(a) 
1556 
1632(a) 

1711 
1674(a) 
1693 
1719(a) 
1736 
1759(a) 
1759(a) 
1781 
1692 
1661(a) 
1640 
1686(a) 
1723 
1726(a) 
1720 
1599(a) 
1619 
1592(a) 
1562 
1470(a) 
1384 
1360(a) 
1326 
1241(a) 
1163 
1041(a) 
956 
920(a) 

883 

5 

cpm 
mean 

0.506 
0.598 
0.689 
0.781 
0.819 
0.865 
0.879 
0.880 
0.896 
0.912 
1.005 
1098 
1.152 
1.208 
1.182 
1.195 
1.214 
1.226 
1.242 
1.242 
1.257 
1.194 
1.173 
1.158 
1.190 
1.216 
1.218 
1.214 
1.129 
1.143 
1.124 
1.103 
1.038 
0.977 
0.960 
0.936 
0.876 
0.821 
0.735 
0.675 
0.649 
0.623 

Stack 

cpm 

656(a) 
749 
842(a) 
936 
1053(a) 
1182 
1221(a) 

1243 
1232(a) 
1221 
1326(a) 
1432 
1498(a) 
1566 
1652(a) 
1640 
1611(a) 
1595 
1549(a) 
1512 
1556(a) 
1600 
1491(a) 
1392 
1499(a) 
1597 
1586(a) 
1566 
1490(a) 
1499 
1460(a) 
1420(a) 
1381(a) 
1347 
1281(a) 
1206(a) 

1115 
1047(a) 
925 
873(a) 
820 
777 

7 

cpm 
mean 

0.504 
0.576 
0.647 
0.720 
0.809 
0.909 
0.939 
0.956 
0.947 
0.939 
1.019 
1.101 
1.152 
1.204 
1.270 
1.261 
1.238 
1.218 
1.171 
1.162 
1.196 
1.230 
1.146 
1.070 
1.152 
1.228 
1.219 
1.204 
1.145 
1.152 
1.122 
1.092 
1.062 
1.036 
0.985 
0.927 
0.857 
0.805 
0.711 
0.671 
0.630 
0.597 

cpm/mean 
Stacks 
3,5,7 

0.512 
0.590 
0.667 
0.746 
0.811 
0.854 
0.912 
0.926 
0.929 
0.932 
1.026 
1.111 
1.163 
1.216 
1.220 
1.223 
1.225 
1.229 
1.222 
1.212 
1.230 
1.206 
1.163 
1.127 
1.170 
1.207 
1.204 
1.196 
1.127 
1.138 
1.115 
1.091 
1.043 
1.000 
0.967 
0.927 
0.974 
0.831 
0.728 
0.660 
0.637 
0.616 

cpm/mean 
Stacks 
1,3,5,7 

0.504 
0.583 
0.659 
0.739 
0.860 
0.879 
0.909 
0.926 
0.931 
0.934 
1.025 
1.117 
1.169 
1.224 
1.228 
1.232 
1.234 
1.233 
1.231 
1.221 
1.238 
1.213 
1.169 
1.133 
1.175 
1.211 
1.208 
1.198 
1.126 
1.136 
1.113 
1.087 
1.038 
0.995 
0.960 
0.919 
0.865 
0.823 
0.719 
0.650 
0.628 
0.606 

Interpolated. 
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in fuel stack 1 during irradiation, the Cs-137 profile for this stack is 

not representative of the axial power shape. A time-averaged power profile 

based on the Cs-137 profiles for fuel stacks 3, 5, and 7 was computed for 

fuel stack 1 using the following approach; 

^P^^z 

APF 
z 3 8 

cpm . (tilt, /tilt, V , 
spine,z \ h,z h/h=1 

(tilt /tilt ) 
i,z i 

cpm 
i£iB£^ , (9-9) 

where (1=1,3) = fuel stacks 3, 5, and 7, 

cpm = counts per minute of Cs-137, 

tilt = power tilt for fuel stack y at axial location z (see 
y,z 

section on power tilts), 

tilt = average power tilt for fuel stack y (see section on 

power tilts). 

Through interpolation of the Cs-137 profiles given in Table 9-16, 

power profiles consisting of 30 points corresponding to the 30 TREVER nodes 

were obtained. These profiles, given in Table 9-17, were used to correct 

the FEVER axial power profiles using the approach outlined below. 

1, A time-averaged axial power profile based on the FEVER profiles 

(Table 9-15) was calculated for each fuel stack. 

2, The ratio of the gamma scan Cs-137 axial power factor and the 

FEVER time-averaged power factor was calculated at each TREVER 

node? 

(APF, ) 
^ '^'"/cs-i; 

\ '^/time avg. FEVER 
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1 
TABLE 9-17 

FTE~6 TIME-AVERAGED POWER PROFILES AS DETERMINED FROM HOT CELL 
GAMMA SCANS FOR Cs-137(a) 

TREVER 
Node 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Fue l Hole 
1 

0.500 
0.608 
0.720 
0,821 
0,894 
0.929 
0.940 
1.040 
1.158 
1.238 
1,255 
1.261 
1.260 
1.254 
1.260 
1.223 
1,165 
1.192 
1.223 
1.208 
1.125 
1.116 
1.075 
1,006 
0.948 
0.883 
0.814 
0.691 
0.613 
0.579 

Fue l Hole 
3 

0.541 
0.639 
0.737 
0.835 
0,910 
0.943 
0.944 
1.040 
1.154 
1.228 
1.209 
1,219 
1.227 
1.232 
1.235 
1.187 
1.159 
1.168 
1.177 
1.170 
1,110 
1.107 
1.076 
1.012 
0.962 
0.911 
0.875 
0.735 
0.632 
0.628 

Fuel Hole 
5 

0.526 
0.654 
0.781 
0,838 
0.876 
0.884 
0.906 
1,007 
1.121 
1.199 
1.185 
1.206 
1,226 
1.242 
1.254 
1.189 
1.164 
1.191 
1.217 
1,215 
1.132 
1.132 
1.102 
1.013 
0.963 
0.922 
0,841 
0.734 
0.665 
0.627 

Fue l Hole 
7 

0.520 
0.619 
0,720 
0.850 
0,933 
0.954 
0.942 
1.021 
1.122 
1.196 
1,268 
1,247 
1.217 
1,179 
1.190 
1.210 
1.098 
1.154 
1.224 
1.206 
1.147 
1.134 
1.091 
1.051 
0.994 
0,910 
0.824 
0.710 
0.656 
0.602 

These profiles were used in the TREVER analysis of FTE-6. 

9-45 



3, These factors were then used to adjust each FEVER axial power 'k 

profiles 

APF •= (APF ) ' f . (9-11) 
h,z,t ^ h,z,t^FEVER h,z K^ > iJ 

These calculations are performed within the TREVER code. 

In addition to the hot cell work, FTE-6 was also gamma scanned at the 

Peach Bottom reactor site shortly after removal from the core. Because of 

the arrangement of the gamma scanning equipment, the collimator did not see 

the entire element but only part or all of fuel holes 1, 4, 5, and 8 and 

the spine. Since the profiles obtained from the cpm of various nuclides 

are therefore not representative of the element average power profile and 

since the uncertainty as to where the cpm recorded by the collimator were 

coming from makes it impossible to adjust these profiles to a usable form, 

it was decided that the Peach Bottom gamma scans for FTE-6 would not be 

used in the thermal analysis, 

T 

Element Average Power Factor. The element average power factor for 

FTE-6 calculated by GAUGE was corrected using burnup measurements for spine 

sample TS6-5. The calculations performed to obtain this correction are 

outlined below, 

FIMA at Location of Spine 
Sample TS6-5 

(a) 
Calculated Measured 

Fissile 30,35% 34.26% 

Fertile 0,58% 0.69%̂ -̂̂  

(a) 
^ Based on GAUGE-FEVER predictions. 

From slightly different core location 
(i.e., 2586 mm) but adjusted to core location 
of finite sample via FEVER code prediction. 
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The composite FIMA is given by the equation; 

F^ = xF^ + (1 - x) F^ , (9-12) 

where F. '^ fissile FIMA, 

F2 = fertile FIMA, 

X = U/(Th+U) at BOL (atomic ratio). 

The heavy metal loadings at the axial location of TS6-5 (2684 mm) 

were; 

Tho 
Fuel Holes 

1 and 2 

3 and 4 

5 and 6 

7 and 8 

Total 

(g/rod) 

0,6557 

0.6557 

0,6557 

0.6557 

5,2454 

(g/rod) 

4,973 

1.950 

1.892 

1,133 

19,396 (for 8 holes) 

X = 5.2454/25,1414 = 0,2086 

The above calculation assumed that the quantity of heavy metal contained by 

the spine at this location is small compared to heavy metal contained in 

the fuel rods. Therefore, 

(F ) , - 0.2086 (30,35) + (1 - 0,2086) (0.58) = 6,79 
c calc 

(Fp) - 0,2086 (34,26) + (1 - 0,2086) (0,69) = 7.69 
*- meas 

cVa lc 6 79 

c'meas 

Since the burnup is directly related to the power, this can also be 

expressed as 
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GAUGE » FEVER _ -, ̂  .Q^^^y ^ (9_.,3) 

(̂ ^̂ x)actual ^^^^x.->Cs-137 

where (CPF„) - the time-averaged element average power factor 

predicted by GAUGE, 

(APFjj 2)-p-pvpT{ °° '"̂ ^ time-averaged element average axial power 

factor at the location of TS6-5 as calculated by 

FEVER, 

(CPF-jj) ., = the actual time-averaged element average power 
3.C C113.X 

factor, 

(APFxjg)^ iQV "̂̂  element average axial power factor at axial location 

of TS6-5 as determined from the hot cell gamma scans 

via linear regression of neighboring fuel rods. 

Rearranging the above equation yields 

^^^^^^actual 1 (AP^x^z^FEVER 

(^^^X)GAUGE ~ 0-««3 * ̂ APFx,z)cs-137 ' 

At a core height of 2684 mm (location of TS6-5), 

<^^X,Z)FEVER = °-7̂ 3 

(APFx,z)cs-137 == °-«̂ ^ 

therefore, 

^^^^x)actual -oimi^)'-""^ 

The element average power factor at each time point appearing in Eq. 

9-3 (CPF ) is obtained by multiplying the element average power factors 
x,t 

calculated by GAUGE by 1.004; 

(CPF^^^) = 1.004 (CPF,^,)^^^^^ . 
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TASK 400; 0UT-0F~PILE PARTICLE TESTING AND EVALUATION 

Subtask 430; Isothermal Fostirradiation Heating 

Summary and Conclusions 

Eighty-eight unbonded irradiated TRISO (Th/U)C2 (FSV fissile A fuel) 

particles were heated from 1100° to 2400°C over an 8-h period in the first 

of a series of tests designed to demonstrate HTGR fuel particle performance 

during an unrestricted core heatup event. Cesium release fractions 
—4 

increased from 10 to 0.99 in the temperature range 1900° to 2400°C. 
-4 

Krypton-85 release fractions increased from 10 to 1 in the temperature 

range 2100° to 2400°C, Radiographic observations showed that the fission 

product release was not related to pressure vessel failure but occurred by 

diffusion through intact OPyC layers after the SiC layer was depleted in Si 

at the high temperatures, 

FSV performance models, which predict 100% failure at 1700°C, and 

LHTGR models, which predict 100% failure at 2000°C, are extremely conserv

ative relative to the test results. If this trend continues, the test 

program will show conclusively that HTGR fuel performance models, used in 

reactor safety and licensing studies, are conservative. 

Introduction 

Models used to predict LHTGR fuel particle coating failure during 

reactor operation were published in late 1974 (Ref. 9-8), The models con

servatively account for all known coating failure mechanisms and are appli

cable to normal reactor operation and conditions predicted for hypotheti

cal, unrestricted core heatup events evaluated during reactor safety and 

licensing studies. The models were evaluated by NRC in late 1976 (Ref. 

9-9), The NRC developed interim models that are more conservative than 

those given in Ref. 9-8 and recommended that a statistically significant 

data base be developed to support the GA models. A series of tests was 

subsequently planned to demonstrate HTGR fuel particle performance under 
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conditions predicted for hypothetical unrestricted core heatup events. The 

major objective of the tests is to show that fuel failure models, used to 

predict performance in the safety and licensing studies, are conservative. 

An operating reactor would be scrammed at the onset of an unrestricted 

core heatup, and fuel temperatures would eventually rise beyond normal 

operating temperatures because of fission product decay heat. These condi

tions will be obtained in core heatup simulation tests by heating irradi

ated samples out-of~pile using temperature ramps typical of those predicted 

for a core heatup» The initial phase of the core heatup simulation test 

program will extend through mid-CY-79 and will concentrate on TRISO UC„ -

TRISO Th02 performance, 

A series of preliminary tests is being conducted prior to starting the 

initial phase to develop the required experimental methods. The prelimi

nary tests will include unbonded, irradiated TRISO (Th/U)C2 (FSV fissile A 

fuel), TRISO WAR UC„ ^0„ , and BISO ThO fuel particles. Results of the 

TRISO (Th/U)C2 test are given in this report. 

Test Sample 

Eighty-eight irradiated particles from TRISO (Th/U)C2 batch CU6A-6328 

were tested« The particles were selected from FSV production material (FSV 

fissile A fuel) and irradiated in capsule F-30 to a kernel burnup of 18,2% 

FIMA and fast neutron exposure of 9.1 x 10^^ n/m (E > 29 fJ)HTQR at 1243°C 

(Ref, 9-10), which is representative of the most severe conditions expected 

for 6-year FSV fissile fuel. 

Test Procedure 

Unbonded particles were retrieved from the GA hot cell and character

ized by gamma ray spectroscopy and X-radiography to assure that all par

ticles in the test sample survived irradiation. The gamma counting data 

were then used as a basis for predicting the Kr-85 inventory in the test 

particles. Following characterization, the particles were heated from 
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'X'100° to '\J2400''C over a period of 8 h, which represents the most rapid 

temperature ramp expected during an unrestricted core heatup in a LHTGR 
3 

having a power density of 8,3 W/cm . Performance was evaluated by moni
toring Cs-137 and Kr-85 release as a function of time and temperature. 

The test was conducted in a resistance-heated graphite tube (King) 

furnace. The furnace configuration is showi schematically in Fig, 9-14, 

Forty-four particles were placed in each of two H-451 graphite sample con-

tainers# The two graphite containers were placed in a single open-ended Ta 

tube that extended through the furnace. While at temperature, a continuous 
3 

flow of He (50 cm /min) was maintained through the Ta tube, A mullite tube 

was placed at 1100°C on the downstream side of the Ta tube to collect Cs 

released during testing. The mullite tube was changed at approximately 

200''C intervals during the test. 

Fission product gases released during testing were swept up by the 

flowing He, passed through a series of traps to remove tritium and Rn, and 

then analyzed for Kr-85. The tritium trap consists of hot (500°C) cuprous 

oxide to convert tritium to water and a desiccant to remove the water; 

activated charcoal held in dry ice and alcohol was used to trap Rn. The 

gases were then passed through two ionization chambers (A and B) and 

finally collected in a liquid N„ cold trap. The cold trap was changed at 

approximately 200°C intervals and analysed for Kr-85 by gamma counting. 

Results from the Ionization chambers were used to obtain a continuous 

measure of Kr-85 release. 

After the test was completed, all coated particles were radiographed 

to determine the operating coating failure mechanism and gamma counted to 

confirm metallic fission product release results. 

Results 

Temperature Versus Time, The variation in temperature with time 

during the core heatup simulation tests of the Irradiated FSV fissile A 
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Fig. 9-14. Schematic drawing of furnace used for core heatup simulation tes t ing 



fuel is shown in Fig« 9-15, The temperature ramp was obtained using a pro

grammable controller and satisfies the goal of a linear rise in temperature 

from 1100° to 2400''C over an 8-h period. 

Radiographic Observations, All particles were radiographed before and 

after heating. Two particles appeared to have burst and three particles 

were not visible in the post-heating radiographs, leading to the conclusion 

that 5 of 88 particles suffered pressure vessel failure during testing. 

Photomicrographs of radiographs of typical particles are shown before 

and after testing in Fig. 9-16, Although resolution is poor because the 

radiographs were shot through the 65-mil (1651 ym) thick H-451 graphite 

particle containers, the kernel, SIC, and OPyC layers are visible in the 

radiographs taken prior to the core heatup simulation tests (Fig, 9-16a). 

Post-heating radiographs (Fig. 9-16b) showed that the kernels expanded 

during heating, the OPyC layer remained intact on 83 of the original 88 

particles, and the SIC layer was depleted in Si on 82 of the 83 particles 

with intact OPyC layers. 

It will be shown later that 100% Cs-137 and 100% Kr-85 release 

occurred during this test. The radiographic results suggest that the 

majority of the fission product release occurred by diffusion through the 

OPyC layer after Si was lost from the SiC layer, rather than by pressure 

vessel failure of the IPyC, SiC, and OPyC layers. 

Fission Product Release. Release of Kr-85 was monitored using ioniza

tion chambers and liquid N„ cold traps„ The ionization chambers were cali

brated prior to these tests with known Kr~85 sources. Ionization chamber A 

was set up to follow peaks of activity associated with release of Kr-85 

from single particles or groups of particles. The response of ionization 

chamber B was integrated electronically and compared with Kr-85 release 

data collected from the liquid N„ cold traps. The ionization chamber data 

indicated 5,7 times more Kr-85 release than the liquid N„ cold traps after 

completion of testing. The discrepancy increased with time from the point 

that detectable gas release occurred. Since past experience has shown that 
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Fig. 9-15. Variation in temperature with time during core heatup 
simulation testing of 88 irradiated particles from batch 
CU6A-6328 
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Fig. 9-16. Contact X-radiographs of irradiated FSV fissile A fuel particles 
(CU6A-6328):(a)prior to core heatup simulation testing, (b) after 
core heatup simulation testing 
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the liquid Np traps are nearly 100% effective for Kr-85 and the N„ trap 

data indicated 100% Kr-85 release at the conclusion of the test, it was 

concluded that the ionization chamber data were clouded by the presence of 

tritium or Rn not removed by their respective trapping systems. The ioni

zation chamber data were therefore used qualitatively to define the form of 

the curve used to connect the periodic Kr-85 release datum obtained from 

liquid N2 cold traps. 

The response of ionization chamber A is shown as a function of time in 

Fig, 9-17, The variation in test temperature with time is also shown in 

the figure. The ionization chamber response increased steadily with time 

from about 6,7 to 9.4 h into the test. No individual peaks were observed, 

indicating that the rate of release of Kr-85 from failed particles was slow 

relative to the increase in failure fraction with time. The ionization 

chamber response peaked Just before the maximum temperature was reached. 

Based on liquid N„ cold trap data, approximately 45% of the Kr-85 was 

released as the sample temperature was reduced from 2400°C to room tempera

ture. It will be assumed that all Kr-85 detected while cooling the samples 

to room temperature was released at 2400°C. 

The variation in the Cs-137 release fraction with temperature is shown 

in Fig. 9-18. The Cs release fraction was negligible up to 1920°C and then 

increased from '\̂ 10~̂  to 0.023 between 1920° and 2130°C and to 0.99 at 

2400''C. The loss of Si from the SIC layer shown in Fig. 9-16 therefore 

began between 1920° and 2130°C. The frequency of metallic fission product 

release sampling will be increased in future tests to reduce the uncer

tainty in the temperature at which Si loss and Cs release begin. 

The Kr-85 release fraction is also shown as a function of temperature 

in Fig. 9-18. The individual datum were obtained from liquid N2 cold 

traps. The line connecting the data points was based on ionization chamber 

results showing that gaseous release did not begin until 2100°C, The Kr-85 

release lagged behind the Cs release, which supports the radiographic 

evidence that release occurred by diffusion through the OPyC layers after 

the SiC layer was degraded. 
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Fig. 9-18. Fractional Cs and Kr release versus temperature measured 
during an 8-h ramp test conducted with 88 particles from 
CU6A-6328 
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The fuel particles and crucibles were gamma counted before and after 

testing as part of the standard test procedure. These data yielded the 

release fractions shown in Table 9-18. The Cs data are consistent with 

mullite tube Cs release fractions. The only other metallic fission product 

collected on the mullite tubes was Eu-154, The mullite tube data suggested 

only 13% release compared to the 90% release obtained by counting particles 

before and after testing. Europium data will be evaluated as the core 

heatup simulation tests continue to determine if the mullite tube release 

fractions can be used to characterize Eu-154 release. One interesting 

observation is that all Ce-144 released from the coated particles during 

the 8-h ramp test was retained by the H-451 graphite sample holders. 

Discussion 

The results presented allow the first direct comparison between HTGR 

fuel performance models and experimental observations of fuel behavior 

during a simulated, unrestricted core heatup. The original FSV design 

studies assumed 100% failure at 1700°C during hypothetical design acci

dents. LHTGR performance models would suggest the initiation of failure at 

1600° to 1800°C and 100% failure at 2000°C. Assuming that the Kr-85 

release fraction is equivalent to the coating failure fraction, the results 

of this initial test show the fuel performance models to be extremely con

servative. The very positive results lead to the belief that the core 

heatup simulation test program will confirm that LHTGR fuel performance 

models (Ref. 9-8) are conservative and will justify the adoption of more 

realistic performance models. 

TASK 600; FUEL DESIGN AND PERFORMANCE MODELS 

Subtask 620; Emperical Fuel Performance Models 

Introduction 

LEU* and MEU** 1/1 (Th/U)0 and UO2 are being evaluated as possible 

fissile fuels for HTGRs. Data required to predict kernel migration 

*<20% enriched with U-235. 
*'^20% enriched with U-235. 
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TABLE 9-18 
METALLIC FISSION PRODUCT RELEASE FRACTIONS CAUSED BY 

CORE HEATUP SIMULATION TESTS<0F TRISO (Th/U)C2 PARTICLES 
FROM BATCH CU6A-6328(a) 

Nuclide 

Ru-106 

Sb-125 

Cs-134 

Cs-137 

Ce-144 

Eu-154 

Rel ease Fraction 

0.29 

0.97 

>0.99 

>0.99 

0.97̂ >̂ 

0.90 

8-h temperature ramp, 
1100° to 2400°C. 

All Ce was retained by 
the H-451 graphite sample 
holders. 
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distances for these kernels as a function of time, temperature, and tem

perature gradient are provided In this discussion. 

Kernel Migration Coefficient 

The kinetics of LEU and MEU oxide kernel migration are described by 

the kernel migration coefficient, which is defined as 

KMC = (^) (T)2 (g)"' = B e-^»/^T , (9-14) 

2 
where KMC = kernel migration coefficient (m 'K/s), 

(dx/dt) - kernel migration rate (m/s), 

T = temperature (K), 

dT/dx =» temperature gradient (K/m), 
2 

B = pre-exponential constant (m »K/s), 

AH = apparent activation energy (J/mol), 

R ^ gas constant (8.313 J/mol«K), 

UOg Kernel Migration Coefficient. GA and ORNL have obtained KMC data 

for HEU* U0„ from in-pile irradiation experiments. KMC data have also been 

collected for LEU U0„ during studies conducted to characterize fuel per

formance for the Dragon reactor. There is no significant difference in KMC 

values obtained from HEU and LEU UO2 (Ref, 9-11). KMC values obtained by 

GA will therefore be used to describe HEU, MEU, and LEU kernel migration. 

The variation in UO KMC with inverse temperature (K) is given in Fig. 

9-19. The best estimate for UO KMC is 

"°2 

4 

KMC (m^.K/s) == 0.265 x 10~^ ̂ ^P("^8^3131^) ^^~^^^ 

An estimate of KMC values at the 5% and 95% confidence levels can be 

obtained from the product of the correlation parameter at 5% (Ct-) or 95% 

'̂ -̂93% enriched with U-235, 
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(CQC) confidence and the best estimate for KMC, The value of C^ for U0„ is 

0.2541 the value of C ^ for UO2 is 3,94. 

(Th/U)02 Kernel Migration Coefficient, There are no available LEU or 

MEU 1/1 (Th/U)02 KMC data. In-pile HEU (Th/U)02 KMC data have been col

lected by GA and ORNL (Refs. 9-12 through 9-15). The bulk of the data were 

obtained from HRB irradiation tests conducted by investigators at ORNL. 

The data base includes kernels having Th/U ratios in the range 8/1 to 1/1. 

Given the observation that HEU and LEU UO2 IMC values are similar, it is 

assumed that LEU and MEU KMC values for the mixed oxide equal HEU KMC 

values. The scatter in the mixed oxide data made it impossible to identify 

a relationship between Th/U ratio and KMC| therefore, all available mixed 

oxide data were combined to obtain 

6) (Th/U)02 KMC (m^.K/s) == 0.172 x 10 ̂  expi^-^~~~-\ . (9-1 

The (Th/U)0. KMC data are shown in Fig, 9-20 as a function of Inverse 

temperature. Correlation parameters can also be used to estimate mixed 

oxide KMC values at the 5% or 95% confidence level. The value of C^ for 

(Th/U)02 is 0.204; the value of C^^ is 4.90. 

FUEL PERFORMANCE MODELS FOR BISO Th02 FUEL AT TEMPERATURES EXCEEDING 2000°C 

Introduction and Summary 

Fuel failure predictions originally developed to estimate fuel per

formance in an operating HTGR predicted 100% failure of BISO Th02 fertile 

fuel any time that HTGR operating temperatures exceed 2000°C (Ref. 9-8). 

Recent modifications that removed all conservatism and introduced uncer

tainties in the models (see discussion under last section in Task 9, 

"Uncertainties in HTGR Fuel Performance Models") provide a method for 

estimating performance at temperatures less than or equal to 2000°C; how

ever, the failure values vary with the confidence level of the prediction 

from 10% to 100% at 2000°C. The method described in this section provides 
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a means for extrapolating BISO fertile fuel performance estimates to tem

peratures greater than 2000°C until an estimate of 100% failure is readied. 

The prediction of BISO ThO„ fuel failure for temperatures exceeding 

2000°C is based on PyC annealing data that show a reduction in PyC fracture 

strength with annealing time for heating temperatures that exceed the PyC 

deposition temperature. Estimated failure at temperatures exceeding 2000°C 

is Independent of fuel age or exposure but varies with the confidence level 

of the estimate. The steps used to estimate failure at confidence level x 

for temperatures exceeding 2000°C are given later in this discussion. 

Current Model 

The model now available provides a nominal value and confidence bounds 

for BISO Th02 fuel failure at temperatures <2000°C, Failure can be esti

mated as a function of fluence, burnup, and temperature for a given confi

dence level using input from Ref. 9-8 and from the work reported under 

"Uncertainties in HTGR Fuel Performance Models," Predicted failure values 

at the 95%, 50%, and 5% confidence levels* are given as a function of fast 

neutron exposure at 1800° and 2000°C in Table 9-19, Failure at tempera

tures between 1800° and 2000°C is estimated by interpolating linearly 

between the 1800° and 2000°C data. As shown in Table 9-19, estimates for 

failure at 2000°C indicate less than 100% failure for confidence levels 

less than 95%, Certain safety-related design studies are conducted for 

conditions that could lead to operating temperatures exceeding 2000°C. In 

order to be applicable in safety calculations, fuel failure models must be 

extended to operating temperatures that result in failure predictions of 

100% at all confidence levels. 

Estimation of BISO Fuel Performance at Temperatures Greater than 2000°C 

BISO Th0« particles have not been tested at temperatures exceeding 

2000°C, The performance estimates provided below are therefore based on 

*There is a 90% probability that the true failure value lies between 
failure values predicted at the 5% and 95% confidence levels. 
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TABLE 9-19 
PREDICTED FAILURE OF BISO Th0„ FERTILE FUEL 

Fast Neutron 
Exposure 
(1025 n/m2) 

(E > 29 fJ)HTGR 

0 

1.0 

2.0 

3.0 

4.0 

5.0 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 

Failure (%) 

5% Confidence 
Level(a) 

1800°C 

0 

0.006 

0.013 

0.019 

0.025 

0.031 

0.134 

0.537 

1.30 

1.93 

3.24 

4.39 

2000°C 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

50% Confidence 
Level 

1800°C 

0 

0.034 

0.069 

0.103 

0.138 

0.172 

0.737 

2.95 

7.16 

10.63 

17.79 

24.16 

2000°C 

55 

55 

55 

55 

55 

55 

55 

55 

55 

55 

55 

55 

95% Confidence 
Level(a) 

1800°C 

0 

0.063 

0.125 

0.188 

0.250 

0.313 

1.34 

5.37 

13,01 

19.32 

32.35 

43.92 

2000°C 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

There is a 90% probability that the true failure value lies 
between the values given at the 5% and 95% confidence levels. 
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indirect evidence. (Tests at temperatures exceeding 2000°C will be con

ducted in the near future.) 

Data describing the effects of annealing and irradiation on the 

strength of PyC provide the most rational basis for performance estimates 

at temperatures >2000°C, It has been shown that irradiation of unre

strained PyC strips at temperatures as high as 1600°C (Ref. 9-16) causes 

dimensional changes as well as increases in PyC density and apparent crys

tallite height. The combination of these (or possible unknown) phenomena 

causes an increase in Young's modulus and a possible increase in fracture 

strength. The data show conclusively that fracture strength is not reduced 

under the irradiation conditions described in Ref. 9-16. According to 

Kaae of General Atomic, similar results are expected for restrained 

PyC, 

Annealing studies on unirradiated PyC with as-deposited properties 

similar to those discussed above have been conducted to determine the 

effects on mechanical properties and structure (Refs. 9-17 and 9-18), 

After annealing for 1 h at temperatures in the range 1400° to 1900°C (Ref. 

9-17), there is a small increase in density, an increase in apparent crys

tallite height, a decrease in Young's modulus (the effect is more pro

nounced as the PyC density increases), and a decrease in PyC fracture 

stress. The variation in fracture stress with annealing temperature is 

shown in Fig. 9-21, Thin film transmission electron microscopy of a PyC 
3 

sample having an as-deposited density of 2.04 g/cm showed that cracks 

parallel to the carbon layer planes developed during annealing at 1900°C, 

Studies of densification, crystallite height change, and dimensional change 

occurring during annealing at temperatures as high as 2800°C (Ref. 9-18) 

showed that the trends developed at temperatures less than 1900°C were con

tinued in the higher temperature studies. Transmission electron microscopy 
3 

of a sample having an as-deposited density of 2.04 g/cm showed more 

cracking after annealing for 2 h at 2800°C than the sample heated 2 h at 

1900°C, Although strengths were not measured, these data suggest that the 

strength of these PyC coatings would have continued to decrease with 

increased annealing in the temperature range 1900° to 2800°C, 
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The discussion presented shows that current BISO ThO- failure models 

cannot be extrapolated directly in order to estimate fuel failure at tem

peratures exceeding 2000°C, There is also no indication that irradiation 

at temperatures as high as 1600°C decreases PyC strength thereby contri

buting to increases in failure. The data do show, however, that high-

temperature annealing causes a reduction In PyC strength that could con

tribute to failure of the outer PyC layer on BISO fuel. The circumstances 

leading to HTGR core operation at temperatures exceeding 2000°C involve a 

hypothetical accident. In these cases, the core would be scrammed and 

temperatures exceeding 2000°C would be experienced without a significant 

fast neutron flux. The conditions would therefore be similar to the high-

temperature annealing studies which will be used as the basis for perform

ance models at temperatures greater than 2000°C. 

During irradiation, the density of PyC coatings of the type used as 
3 

the OPyC layer on BISO fuel particles increases to greater than 2,0 g/cm , 

Data showing the effect of annealing temperature on the strength of PyC 
3 

strips with densities of 1.99 and 2.04 g/cm (Ref. 9-17) are plotted in 

Fig, 9-22 and extrapolated to 2800®C assuming that the failure stress 

decreases linearly with increasing annealing temperature. The strength of 
3 

the PyC coatings in a fresh core or segment (density = 1.80 to 1.95 g/cm ) 

is 60,000 to 65,000 psi (390 to 449 kPa) (Ref. 9-17). For purposes of 

performance prediction, it will be arbitrarily assumed that 100% failure 

occurs at operating temperatures less than or equal to the temperature 

(based on Fig, 9-22) that would result in a decrease in PyC failure stress 

of 50%, or approximately 2600°C. 

The steps used to estimate failure at temperatures exceeding 2000°C 

are described below. Two ground rules that were followed are; (1) failure 

for T > 2000°C is independent of fuel age, neutron exposure, or kernel 

burnup, and (2) failure at T > 2000°C varies with the confidence level of 

the failure estimate. The steps used for confidence level x are; 
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1. Linearly extrapolate failure predictions at 1800° and 2000°C for 

fuel experiencing 7.5% FIMA and a fast neutron fluence of 8 x 

10^^ n/m^ (E > 29 fJ)„̂ Qĵ  to 100% failure, 

2, Determine the temperature for 100% failure. 

3, If the temperature for 100% failure is less than 2600°C, use the 

extrapolated variation in failure with temperature to define 

failure at confidence level x for T > 2000°C Independent of fuel 

age, 

4, If the temperature of 100% failure is greater than 2600°C, assume 

failure at confidence level x increases linearly from the value 

currently predicted at 2000°C to 100% at 2600°C independent of 

fuel age. 

Examples of predicted failure in the temperature range 2000° to 2600°C are 

given in Fig, 9-23 at the 5%, 50%, and 95% confidence levels. 

UNCERTAINTIES IN HTGR FUEL PERFOimANCE MODELS 

Introduction and Summary 

Models used to predict fuel particle coating failure that would lead 

to gaseous fission product release in an operating LHTGR are given in Ref. 

9-8, The phenomena treated are: (1) fuel particles having missing or 

defective coatings, (2) kernel migration, (3) pressure vessel failure, and 

(4) failure of TRISO coated fuel particles from fission product - SiC 

interactions. The failure rates given in Ref. 9-8 represent performance 

estimates made during the time period January to July 1974. No uncer

tainties are given, A fifth phenomenon that causes fission gas release is 

the presence of heavy metal exposed during fuel particle and fuel rod 

fabrication. The purpose of the discussion in this section is to provide 

estimates for uncertainties in the failure models. 
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Fig. 9-23. Examples of estimated failure of BISO Th02 fuel particles 
as a function of confidence level in the temperature range 
2000° to 2600°C 
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With the exception of data describing fuel kernel migration, failure 

predictions given in Ref, 9-8 are conservative estimates for fuel perform

ance that were based on available irradiation or out-of-pile heating data. 

In the treatment of the performance estimates discussed below, all conserv

atisms are removed in order to provide a "best estimate" and 5% or 95% con

fidence limits for estimated fuel performance during LHTGR operation. The 

uncertainties provided apply to fuel fabricated to the HTGR Fuel Product 

Specification (Ref, 9-19). 

The uncertainties are given in terms of correlation parameters at 5% 

(Cr)j 50% (CCQ)? or 95% (CQJ.) confidence levels. Correlation parameters 

are tabulated for TRISO UC2 fissile and BISO Th02 fertile fuels in Tables 

9-20 and 9-21, respectively. 

Approach 

The performance model uncertainty estimates are provided in the form 

of correlation parameters (C), These parameters are defined so that 

where F. = failure estimate for mechanism i based on Ref. 9-8, 

c, = correlation parameter at confidence level x for mechanism i, 
i,x 
f. ^ failure estimate for mechanism 1 at confidence level x. 
i,x 

Correlation parameters will be given for calculation of the most probable 

(50% confidence) failure fraction (C. ^ Q ) , and the 95% (C^ g^), and 5% 

(C. ^) confidence limits for failure. There is a 90% probability that 

failure is bounded by (C^ s^^^i^ ^"^ ^̂ i 95^^^1^* 
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TABLE 9-20 
CORRELATION PARAMETERS FOR COATING FAILURE MECHANISMS THAT LEAD TO 

FISSION GAS RELEASE FROM TRISO UC FISSILE FUEL 

Failure Mechanism 

Fission gas release from 
actinide metal exposed during 
fuel fabrication 

Missing or defective coatings 

Fraction present 

Failure probability at peak 
burnup 

Pressure vessel failure 

Kernel migration coefficient 

SiC - fission product 
reactions 

Rate of thinning 

Failure at T = 1600°C 

Base Case 
Value 

3 X 10"^ R/B, 
Kr-85m at 1100°C 

2 X 10-^^^> 

i.o(^> 

0 - 100%̂ -̂* 

Eq. 9-20 

Eq. 9-23 

0 - 100%*-̂ ^ 

Correlation 
Parameter 

C5 

0.67 

0.412 

0.5 

0.10 

0.351 

0.46 

1.0 

C50 

1.0 

0.75 

0.7 

0.55 

1.0 

1.0 

1.0 

C95 

1.33 

1.365 

1.0 

1.0 

2.850 

2.18 

1.0 

Values predicted using models in Ref. 9-8. 
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TABLE 9-21 
CORRELATION PARAMETERS FOR COATINC FAILURE MECHANISMS THAT LEAD TO 

FISSION GAS RELEASE FROM BISO ThO^ FERTILE FUEL 

Failure Mechanism 

Fission gas release from 
actinide metal exposed during 
fuel fabrication 

Missing or defective coatings 

Fraction present 

Failure probability at peak 
burnup 

Pressure vessel failure 

Kernel migration 

KMC 

e 
Burnup limit on incubation 
period 

Base Case 
Value 

3 X 10"^R/B 
Kr-85m at 
1100°C 

2 X 10-3(̂ > 

i.o(^> 

0 - 100%*̂ ''̂  

Eq. 9-21 

Eq. 9-22 

2% FIMA 

Correlation 
Parameter 

C5 

0.67 

0.275 

1.0 

0.10 

0.24 

0.32 

1.0 

^50 

1.0 

0.50 

1.0 

0.55 

1.0 

1,0 

1.0 

C95 

1.33 

0.91 

1.0 

1.0 

4.22 

3.12 

1.0 

Values predicted using models in Ref. 9-8. 
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Model Uncertainties 

Fission Gas Release From Heavy Metal Exposed During Fuel Particle and 
Fuel Rod Fabrication 

Based on requirements in Ref, 9"19j the best estimate for fission gas 

release from heavy metal exposed during fuel fabrication is assumed equal 

to 3 X 10~ R/B for Kr-85m at 1100°C. The standard deviation in fission 

gas release values measured on rods from a single lot during FSV production 

was 3 X 10 , Fission gas release measurements will be made on ̂ ^̂25 rods 

per segment during LHTGR fabrication. Assuming the standard deviation 

obtained during FSV fabricationj the uncertainty in the average fission gas 

release will be 0.5 x 10 . Given this uncertainty in the average value, 

C„c will be assumed equal to 1.33 and C will be assumed equal to 0.67. 

Failure of Fuel Particles Having Missing or Defective Coatings 

The HTGR Fuel Product Specification (Ref. 9-19) allows for the 

presence of a small fraction of fuel particles having missing or defective 

coatings. Failure of these particles is estimated in Ref. 9-8 using 

f„-wML<„ , (9-18) 
max 

where f » failure fraction due to fuel having missing or defective 

coatings, 

W - fraction of fuel in a LHTGR core having missing or 
-3 

defective coatings (assumed equal to 2 x 10 for both 

fissile and fertile fuel in Ref. 9-8), 

BU = kernel burnup (% FIMA), 

BU = maximum kernel burnup (7.5% FIMA for fertile fuel; 78% 
max 

FIMA for fissile fuel). 

Two assumptions are made in Eq, 9-18; (1) the value for W, and (2) 

that all particles having missing or defective coatings fail at peak 
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burnup. Correlation parameters will be given for both assumptions. This 

results in an expression of the form 

D̂ = (Cf̂ > [Su {^J\ ~< " • (9-19) 

where C^ = correlation parameter describing the probability of having 

a defect fraction (Cp W), 

C = correlation parameter describing the probability that all 

fuel having missing or defective coatings will fail at peak 

burnup. 

LHTGR fuel product specifications (Ref. 9-19) are written to assure 

that BISO fertile fuel with missing or defective buffer coating fractions 
-3 

exceeding 1 x 10 are rejected. The fraction specified for missing or 
-3 

defective outer PyC coatings is also 1 x 10 . In order to meet these 
-3 

limits J expected values will have to be less than 1 x 10 for each layer 
-3 

and the probability of exceeding a total of 2 x 10 missing or defective 

coatings will be negligible. In addition^ the specification on exposed Th 
_4 

limits the fraction of missing outer PyC layers to less than 1 x 10 . The 

most probable fraction of fertile fuel having missing or defective coatings 
-3 

will therefore be assumed to be 1 x 10 . The probability density function 

for the range of possible segment or core average defect fractions will be 
-3 

assumed to have a nominal value of 1 x 10 and a standard deviation of 0.5 
-3 

X 10 . The 95% confidence limit for missing or defective coatings on fer-
-3 

tile fuel is therefore 1.82 x 10 . The value assumed in Ref. 9-8 is 2 x 
-3 

10 . Relative to Ref. 9-8, C^ „^ is therefore 0.91 and C^ ^^ is 0.5. 
f,95 f,3U 

Using the basic assumption of a log normal distribution [expected = (CQC)/X 

= (C^)(x)], C == 0.275. These C values result in 95%, 50%, and 5% con

fidence levels for segment average defect fractions in fertile fuel of 1.82 

X 10""̂ , 1 X 10"^, or 0.55 x 10"^. 

The assumption that all fertile fuel particles having missing or 

defective coatings fail at peak HTGR burnup (7.5% FIMA) is reasonable since 
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the particles in question have no buffer or OPyC layer. Values for C „ , 
BU, 95 

ûTT t:A» ^'^^ C „ are therefore assumed to be 1. BU,50 BU,5 

Reference 9-19 requires that the total fraction of TRISO fuel having 
-3 

missing or defective coatings is less than 3 x 10 . Using the approach 

used for BISO ThO., the most probable value for missing or defective TRISO 
-3 

coatings in a segment is assumed to be 1.5 x 10 . The probability density 
-3 

distribution is described by a most probable value of 1.5 x 10 and a 
-̂3 standard deviation of 0.75 x 10 The 95% confidence and nominal values 

-3 for TRISO defect fractions in a segment are therefore 2.73 x 10 and 1.5 x 
-3 10 , respectively. Assuming a log normal distribution, the 5% confidence 

-3 
value for defect fractions would be 0.824 x 10 . The value for defect 

-3 
fractions used in Ref. 9-8 is 2 x 10 . Therefore, relative to Ref. 9-8, 

C Q- = 1.365, C „„ == 0.75, and C = 0.412 can be used to describe the 

range of defect fractions that could exist in any single segment or core. 

TRISO coatings contain multiple structural coating layers. It is 

therefore improbable that a single defective layer implies total particle 

failure for every coated particle having a missing or defective coating. 

Recent irradiation results have in fact shown that 95% to 100% of the 

particles in a batch with 100% OPyC failure can survive (Ref. 9-14). To 

estimate C„„, it will be assumed that there are equal quantities of each 
BU 

type of coating defect. Values for C g^, C „„, and C ^ are given in 

Table 9-22 along with the assumptions made in generating them. 

TABLE 9-22 
VALUES FOR C„„ AT 95%, 50%, AND 5% CONFIDENCE LEVELS 

BU 

Confidence 
Level 

95 

50 

5 

Percent Failure of Particles 
Having Indicated Missing or 

Defective Coating 

Buffer + IPyC 

100 

100 

50 

SiC 

100 

100 

100 

OPyC 

100 

10 

0 

_ _ ^ B U _ 

1 

0.7 

0.5 
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Pressure Vessel Failure 

Both BISO and TRISO pressure vessel failure models (Ref. 9-8) show 

0.5% failure in fuel irradiated to peak burnup and fast neutron fluence at 

1250°C. The design goal is zero failure under average conditions, which is 

achieved by demonstrating less than 0,1% failure at peak burnup and 

fluence. The margin (0,4%) is present to account for a small quantity of 

"off specification" fuel that may be present in an HTGR segment or core 

because of limited Quality Control sampling. The predictions given in Ref. 

9-8 are therefore considered representative of a 95% confidence level 

(C -, or = 1)» 
pressure vessel,95 

Estimates of the lower limit for pressure vessel failure are based on 

observations of unbonded TRISO UC„ and BISO ThO„ irradiation results from 

capsules P13R and P13S (Ref. 9-14), The failure fraction observed in '̂ 7̂000 

BISO ThO„ particles having properties that meet current specification 

limits is 0.06%. No failures leading to fission gas release were observed 

in "̂ 2̂000 TRISO UC„ particles having properties that meet current specifi

cation requirements. Based on Ref. 9-8, the predicted pressure vessel 

failure level for both fuel types was 0.5%. The pressure vessel correla

tion parameter at a 5% confidence level is therefore assumed equal to 0.10. 

The correlation parameter at a 50% confidence level is assumed to be 

midway between C ^ ,- and C „̂ » or 
pressure vessel,5 pressure vessel,95 

pressure vessel,50 

Kernel Migration - UC^ 

The best estimate for the UC„ kernel migration coefficient is (Ref, 

9-8) 

KMC (m^.K/s) = 0.62 e x p f - ^ ™ ~ ^ \ . (9-20) 
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Correlation parameters for UC„ KMC were determined at the midrange of the 

experimental data. The values are C = 0.351, C „ = 1, and C„_ = 2.850. 

The predicted failure fraction due to UC„ kernel migration equals the 

probability that a migrating kernel has penetrated the buffer layer and is 

in contact with the IPyC. The distribution of buffer thicknesses in TRISO 

UC2 is described by an average of 110 ym and a standard deviation of 18.1 ym. 

Kernel Migration - ThO 

The ThO^ KMC data in Ref. 9-8 have been superceded by results of 

recent Th0„ kernel migration studies (Ref. 9-20). The ThO kernel migra

tion coefficient is 

/-2.96 X 10 \ 
'\ 8.313T / 

KMC (m^.K/s) = 0.39 expl-———-^-^] . (9-21) 

Correlation parameters are C^ •= 0.24, Ĉ „ = 1, and C^^ ~ ̂ •22. 

Experimental results indicate an incubation period during which no 

migration occurs, 

temperature is given by 

ThO„ migration occurs. The incubation period (Ref. 9-20) at constant 

e(sec) = 4.7 X 10"^ exp(^-^^3^3^Q-) . (9-22) 

Correlation parameters are C^ = 0.32, C^^ = 1, and CQ,. = 3.12. It is also 

assumed that ThO migration begins when kernel burnups reach 2% FIMA, even 

if the incubation period is not exceeded. No uncertainty is assumed for 

the burnup limit (C = C = CQ = 1 ) . 

Predicted, migration-induced BISO ThO failure fractions equal the 

probability that a migrating kernel penetrates the buffer layer and con

tacts the PyC. Accounting for a 5% decrease in particle diameter caused by 
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fast neutron - PyC interactions, the distribution of buffer thicknesses 

will have an average value of 74 ym and a standard deviation of 16.1 ym, 

SiC - Fission Product Reactions - TRISO UC^ 

Two methods are used to predict TRISO UC„ coating failure during 

reactor operation. During normal operation, the rate of decrease in SiC 

thickness (x) is given by(Ref. 9-21)j 

X (ym/h) = 4.2 X 10^ ^xp(=^-^^-l^\ . (9-23) 

Correlation parameters for x are C,. - 0.46, Ĉ „ - 1, and C^^ = 2.18. The 

predicted failure fraction equals the probability that the SiC thickness is 

reduced by 50%. The distribution of SiC thicknesses is described by an 

average value of 35 ym and a standard deviation of 5.0 ym. 

The second method is applied at temperatures in the range 1600° to 

2000°C, The model provided in Ref, 9-8 is conservative; however, the 

current data base is not sufficient to warrant the assignment of uncer

tainties. Correlation parameters are therefore assumed to be 1 at all 

confidence levels. 
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11. GRAPHITE DEVELOPMENT 
189a NO. 00552 

Graphites that will satisfy the requirements for LHTGR components are 

being developed and evaluated. Characterization and irradiation studies to 

establish reference and backup grades for fuel elements, core support com

ponents, and side reflectors are in progress. Support technology is being 

developed to provide data for design and safety analyses. Development of 

control materials is included in the long-range program but no work is 

being funded during FY-77. 

Preliminary characterization of graphites for core support structures 

and side reflectors is under way. This work was aimed at completing a 

preliminary characterization data set, which will permit the selection of 

reference grades for these components. Upon selection of the reference 

grades, an in-depth characterization program will commence. The in-depth 

study will cover variations of properties within logs, from log to log 

within lots, and from lot to lot. 

The irradiation work has been suspended during FY-77 due to the tem

porary closing of the Oak Ridge Reactor (ORR). Capsule OG-5 will be 

assembled during FY-77 for insertion in the ORR in early FY-78. 

Support technology studies include generic studies of the mechanical 

behavior of graphites, verification of stress calculation methods, and the 

effects of oxidation on the strength and integrity of the core and core 

support blocks. 
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TASK 100; FABRICATION AND OPERATION OF IRRADIATION CAPSULES 

Capsule OG-5 

Assembly of capsule OG-5 will be resumed in the final quarter of FY-77 

in preparation for insertion in the ORR in FY-78. 

TASK 200; GRAPHITE SPECIMEN PREPARATION AND PROPERTY MEASUREMENTS FOR 
CAPSULE IREADIATIONS 

Capsule OG-5 

Specimen preparation for capsule OG-5 is complete, thus completing 

milestone 3 of Task 11, The principal material will be H~451 graphite from 

lots 426 (used in capsule OG-3), 440 (different coke blend than lot 426), 

and 478 (production lot for Fort St. Vrain reload segment). 

Dimensional Change of Nuclear Graphites 

The irradiation-induced dimensional changes in H-327 and H-451 

graphites were reported previously (Ref. 11-1). Design curves of dimen

sional change were fit through the three-dimensional space of dimensional 

change, fast neutron fluence, and irradiation temperature. These computer-

fit design curves have proven quite satisfactory; however, the statistical 

uncertainty in the calculated curves has been difficult to establish. 

Consequently, the code STAT*FIT has been generated to provide function 

fitting with enhanced statistical capabilities. 

Changes in the treatment of the difference between the calculated 

dimensional change value and the experimentally observed value (residual) 

at each data point are as follows; 

1. If r. is the residual value at the i data point (i.e., r. == 

data value - value of fitting function), the overall standard 

deviation of the fit is calculated by the formula 
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S = 

i=1 

:?/(m - n) 

l1/2 

(11-1) 

where m is the number of data points and n is the number of 

coefficients in the fitting function. This is the statistically 

correct form [the old version used m instead of (m - n) in the 

denominator]. 

2, A standard deviation value S. is calculated at each data point. 

This value represents the standard deviation of the fitting func

tion f(x) assuming the underlying model (form of the fitting 

function) is correct. This value is used to calculate lower and 

upper 95% confidence limits F(x.) ± tS., where t is the upper 

97.5 percentile limit of the student's "t" distribution with (m -

n) degrees of freedom and x, is the vector of independent vari-

ables at the i data point. 

3. The solution algorithm for the least-squares coefficients has 

been changed from the Gram-Schmidt orthogonalization procedure in 

FUNFIT to a direct solution approach based on Householder trans

formations in the independent variable space. 

The STAT*FIT program has been operated and compared to previous com

puter fits to a constant data bank with excellent results. In addition, 

estimates of uncertainty in the design curves correlate very well with the 

raw data. For example, calculated dimensional change for H-451 in the 

radial direction at 1203 K (930°C) and 8,5 x 10^^ n/m^ (E > 29 fJ)jjrj,Qĝ  was 

-0,716% with 95% confidence limits of -0.61% and -0,75%, All experimen

tally observed data at these conditions fell within the confidence limits. 

The dimensional change caused by neutron irradiation of grade HLM 

graphite has been estimated for design purposes. The estimate is based 

upon the behavior observed in H-451 and other nuclear graphites. A poly

nomial design curve (Eq, 11-2) was derived based on the coefficient of 

thermal expansion of the HLM graphite; 
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£ = (Ĉ  4- C^T + C T^ + Ĉ T"̂  + C T'̂ )CJ) 

+ (C^ + C^T + CgT^ + CgT-̂  + C^QT^)(1)^ 

+ (Ĉ ^ + C^2T + C^^T^ + C^^T^ + C^^T^)*^ (11-2) 

where e is the irradiation-induced strain in percent, T is the irradiation 
25 2 

temperature (°C), cj) is the fast neutron fluence (x 10 n/m ) (E > 29 
fJ)„^ , and the values of C are as follows: 

Ĉ  = -0.19966 + 0,26560 a 

C^ = -3,2850 X IQ--̂  - 8,4980 x 10"^ a 

C3 = 1,2940 X 10"^ + 4.6200 x 10"^ a 

C^ - -1,5849 X 10"^ + 8,5200 x IQ-^^ a 

C^ = 5.4264 X 10"^^ - 5.3060 x 10"^^ a 

C, - -3.6691 X 10"'' + 4,8520 x 10~^ a 

C^ = 2,0980 X IQ- - 2,5498 x 10" a 

C„ - -4.0010 X 10"^ + 4.5600 x 10"^ a 

Cg = 2,8737 X 10 ̂  - 3.2980 x 10 a 

Ĉ Q = -6,9838 X 10-"̂ ^ + 9,2520 x 10"^^ a 

Ĉ ^ - -8.3248 X lO"*̂  + 7.9160 x 10"^ a 

C^2 == 3,1936 x 10"5 - 1,0158 x lO"^ a 

C = -1.3160 X 10"^ + 3,2494 x lO"^ a 

C^^ - 1,6506 X 10"^° - 3.3902 x lO"''̂  a 

C^^ = -5,4538 X 10"''̂  + 9.2860 x lO"^^ a 

In the above, a is the average thermal expansivity between 22° and 500°C 

(x 10""̂  "C"''). 

Coefficients C. through C^^ were calculated for each orientation of 

HLM graphite from the coefficient of thermal expansivity of the graphite. 

The coefficients C. through C.,. were then substituted in Eq. 11-2 to gen

erate a design surface in the same manner as done for H-451 and H-327 

graphites. 
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TASK 300; CHARACTERIZATION OF CANDIDATE GRAPHITES FOR PROPERTIES AND 
PURITY 

Replaceable Fuel and Reflector Elements 

Continued research and testing of H-327 graphite has generated a 

larger data base than originally reported for Fort St. Vrain design. Large 

portions of these additional data have not been reported in the open liter

ature. These data have been assimulated to create a common data base for 

H-327 design. Previously unpublished data are presented in tabular form.* 

The H-327 data are summarized by property below. 

Bulk Density 

The data utilized for design is taken from QA acceptance tests of 

H-327 graphite logs produced for Fort St. Vrain. Data for Fort St, Vrain 

reloads are given in Table 11-1, The following data used for design were 

taken from Table 11-1; N = 524, X - 1.77 Mg/m , and S = 0.02 Mg/m"̂ . 

Chemical Purity 

In addition to the QA acceptance data of Table 11-1, the chemical 

purity of H-327 production logs was determined by GA, The results of chem

ical characterization of the graphite are given in Tables 11-2 and 11-3. 

Quality Assurance data of an order of H-327 graphite for reload 2 are given 

in Table 11-4. Design data were based on the above data and are given in 

Table 11-5, Other chemical analysis at GA reported sulfur levels of 

approximately 1 ppm and a lithium content of <10 ppb for H-327 graphite. 

Ultimate Tensile Strength 

Most of the strength test results on H-327 graphite have been reported 

previously. The axial ultimate tensile strength (UTS) results are summa

rized in Table 11-6 and the radial UTS results are summarized in Table 

^Tables appear at the end of Task 11, 
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11-7, Previously unreported results of characterization of an H-327 log 

used for a fuel test element are presented in Table 11-8. Quality Assur

ance acceptance test results for FSV production graphite are listed in 

Table 11-9. 

Elastic Modulus 

The elastic modulus data were taken from the same source as the ulti

mate tensile strength data. The data are summarized in Table 11-10, 

Thermal Properties 

The thermal expansivity of H-327 graphite has been discussed earlier 

(Ref. 11-9). Thermal conductivity design data were reported in the reports 

on the OG-series irradiation capsules. 

Side Reflector Graphites 

Great Lakes Carbon Corporation's grade HLM, an extruded graphite 1,14 

m in diameter by 1.83 m long, is under investigation as a candidate graph

ite for side reflector blocks. One-half of an HLM log (6484-78) has been 

characterized and the results reported in Refs. 11-10 and 11-11. This log 

was a standard GLCC commercial production log. A second "special produc

tion" log (6484-148) has been purchased from GLCC and characterization 

teats have begun. The special log was manufactured under more controlled 

conditions than the regular commercial grade. The special HLM log is being 

characterized in the same manner as the first log. 

Thermal expansivity measurements on specimens from HLM log 6484-78 

have been completed and the results are given in Table 11-11. The mean 

coefficient of thermal expansion between 295 and 773 K was found to be 2,47 

X 10" K" in the axial orientation and 2,85 x 10" K" in the radial 

direction. 
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The ultimate tensile, flexural, and compressive strengths of the 

special HLM log (6484-148) have been determined. The data are given in 

Tables 11-12 through 11-14. Comparison of the two HLM logs at the axial 

midlength center location revealed that the special log (6484-148) was 

stronger in tension (10,4 versus 6.8 ICa), bend (19.1 versus 13,8 MPa), and 

compression (42,7 versus 35.3 MPa). The special log was generally stronger 

at all locations tested. 

Core Support Floor Graphites 

Union Carbide's (UC) grade PGX is under investigation as a candidate 

graphite for core support floor blocks. Grade PGX is a molded graphite 

1.14 m in diameter by 1,83 m long. Characterization results have been 

reported for logs 6484-112 and 6484-138 (Refs, 11-10 and 11-11). 

Measurements of compressive stress-strain properties have been com

pleted on log 6484-138, The ultimate compressive strength of log 6484-138 

was slightly lower than measured on the previous log 6484-112. Test data 

are reported in Table 11-15. 

Thermal conductivity values measured from log 6484-112 are given in 

Table 11-16. The mean values of the room temperature thermal conductivity 

at the midlength center of the PGX log were 87 W/m-K axially and 94 W/m-K 

in the radial direction. 

Additional data on PGX graphite were made available by UC, The data 

were taken from many logs (billets) of varying size; however, the range and 

standard deviation reported for some property values were useful in evalu

ation of GA characterization data. The UC data are presented in Table 

11-17. 

Core Support Post and Seat Graphites 

Stackpole Carbon's (SC) grade 2020 and GLCC's grade H-440N are candi

date materials for core support post and seat components. Grades 2020 and 
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H-440N are medium-grained isostatically molded graphites. Grade 2020 is 

manufactured as logs 254 iran in diameter by 1.83 m long and GLCC has the 

capability of producing logs of the same size. Grade 2020 is the prime 

candidate at this time and, therefore, is receiving more attention. The 

first prototype log of grade H-440N was found to be weak. Work has been 

suspended on H-440N until additional material of higher strength is 

delivered. 

Characterization results of 2020 graphite logs 6799-00, 6484-110, 

6484-137, 6484-139, and 6484-140 have been reported in part (Refs. 11-10 

and 11-12). Thermal expansivity data from log 6484-110 are given in Table 

11-18, The mean coefficient of thermal expansion between 295 and 773 K was 
6 1 6 1 

found to be 3,2 X 10" K" radially and 3.4 x lO" K" in the axial direc

tion of 2020 graphite. 

In addition to tensile and flexural strengths reported earlier (Ref. 

11-10), the ultimate compressive strengths (UCS) were measured for 2020 

logs 6484-139 and 6484-140. The mean compressive strength of log 6484-139 

was approximately 72 MPa, slightly lower than the UCS of 78 MPa measured on 

log 6484-110. The UCS measured on log 6484-140 was approximately 82 MPa, 

slightly higher than the other values. Test data are given in Tables 11-19 

and 11-20. 

The purity data of 2020 logs 6484-139 and 6484-140 are given in Tables 

11-21 through 11-23. 

TASK 400: FRACTURE MECHANICS 

No work funded under this subtask in FY-77. 

TASK 500; FATIGUE BEHAVIOR OF GRAPHITE 

Fatigue testing of irradiated H-451 graphite was completed with the 

testing of axial specimens of H-451 graphite irradiated successively in 
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capsules OG-1, OG-2, and OG-3 to 8.5 x 10 n/m (E > 29 fJ)„„™ at 1173 to 
HIGR 

1243 K (900° to 970°C), 

The specimens were cylinders measuring 5.1 mm in diameter by 11,2 mm 

long and were tested at ambient temperature in uniaxial loading. Ten spec

imens were tensile tested to failure in the fatigue machine and 32 were 

fatigue tested at 7 Hz using a reversed stress (tension-compression) cycle 

(R - -1), Eight specimens were tested at each of four stress levels until 

they failed or reached 100,000 cycles without failure. 

The tensile test data and fatigue data are listed in Tables 11-24 and 

11-25. The corresponding S-N plot (logarithm of the maximum stress versus 

the logarithm of the number of cycles to failure) is shown in Fig. 11-1. 

Run-outs beyond 100,000 cycles are shown as open circles. Tensile data and 

first cycle failures are plotted at N = 0.25. The stresses are normalized 

by dividing by the mean (irradiated) tensile strength. The data were 

analyzed statistically and lower tolerance limits are included in the plot. 

The fatigue stress limits for survival to 100,000 cycles, normalized 

by dividing by the mean unirradiated tensile strength, are plotted against 

the fast neutron fluence in Fig. 11-2 for H-451 graphite irradiated in the 

OG-series capsules. Both the stress limits for 50% specimen survival and 

the 99/95 lower tolerance limits are included in the plot. The median sur

vival stress shows a steady increase with fluence which results both from 

the irradiation-induced increase in tensile strength and the irradiation-

induced reduction in the downward slope of the S-N curve. The lower 

tolerance limit also increases with fluence except for the highest fluence 

point, where increased data scatter reduces the limit. The increased 

scatter may be caused by slight warpage of the highly irradiated specimens, 

which interferes with accurate uniaxial alignment. 

The improved fatigue resistance of the irradiated specimens may be 

caused by the reduction in the mobility of basal dislocations. Fatigue in 

graphite has many points in common with fatigue in metals, and it seems 

probable that the fatigue crack advance involves limited plastic flow at 
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the crack tip, A process such as irradiation, which reduces dislocation 

mobility, would be expected to improve fatigue resistance. 

To conclude the work on H-451 graphite, a series of tests is being run 

on unirradiated radial specimens. The specimens measure 12,7 mm in diam

eter by 25.4 mm long. The first set of tests was made in a tension-

compression cycle (R = -1). The baseline tensile strengths (measured in 

the fatigue machine) are shown in Table 11-26 and the fatigue data are 

given in Table 11-27. The S-N curve is given in Fig. 11-3. The data show 

a somewhat higher fatigue stress limit than the corresponding tests on 

axial material (Ref. 11-13) (75% of the mean tensile strength for 50% 

survival to 100,000 cycles, compared with 60% of the mean tensile strength 

for axial specimens). Further tests are in progress. 

TASK 600; RDT AND ASTM GRAPHITE STANDARDS 

This section concerns the writing of RDT graphite standards for HTGR 

graphite component materials. ASTM standard work on nuclear graphite will 

be monitored and progress will be reported. The ASTM work is by industry 

concensus and as such is not a part of the Task 11 scope. 

RDT Standard E6-1 

Standard E6-1 (draft 5) on core graphites for LHTGRs has been rewrit

ten after consultation with the ERDA Tech. Lead. A final draft was sub

mitted for approval. This completes milestone 11 of Task 11. 

ASTM Standard C781-00 (information only, not part of work scope) 

ASTM Standard C781-00, which is a recommended practice for testing 

nuclear graphite, has been approved by full ASTM society vote and will be 

published in 1978. 
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TASK 700; IRRADIATION-INDUCED CREEP IN GRAPHITE 

This work is funded at ORNL. 

TASK 800: STRUCTURAL INTEGRITY OF GRAPHITE BLOCKS 

A program is under way to verify Che accuracy of structural design 

methods and the data used to predict deformation and stresses in the core 

graphite blocks. Current work is concerned with the evaluation of fuel 

test elements from Peach Bottom, The results of primary loading, strip 

cutting, and ring closure tests are being analyzed. In conjunction with 

this work, preliminary design criteria have been postulated. These design 

criteria for graphite will be the basis for future work to verify and 

confirm them as realistic criteria for designing the HTGR fuel elements. 

This work is being coordinated with similar work for core support graphite 

being carried out by the Joint ACI-ASME Working Group on Core Support 

Structure, The work of the ACI-ASME committee is by industry concensus. 

GA is a member of this group and participates in the work of the committee. 

The failure criteria described below, when combined with appropriate 

safety factors in the final design criteria, are intended to prevent struc

tural failure due to overloading of the replaceable fuel and reflector 

elements. 

Preliminary Multiaxial Failure Criteria 

A multiaxial failure criterion, which is the basis for the effective 

stress definition, is defined. The maximum effective stress a ^. will be 

computed for test, normal, upset, emergency, and faulted loads and compared 

to the allowable tensile stress. Mechanical replica tests are also allowed 

to determine the strength limits for nonuniformly stressed components. 

Effective Stress 

The effective stress, o" ff> which provides a measure of the damage and 

failure of graphite components under multiaxially stressed conditions, is 
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defined by a piece-wise continuous function; 

oLf w(a ) 
^ £ I „ = H- f o r I , > 0 and I„ > 0 
2E W, W, 1 2 -o 1 1 

W(a ) 
i l _ f o r I , < 0 and I „ > 0 

W^ 1 - 2 -

W ( 0 . . ) + f ( 0 . . ) 
i j i j 

W„ 
fo r I2 < 0 (11-3) 

where a., is the stress tensor in a Cartesian coordinate system x.; i,j = 

1,2,3; x„ is assumed to be the anisotropic axis of a transversely Isotropic 

graphite; /2E "wT and /2E W„ are the failure stresses under uniaxial tensile 

and compressive loadings, respectively; and 

1̂ = ̂ 11 +^22 + "̂ 3̂3 

h = ̂ 11^22 ̂  "̂ 3̂3 °̂11 + ^22> " ̂ 12 " ^*^""n ^ ^23> 

W = [I.J - 2(1 + V) l2]/2E I 

W. W 

;~^JA-i[^ 
W3 

w„ 
4EW 

1 \/1 + V 
1 - V 2 
1 + V 1 

2E 

where E and V are Young's modulus and Poisson's ratio measured in the iso

tropic plane, m and m* are material constants, and W„ = 2(1 + v) W^W_ (W. + 

W2 + 2v i'^^^)"''. 

The failure surface can be obtained by equating the effective stress 

to the uniaxial tensile failure stress, /2E~wT, The effective stress is 
' o 1 

defined as a piece-wise continuous function in terms of the invariants I,. 

and I„, which allows more flexibility in fitting experimental data than 
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would be allowed by a smooth quadratic function. Because the strain 

energy5 W^ is used, the inverse proportionality between the strength and 

the square root of Young's modulus is assumed. 

Fatigue Limit 

The fatigue limit is established by the S •- log N relation under uniaxial 

loading conditions (S is the applied stress and N is the fatigue life). The 

effective stress defined in the previous section can be used to replace the 

uniaxial tensile stress S in the S - log N relation to define the fatigue 

limit for multiaxial stressed components. Miner's rule can be applied to 

estimate the cumulative damage to the specimen under various loading conditions 

Strength Limits Under Nonuniform Stress Conditions 

The failure criteria equating the maximum effective stress calculated 

by the linear elasticity theory to the uniaxial tensile strength Is usually 

too conservative for components under nonuniform stresses. In such cases, 

the fracture strength of a component may also be obtained by testing a true 

replica under a stress distribution simulating the service conditions. This 

completes milestone 13 of Task 11. 

TASK 900: CONTROL mTERIALS DEVELOPMENT 

No work funded under this subtask in FY-77. 

TASK 1000: GRAPHITE OXIDATION STUDIES 

Summary 

Work is reported on the oxidation rates of PGX and Stackpole (SC) 2020 

graphites and on the determination of oxidation profiles in H-451 graphite. 

Although this work is incomplete» an interim report is provided for prelim

inary design calculations. The initial tests indicate the rate of oxida

tion of SC 2020 graphite is about three times higher than the rate of H-451 
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graphite. The oxidation kinetics of H-451 graphite are well characterized 

(Refs. 11-10 and 11-14). The oxidation rate of PGX is greatly enhanced by 

its high impurity content and it is about 1000 times more reactive than 

H-451. The measured oxidation profiles of H-451 graphite closely matched 

predicted profiles. 

Rate Constants (PGX and SC 2020) 

Introduction 

A study is under way to identify the rates of oxidation of PGX and SC 

2020 graphites when exposed to steam-helium mixtures at high temperatures. 

The experimental program is divided into three phases: (1) identification 

of the intrinsic chemical characteristics of each graphite type through 

investigations conducted in the chemlcal-kinetlcs-limited temperature 

regime8 (2) identification of mass transport parameters through experimen

tation in the in-pore diffusion tgimperature region utilizing the developed 

chemical-kinetlcs-limlted rate parameters, and (3) oxidation of large 

samples of sufficient size to minimize extrapolation to reactor geometries. 

Preliminary data from phase 1 for PGX and SC 2020 and from phase 2 for 

H-451 graphite are reported herein. The preliminary data are required to 

provide approximations of the rate of oxidation and of the diffusion 

parameter for early design considerations. Updating of these preliminary 

results will follow. 

Reaction Rate of SC 2020 

Stackpole 2020 is a fine-grain^ Isostatically molded artificial 

graphite made by Stackpole Carbon Company. Stackpole 2020 is relatively 

uniform (compared to PGX) in many of its physical and chemical properties. 

The tentative model recoiimended for rate of oxidation calculations of SC 

2020 is the same expression as that used for H-451 graphite oxidation (Ref, 

11-14) multiplied by a factor of three. 

The rate equation for thermally induced oxidation is: 
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„i ^ S \ o 
R(s ) = - ^ - ^ . (11-4) 

The recommended Langmuir-Hlnshelwood constants for this equation are: 

K̂  = 0.33 exp (-1 95000/RT) (s-Pa~S 

K^ - 7,9 X 10"^ exp(119700/RT) (Pa~°*'̂ )̂ 

K^ = 1.3 X 10"^ exp(131400/RT) (Pa""" ) 

P„ QjP„ ~ partial pressure of steam (Pa) 
2 2 and hydrogen, respectively 

It is suggested that use be made of the generalized burnoff factor as 

given by the OXIDE code (Ref. 11-15): 

F, = 0.447 + 0,8094b - 0.3221b^ + 0.0681b^ - 0.00613b^ 
D 

+ 12.32 X 10"^ b^ + 2.89 x 10"^ b^ - 1,15 x 10~^ h^ , (11-5) 

where b is the percent burnoff. In Fig. 11-4, the recommended chemical 

parameters for SC 2020 are compared with the current data base at 1% burn-

off. Using an approximation of the diffusion parameters, m, or torosity/ 

porosity of 0,003 (see discussion under Oxidation Profile of H-451 Graph

ite) and solving the differential expression for transport into a solid 

cylinder (Refs, 11-16 and 11-17), a theoretical in-pore diffusion con

trolled rate was calculated for 1% burnoff (dashed line). As the data base 

is expanded, improved correlation is anticipated. 

Reaction Rate for PGX Graphite 

Grade PGX graphite is a molded artificial graphite produced in large 

sizes by Union Carbide Company. The physical properties and chemical 
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Fig. 11-4. Steam oxidation rate of Stackpole 2020 graphite 
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impurities vary significantly with respect to position in the log. Samples 

examined in this preliminary study of the rate of oxidation were obtained 

from a central region in both the axial and radial directions. As an 

interim measure, PGX is assumed to obey the Langmuir-Hlnshelwood type 

equation, used for H-451 graphite (Eq. 11-4), multiplied by a factor of 

1000. The recommended constants are as follows: 

K^ - 1,1 x 10^ exp(-195000/RT) 

K^ - 7.9 X 10"^ exp(119700/RT) 

K^ - 1.3 X 10"^ exp(131400/RT) 

F, = same as Eq, 11-5 
b 

The calculated reaction rates using the recommended constants are com

pared with experimental results given in Fig. 11-5. At low temperatures 

the agreement with the raw data is fair. At temperatures >1130 K the data 

deviate from the predicted line. PGX graphite is so reactive that mass 

transport across the diffuse layer (i.e., zone 3) is apparently controlling 

and causing the deviation. Among the potential causes for this high chemi

cal activity is the high impurity content of PGX, The spectrochemical 

analysis of the log of PGX from which these samples were taken indicated 

levels of 40 to 400 ppm Fe (Ref. 11-10), Because of its high impurity con

tent, it must be recognized that the chemical reactivity of PGX may not 

follow the traditional Langmuir-Hlnshelwood reaction kinetics model. This 

is because the catalyzed reactions are controlled by the chemical state of 

the catalytic impurities (for example, Fe, Fe C, FeO, Fe 0 ) which in turn 

is controlled by temperature and the oxidizing potential of the gaseous 

atmosphere and carbon environment. Consequently, the recommended rate 

equation is regarded as preliminary and will be updated in the near future. 

(s-Pa"^) 

(Va~^''h 

(Pa""" ) 
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A lb.bj7= 13 6go/„ 
" 7.71% ^ 6.00% 3.06% 
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Fig. 11-5. Steam oxidation rate of PGX graphite versus reciprocal 
temperature 
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Oxidation Profile of H-451 Graphite 

Because of the porous nature of graphite, the rate of oxidation by 

steam is dependent upon in-pore diffusion of the reactants and their pro

ducts and also dependent upon the intrinsic chemical reactivity of the 

graphite. The dependence on diffusion and chemical activity leads to 

concentration gradients of the reactants and products, which ultimately 

lead to burnoff gradients. 

To estimate the profiles of the burnoff gradients, Intrinsic mass 

transport parameters of graphite must be correlated with the constituents 

of the oxidizing atmosphere. The theory of diffusion-controlled reactions 

has been treated by Thiele, Wheeler (Refs. 11-16, 11-17), and others. 

Application of this theory to graphites was proposed notably by Wicke and 

later by Dodson (Ref. 11-18). The basis of these proposed theories is that 

in a volume element of material, the difference in rates of diffusion 

inward and outward from the volume element is equal to the rate of oxida

tion. A general solution given by Dodson for this relationship is: 

,2 K 
^ . / . C , (1,-6) 
dx 

where K = intrinsic volumetric rate constant, 
V 

Z = effective in-pore diffusion coefficient, 

C = concentration of oxidizing species, 

X = distance. 

For convenience, early in the theoretical work Dodson introduces: 

•f- = L^ , (11-7) 
V 

where L is the diffusion length or depth of oxidation and Z is given by 

mD 2* where D.. „ is the ordinary gas phase diffusion coefficient for water 
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in He and m is a correction term for the porous medium, or the torosity/ 

porosity ratio, e/q . 

The H-451 samples tested were cylindrical in shape. Dodson's specific 

solution for this configuration is: 

dr L 

The boundary conditions are C - C at r = r , and dC/dr = 0 at r = 0: i.e.. 
O O T •> 

the diffuse layer between the sample and the bulk phase is assumed to be 

nonlimiting. The solution in terms of the modified Bessel function of zero 

order is: 

I (r/L) 

^^^OIVTT) • (1^-9) 
o o 

Assuming that the chemical-kinetics-limited rate constants hold, rates of 

reaction were calculated for various depths using partial pressure of water 

as given by the solution for C/C (Eq. 11-9). In calculations of L (or 

)/K/m D, " ) , K was obtained from the Langmuir-Hlnshelwood rate equation 

and rate constants determined and reported previously (Ref. 11-14). A 

range of values for the transport parameter, m, was tried to obtain the 

best data fit. A value of m = 0.003 was found to correlate the oxidation 

profile quite well; this is the same value recently determined at GA for 

ATJ graphite (Ref. 11-19). In addition, a value of 0,004 for m was deter

mined for H-451 graphite in a separate experiment on fuel hydrolysis (Ref, 

11-11). Burnoffs were calculated by integrating reaction rates over the 

time of oxidation. 

Experimentally, burnoff was determined from density measurements. The 

density values were obtained by placing the cylindrical specimen in a high

speed precision lathe and cutting the sample at fixed depths and length. 

The fine granules obtained by this cutting technique was vacuumed into fil

ter paper and weighed. From the volume and weight of each cut, density 
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profiles were determined. The density profiles were then converted to 

burnoff profiles. In Fig, 11-6, the calculated burnoffs obtained by the 

method described above are compared with the burnoffs determined by the 

lathe technique. The data and theoretical estimate correlate quite well, 

Indicating the use of the value 0.003 for oxidized H-451 graphite is 

correct. 

Oxidation Profile Test 

A test plan, "Test Plan for Oxidation/Strength Tests on 2020 and H-451 

Graphite" has been written and the equipment is available to commence 

testing. This completes milestone 16 of Task 11, 
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TABLE 11-1 
PROPERTIES OF H-327 GRAPHITE, FORT ST. VRAIN RELOAD 1 

[Density (Mg/m^), tensile strength (psi), impurity content (ppm)] 

SESUL 
'NUMBER" 

FURiMACE 
RUN 

3RA0£ _LOG 
LOCATION 

DZHZnt R E S I S T I V I T Y j r C N S I L F 
STPENGTH 

ASH eoRO^J IRON VANADIUM TITANIUM 
CONTENT CONTENT CONTENT CONTENT CONTENT 



DENSITY 

TABLE 11-1 (Continued) 

RESISTIVITY 

7":; 

7£ 
7% 
76_ 
73 
75 

13 . 
7«» 
m 
7 2 -
7 1 
m 
7 1 
73 
7G 
yr 
7 * 
7"* 
7:; 
7C 
7S 
77 
7G 
7S 
77 
77 
77 
73 
7G 
7C 
7* 
7r 
7G 
73 • 
73 
73 
75 
7^ 
7T 
7 -
7t» 
7<* 
7'» 
f -J 

r-i 
T 
77 
7C 
7'4 
77 
7 5 
7 C 

7*5 
75 
7 s 

1 7 . 
1 3 
I P . 

1 3 
1 7 . 
IT 
: < • . 

IC 
i c . 
17 
1 7 . 
1 5 
I f . 
1 5 
i r . 
1 7 
I S . 
I S 
1 8 . 
19 
1 7 . 
I S 
l"^. 
13 
1 7 . 
17 
i r . 
17 
i r . 
11-
1 7 . 
1=/ 
I S . 
I S 
1 7 . 
13 
1 7 . 
18 
I C . 
I S 
I f . 
13 
I C . 
I S 
1 7 . 
I S 
1 7 
1 7 
I E . 
17 , 

I S . 
1 5 . 

TENSILE ASH BORON IRON VANADIUH TITANIUM 
STR£t43TH CONTENT CONTENT CONTENT CONTENT CONTENT 



TABLE 11-1 (Continued) 

SERIAL 
"NUKEER" 

_FURNACE SHAPE 
RUN 

LOG 
LOCATION 

DENSITY R E S I S T I V I T Y T J N S I L E 
"STRENGTH 

ASH BORON IRON VANADIUM TITANIUM' 
CONTENT CONTENT CONTENT CONTENT CONTENT 



TABLE 11-1 (Continued) 

.SERIAL^ FUR N_A CE GRADE J=Q.G__ 
RUN LOCATION 

- D E N S I I I R L S I S T I V I I Y L ^ . S 1 L I _ „ 
STRENGTH 

.ASiL J3_0R0N. _mcN_ VAN API UM UJM1 un_ 
CONTENT CONTENT CONTENT CONTENT CONTENT 

7G l O . T 
76 
7R 
7 7 
77 
7G 
7 2 
77 
7 S 
7£ 
7 5 
77 
7C 
7o 
7 7 
77 
7S 
77 
77 
7C 
7 3 

rz 
77 
73 
77 
77 
77 
77 
77 
73 
?<; 
7? 
7 3 
7'i 
7 3 
7S 
< ! l l 

79 
7 7 
78 
77 
81 
7 3 
73 
77 
7£ 
3iJ 
7C 
77 
73 
7 7 
7& 

I S 
1 3 
IE 
17 
I E 
1'-, 
IC 
I S 
1 7 
1 3 
1 5 
1 3 
IE 
1 -
1 7 
1 3 
lA 
1 = 
1 7 
17 
1 3 
1 7 
1 7 
1-
IC 
1 7 
1 7 

'n 
1<» 
l--
1 3 
15 
I F 

!«: 
I F 
13 
I E 
1-5 
1 7 
17 
1 ^ 
13 
I S 
1 7 
1 7 
1 5 
I S 
I S 
22 
1 7 
1 7 

3 -
3 

. 3 
• 1 . 
.1 
,% 

. 1 
,9 
.?_ 
. 1 
. 1 

. 7 
1 
5 , 
9 
0 

•J-
.<» 
. 1 

• 3 _ 
. 8 
.3 
. 0 

,.7 
• 3 . 

.s 
. 7 
. 7 
. 5 
o5 
. 7 
. 7 

• 2 . 
. 0 
. 1 
= C^ 
.u ' 
. 1 
. 1 _ 
. 3 
. 1 
• 6 , 
. I 
. « » 
. 5 

_ 1 3 3 3 ; ^ 
1 7 o C . 
I f i l S . 

__ ia i2 . 
2 2 i 7 . 
1 5 3 1 ' , 

_ 1 9 J S . 

2 1 5 1 . 
1 3 3 3 . 

_ . ? U 1 5 » 
1 5 2 8 . 
? 2 < « 1 . 

_ 1 3 3 5 . 
1 3 1 1 . 
2 3 G 3 . 

_ J „ 7 8 t . 
2 3 U 2 . 
1 9 3 9 . 

_ 1 7 . ' > 3 . 
- 3 5 £ . 
2 ' » 5 S . 

™.?2&7., 
1 7 3 1 . 

_ i G - ; « . 
I ; E 7 . 

1 3 5 3 . 
_iia2_, 

_ _ 1 5 1 3 . 
l a i i ' . 
?n'4 2 . 

20 5 2 . 
r < t 2 ' ^ . 

_ ^ l Z i * 5 . 

2 U S 3 . 
_ 7 U 2 3 j 

3 1 
75. 

1 3 
17 

1 5 1 C . 
1 7 S 2 . 

. „ 1 < » 3 9 . _ 
7 2 r C ' . 
isun. 

_ 1 3 7 U s _ 
2 2 ! ! 7 . 
2 S 8 1 . 

_ 1 3 ' 4 7_._ 
U 2 8 ^ . 

1 3 5 3 7 

S 3 . 
p . " 

s ; . 

a. 
p . 
Q._ 

2 B 7 . 
0 . 

- _ Z 1 . „ 
««3. 

0 . 

r > . 

0 . 

0 . 

n. 
2 0 . 
7 3 . 

H i . 
0 . 
f t . 

h. 
0 . 

I G l . 

n. 

n. 
5 5 . 

P . 0 . 
t l . 
o._ 
0 . 

2 3 . 
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1 8 1 . 

. 0 . . 
n, 
n. 

iU-

0 . 
0 ._ 

5 3 . 
S 3 . 

3 . 

. 0 . 0 
. 0 

. 0 

. 0 

. 0 

. 0 

. 0 
. 0 

_.Q 
. 0 
• 0 

...n 
.fj 
. 0 
. n •» 
. 0 
. 0 

. . 0 
, 0 
.n 
.n 
.u 
. 0 
. 0 

. 0 

. 0 

.n_ 

.D 

. 0 

. 0 

. f l 

. 0 

. 0 

. 0 

. 0 

.n 

. 0 

. 0 

. 0 
. 0 

»0 
. 0 

j J 3 _ 
. 0 
. 0 

_ . o . 
. 0 
. 0 

. 0 
, 0 

_"IL. 
. 0 
. 0 

. 0 

. 0 
^.0 
. 0 
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TABLE 11-1 (Continued) 

_SERiaL 
NUCEER" ""RUN 

GRA3t LOG 
LOCATION 

0EM3ITY RESISTIVITY TENSILE 
STRENGTH 

ASH BORON IRON VANADIUM 
CONTENT CONTENT CONTENT CONTENT 

•TITANIUfi 
CONTE'NT 



TABLE 11-1 (Continued) 

_SEPIAL 
NUMBER" 

FURNACE CRAPE 
RUN 

LOG 
LOCATION 

DENSITY RESISTIVITY TEUSILC ASH BOR0N_ IRON VANADIUH TITANIUM 
STRENGTH CONTENT CONTENT CONTENT CONTENT CONTENT 



TABLE 11-1 (Continued) 

SERIAL 
HWBtR 

5 ! H 7 . 
S ' 4 l 3 , 
S I I S , 
? < ( 2 0 . 
£ 1 2 1 . 
S ' ! 2 ? . 
' 1 2 3 . 
5 '42 '4 . 
E 0 2 C . 
S 1 2 7 . 
5 1 2 8 . 
5 t t 2 9 , 
E 1 3 ( l . 
5 1 3 1 . 
£ 1 3 3 . 
5 1 5 2 . 
5 « ^ 7 8 , 
5 S & 9 . 
EG7D. 
5 3 7 1 . 
5 G 7 2 . 
5 r , 7 3 . 

Zl SE71. 
T 5S75. 
W 5 S 7 P . 
-•- 5 5 7 7 , 

5 C 7 3 . 
5 ^ 7 3 . 

5 5 3 1 1 . 
5 f 9 1 . 

' C 9 1 . 
5 5 9 3 . 
5 f . 3 C . 
5 5 9 7 . 

5 7 0 0 . 
5 7 D 1 . 
5 7 0 ' . 
E 7 U 7 , 
5 7 0 3 . 
5 7 i n . 
5 7 1 0 . 
f 7 1 5 . 
5 T 1 5 . 
5 7 1 7 . 
5 7 1 3 . 
6 7 1 3 . 
5 7 2 0 . 
£ 7 2 1 . 
5 7 2 2 . 
£ 7 2 3 . 
S72«». 

FURNACE GRADE LOG 
RUN LOCATION 

3 3 [ ' 7 - C A 2 . 2 
3 3 0 3 - C A 7 . 3 
33{ i7 -C A I F . 2 
3 3 n 7 - c A i n . 3 
3 3 7 1 - C A 8 . 1 
3 3 U 3 : : £ - A 1 5 j a _ , 
3 3 r 3 - C A 1 , 2 
3 3 n 3 - C A 1 £ , 3 
3 ' 2 9 - C A 6 . 3 
3 3 2 2 - C A 1 5 . 2 
•»3li7-C A f . 3 
3 3 0 7 - C A 5 . 1 
3 3 7 7 - C A 8 . 1 
3 3 0 7 - C A 2 . 1 
3 3 0 3 - 0 A 1 . 1 
3 ' » 6 3 - C A 1 5 . 2 
3 1 1 2 - C A 7 , 2 
1 3 « . 5 - C A 1 0 . 3 
? 3 a 7 - C A 8 . 2 
3 3 7 1 - C A 9 , 2 
7 3 ( . 9 - C A 1 1 . 2 
3 5 7 3 - C A 1 1 . 2 
3 3 1 3 - c A l E . l 
3 3 0 7 - C A 1 . 3 
' - ' 7 2 - C A E . l 
3 3 7 2 - C A 1 3 . 2 
7 3 2 9 - 0 A 7 . 2 
3 - ' 0 3 - C A 1 1 . 3 
S ' l J - C A 1 7 . 7 
3 3 2 9 - C A 1 . 3 
''Jl 3-C A 7 . 1 
3 3 2 3 - C A 1 0 . 1 
3 3 : 3 - C A 1 . 1 
3 3 1 ' - C A 1 . 1 
• ' 3 r ° - C A I E . 3 
3 3 2 3 - C A 1 1 . 2 
•»327-C A _ 1 7 . 1 
3 : 1 3 - 0 A 1 . 2 
3 ' ! ' 9 - C A 1 6 . 1 
3 3 7 - ' - C A 3 . 3 
3 3 2 2 - C A • 1 . 1 
3 3 7 2 - C A 1 1 . 3 
3 ' ' 7 ' * -C A _ I F . l _ 

JX\^-c_ A ij^z. 
2 3 7 7 - C A i n . 3 
3 3 1 3 - C A 5 . 1 
3 3 2 2 - C A 3 . 1 
3 3 7 2 - C A 1 1 . 1 
33M3-C A 1 5 . 1 
3 3 7 2 - C A 3 . 1 
7 3 1 3 - C A 1 2 . 2 
3 3 2 ' - C A 1 . 3 
3 3 7 2 - C A 2 . 1 
3 3 7 1 - C A 9 . 3 

DENSITY 

1 . 7 3 
1 . 7 S 
1 , 7 8 
1 . 7 7 
1 . 7 ? 
1 . 7 3 
1 . 7 5 
i . 7 r 
1 . 7 S 

- 1 . 7 7.._.. 
1 . 7 7 
1 . 7 7 
1 .7C 
1.7<-. 
1 . 7 5 
1 . 7 1 
1 . 7 3 
1 . 7 3 
1 . 3 1 
1 . 7 7 
1 . 7 3 
1 . 7 3 
1 . 7 5 
1 . 7 3 
1 . 7 3 
1 . 7 3 
1 . 7 7 
1 . 7 7 

1 . 7 3 
1 . 3 0 
1 . 7 7 
1 . 7 3 
1 . 7 3 
1 . 3 0 
1 . 7 7 
1 . 7 3 
l . ^ O 
1 . 7 7 
1 . 7 7 
1 . 7 3 
1 . 7 3 

, 1 . 3 0 
1 . 7 7 
1 . 7 3 
1 . 7 3 
1 . 7 3 
1 . 7 9 
1 . 3 0 
1 . 8 0 
1 , 3 1 
1 . 7 8 
1 . 3 1 
1 . 8 1 
i . 7 S 

R E S I S T I V I T Y 

I f - 1 
1 7 . S 
1 7 . 5 
1 3 . C 
1 8 . 2 
1 7 . 1 
1 7 . 1 
1 3 . U 
1 S . 1 
1 3 . 0 
1 8 . 3 
1 9 . 0 
1 7 . £ 
1 3 . 0 
1 8 . 5 
1 7 . 3 
1 7 . U 
1 5 . 1 
1 5 . 8 
1 7 . 0 

l e .c 
I f . 3 
1 6 . 3 
1 7 . 3 
1 5 . 9 
1 7 , 0 
1 7 . 1 
1 3 . 1 
1 3 . B 
I S . 8 
I E . 6 
1 5 . 7 

i r . 2 
1 5 . 1 
1 7 . 6 
I S . 8 
3 1 . 3 
1 5 . 8 
1 7 . E 
1 3 . 9 
1 5 . 5 
1 3 . 1 
1 6 . 9 
1 3 . 1 

i r . a 
1 3 . 1 
1 6 . 1 
I S . l 
1 1 . 7 
1 5 . 2 
1 5 . 1 
1 3 . 3 
1 5 . 7 
1 5 , 3 

TENSILT 
STRENGTH 

I B S ' . 
2 U S 5 . 
? U 7 9 . 
H O C . 
l i . 1 8 . 
1 1 S 7 . 

' 1 3 5 5 . 
1 7 1 3 . 
1 8 6 1 , 
1 9 0 1 . 
1 B 5 1 . 
1 3 3 9 . 
1 1 U 3 , 
1 1 3 3 . 
2 3 7 0 . 
2 1 1 3 . 
1 5 L E . 
1 5 7 1 . 
1 6 S 3 , 
2 1 U 3 . 
2 3 1 2 . 
1 5 6 2 . 
1 6 3 2 . 
1 3 3 9 . 
? 1 i ( . 
1 7 5 9 . 
2 U 8 i . 

, J0,7J-
i i i r . 
2 3 5 3 . 
I S I ' . 2 3 1 5 . 
1 3 1 1 . 
1 7 7 3 . 
1 5 7 5 . 
2 3 3 3 . 
7 1 C P . 
1 5 3 3 . 
2 ' , 7 5 . 
7 3 3 7 . 
2 0 8 6 . 
2 5 1 1 . 
2 5 5 1 , 
1 1 3 3 . 

~ 2 2 5 2 , 
1 5 7 3 . 
1 3 S 7 . 
1 1 2 C . 
1 9 1 8 . 
2 2 5 9 . 
I t J S S . 

1 8 5 1 . 

ASH 
CONTENT 

2 8 1 , 

2 3 . 
1 0 . 
9 7 . 

0 . 
3 5 0 . 

,. 3 5 . 
23"J . 

0 . 
0 . 

2 U 1 . 
3 3 5 . 

P . 
2 3 3 . 

3 1 . 
' 3 3 . 

1 7 . 
0 . 
0 . 
0 . 

2 5 1 . 
0 . 

2 3 F . 
1 7 1 . 
1 6 1 . 

3 3 . 
n. 

3 9 5 . 
n. 
0 . 

1 3 . 
0 . 

2 9 1 . 
n. 

2 9 1 , 
n. 
0 . 
0 . 

7 8 6 . 
0 . 
0 , 
0 . 

1 3 1 . 
1 3 . 
n. 

lun. 
0 . 
0 . 
n. 
0 . 
0 . 
o; 
0 . 

S 8 . 

BORON 
CONTENT 

. 0 
. 0 
, 0 
. 0 
. 0 

• u 
. 0 
. 0 
. 0 
. 0 
.U 

.u 
. 0 

. 0 

.n 
. . 0 

. 0 
. 0 

.n 
, 0 
. 0 
. 0 

1 . 0 
. 0 
. 0 
. 3 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 

2 , 8 

• n 
. 0 
. 0 
.11 . 0 
, 7 
. l j 
. 0 
. 0 

1 . 3 
1 . 1 

. 0 
. 0 
. 0 
. 0 
. 0 

.u 
. 0 
. 0 
. 0 
. 0 

IRON 
CONTENT 

. 0 

. 0 
, 0 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 

.n 
, 0 

i s . o 
. 0 
. 0 
,n 
. 0 
.n 
. 0 
. 0 
• 0 
. 0 
• 0 
.n 
. 0 

.u 

. 0 

. 0 
. 0 
. 0 
• 0 
. 0 
. 0 
. 0 

.a 

. 0 

•n 
. 0 
. 0 

1 2 . 8 
• 0 

. r 

. 0 

. 0 

. 0 
, 0 

7 5 . 1 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 

VANADIUM 
CONTENT 

. 0 
. C 
. 0 
. 0 
. 0 
. 0 

. r 
. 0 
. 0 

.n . 0 
1 3 , 1 

. 0 
. 0 
. 0 
.c 
.c 
. 0 
,D 
, 0 
. 0 
, 0 
. 0 

.c 
» o 
. 0 
. 0 

• c 
. 0 
. 0 
. 0 
. 0 

.c 
. 0 
. 0 
. 0 
. 0 
• 0 

3 . 1 

• c 
. 0 
. 0 
.D 
, 0 
. 0 

I t . 3 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 
, 0 
. 0 

TITANIUM 
CONTENT 

, C 
, C 
. C 
. 0 
. 0 
. 0 
, 0 
. 0 

. 0 
6 3 . 3 

, 0 
, 0 
. 0 
. 0 
. 0 

,c 

. 0 
, 0 
. 0 
. 0 
. 0 

. 0 

. 0 
. 0 
.c 
, 0 
.c 
• c 
• c 
. 0 
. 0 
. 0 
. 0 
. 0 

E S . C 
, 0 
. 0 
. 0 
, 0 
. 0 
. c 

2 0 . S 

,c 
. 0 

.c 

. 0 

. 0 

. 0 

. 0 

. 0 



TABLE 11-1 (Continued) 

_SERIAL_ 
NUfSER 

_FURNACE_CaA51. 
RUN 

LOC 
LOCATIO'^ 

DENSITY RESISTIVITY TENS XLr_ _A£.H_ ^ .MON. _1R0N_ 
STRENGTH CONTENT COMENT CONTENT 

_KAMDIUM_ 
CONTENT 

J X T A N I U l . 
CONTENT 



TABLE 11-1 (Continued) 

_SERIAL 
NUMBER' 

_F;URNACE 
RUN 

GRAOS LOS 
LOCATION 

DENSITY RESISTIVITY TEN S IJ, E_ 
STRENCTH 

ASH 30R0N IRON 
CONTENT CONTENT CONTENT CONTENT 

_VANADIUM TITANIUH. 
CONTENT 



TABLE 11-1 (Continued) 

SERIAL_ 
'NUM3ER 

FURNACE 
RUN 

CRADE LOG 
LOCATION 

• DC-'^SITY R E S I S T I V I T Y , TEN,S tL^ . 
STPENGTH 

_ASh_ _SO_R0N , 
CONTENT CONTENT CONTENT CONTENT 

_Li?0 N VANADI UM U X ^ I L I UJL 
CONTENT 



TABLE 11-2 

STATISTICAL DATA ON IMPURITIES IN H-327 GRAPHITE 

(Logs Selected from Various Stages in Fuel Block Production Schedules) 

Production Period 

F i r s t three 
g raph i t i z ing 
runs , 3/69 
(approx 70 logs) 

Log 42/2034, from 
mid-schedule, 
May 1969 

Logs from l a t e 
s tage of 
g r aph i t i z a t i on 
schedule , August 
1970, Sept. 19 70 

In^purity, Max/Min/Mean Content and Standard Deviation (ppm) 

Tota l Ash 

X 

56.1 

6^^) 

199 
192 

a 

53.8 

Max 

408 

Min 

16.0 

Boron 

X 

0.5 

0.5 

s 

a 

0.48 

Max 

4.6 

Min 

0 .1 

Iron 

X 

9.92 

6.0 

80.0 
20.0 

a 

16.37 

Max 

80.0 

Min 

1.0 

Titanium 

X 

4.35 

<1.0 

8.0 
20.0 

a 

7.72 

Max 

33.4 

Min 

0.2 

Vanadium 

X 

1.22 

<0.5 

10.0 
10.0 

a 

1.54 

Max 

8.7 

Min 

0.3 

^Accuracy -25% to +35% 1 a. 

ot de tec ted , l e s s than 0.5 ppm. H 



TABLE 11-3 

SPECTROCHEMICAL ANALYSIS OF H-327 GRAPHITE 

Log No. 

10-2/694 
3-1/705 
i-inji 
1-1 Pkk 
Vl-lll(i^ 
12-2i<i5b 
12-1/958 
8-2/1058 
4-2/1959 
4-2/2479 
3-1/2482 
42/1960 
10/9977C 
12-1 

0001/1743 
0001/2820 
0018/1787 
0018/2511 
0175/615 
0175/2520 
9974 
9987 
9990 
0060 

S e n s i t i v 
i t y , tttn 
Content 
D e t e c t a b l e 

P o s i t i o n 

End Edge 
End Edge 
End Edge 
End Edge 
End Edge 
End Edge 
End Edge 
End Edge 
End Edge 
End Edge 
End Edge 
End Edge 
End Center 
Mid Length Edge 
Mid Length Ct r 
QC Edge Slab 
QC Edge Slab 
QC Edge Slab 
QC Edge Slab 
QC Edge Slab 
QC Edge Slab 
QC Edge Slab 
QC Edge Slab 
QC Edge Slab 
QC Edge Slab 

(a) Element Concent ra t ion (ppm) ' 

Al 

1.0 
1.0 
1.0 
4 ,0 
1,0 
4.09 
ND 
1.0 
6,0 
4.0 
2,0 

20.0 
2,0 
4 .0 
1.0 
4 .0 
4,0 
2.0 
ND 
ND 
4.0 
1.0 
ND 
ND 
ND 

1.0 

B 

NB^^> 
1.0 
2 .0 
2 .0 
1.0 
1.0 
1.0 
1.0 
ND 
1.0 
1.0 

10.0 
ND 
4.0 
ND 
ND 
ND 
ND 
ND 
ND 
4,0 
4 .0 
ND 
ND 
ND 

0 ,5 

Cu 

ND 
ND 
ND 
ND 
1.0 
1.0 
ND 
ND 
1,0 
1.0 
2.0 

<1,0 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

1,0 

Fe 

ND 
ND 
ND 
2.0 
1.0 
2 ,0 
2.0 
ND 

10.0 
1,0 
2.0 
2.0 
1.0 
1.0 
1.0 
ND 
ND 
6.0 
ND 
ND 
8,0 
2.0 
1.0 
1.0 
1,0 

1.0 

Mg 

2.0 
2,0 
2.0 
6.0 
4.0 
4,0 
1.0 
4.0 

10,0 
6.0 
2.0 
2,0 
2.0 
4 .0 
4,0 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

1,0 

Si 

<10.0 
<10,0 

10,0 
20.0 
20,0 
20.0 
20.0 
20.0 
80.0 
20.0 

^10.Q 
<10.0 
<10.0 

20.0 
10,0 
10,0 
20.0 
40,0 
ND 
10,0 
20.0 
10,0 
10.0 
10.0 
10.0 

10.0 

Tl 

4.0 
8.0 

10.0 
8.0 

10.0 
10.0 
20,0 
10.0 
10,0 
10.0 

6.0 
6.0 
6.0 
8.0 
ND 
ND 
ND 
4.0 
1.0 
ND 
ND 
ND 
ND 
ND 
ND 

1.0 

V 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0.5 

Mn 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
10,0 

<10.0 
<10,0 
<10,0 

10,0 

Ash^b) 

21 
38 
55 
77 
55 

472 
317 

72 
77 
65 
47 
62 

< 43 
54 

< 37 
61 

< 32 
< 35 

14 
21 
93 
93 

Accuracy -25% to +35% - l a ; for 90% confidence x 1,5. 

Ash content determined by Great Lakes Carbon Corporation, 

Not detected. 



TABLE ]]-k 
PROPERTIES OF H-327 GRAPHITE, FORT ST. VRAIN RELOAD 2 

[Density (Mg/m^), tensile strength (psi), impurity content (ppm)] 

JLANAOIUM IIJANIL'B. 



• 

TABLE 11-4 (Continued) 

NUMBER" 
_F_yRN ftC£ mMt 

RUN 
LOG 

to 'CAl ioN 
. . l I N S J J l _ _ J l S I S i I V I l l _ _ _ l £ hS 11 E, ASH_ . LQRON IRON yARA.ojuy__rxiANiuit. 

STPtNGIH CONTFNT SONTENT CONTENT CONTtNT CCNTENT 



TABLE 11-4 (Continued) 

_SCRI Oj. FURNACE SRADE __LO_G DENSITY RESISTIVITY T ENS ILE AS_H BÔ RON ÎjRON .YANAOIUM_ 
NUH8ER RUN " ' " LOCAflON " ST'RENGT'H CONTENT CONTENT CONTENT CONTENT 

5S75. 



TABLE 11-4 (Con t inued) 

J E R I AL FPRNACE 6RA01 
NUH8ER RUN 

LOG 
LOCATION 

D P I S I T Y R E S I S T I V I T Y JtUS I L f . 
STRENGTH 

ASH . BOSON _IRO N FAN AD I UH_ 
CONTCNT CONTENT CONTENT CONTENT 

J I X ^ N I U H . 
CONTENT 

I 

' S f i S l . ' 
5 2 2 6 . 

3 8 7 0 » _ 

S I S f i . 
SS f iT . 
5 9 0 2 . 

S 7 6 1 . 
5 f i R 2 . 

. S < i 5 l . _ 

5 2 9 5 . 

5 X 0 1 . 
5 1 1 8 . 

_ S 2 R ? . 
S f i l S . 
5 R 2 0 . 

' S 7 « » 2 . ' 
S P S S . 

^ • i S 0 5 . 
S f iOS . 

' S 7 S 9 . " 
5 2 8 9 . 

_ S«*1<». 
" S 8 f t 7 . 

S 2 S Q . 

• i f t a s . 
< » 7 3 ^ . 
S J ? ? . ^ 

S f i S l . 

1 7 S 5 . 
S 2 7 7 . 

" s ^ i o . 
S S M . 

. 5 7 ! < l ^ 
7 0 0 0 . 
5 1 0 5 . 
S 7 S 0 . _ 
7 0 0 1 ' . 
7 0 0 2 . 

S S 0 8 . 
S%a9. 

3 ' i 7 7 - C 
3 5 7 7 - C 
3 5 7 7 - C 
3 S 7 7 - C . 
3 5 7 7 - C 
3 5 7 7 - C 
3 5 7 T - C . 
3 5 7 7 - C 
3 5 7 7 - C 

_357 7 - C _ 
3 S 7 7 - C 
3 5 7 7 - C 
3 S 7 7 - C 
3 S 7 7 - C 
3 5 7 7 - C 
3 5 7 7 - C 
J S 7 7 - C 
3 5 7 7 - C 
J S 7 T - C 
3 5 I 7 - C 
J 5 7 7 - C 
3 5 7 T - C 

' I S 7 7 - C ' 
3 5 7 7 - C 
3 5 7 7 - C 
J S 7 7 - C 
3 S 7 7 - C 
3 5 7 7 - C 
3 5 ? 7 - C 
3 5 7 7 - C 
3 S 7 7 - C 
3 5 7 7 - C 
3 5 7 7 - C 
T S 7 7 - C 

^ 3 S 7 T - C " 
3 5 7 7 - C 
J 5 7 7 - C 
3 5 7 7 - C 
3 5 7 7 - C 
3 5 7 7 - C 
3 5 7 7 - C 
3 S 7 7 - C 
J 5 7 T - C 
3 5 7 7 - C 
3 5 7 7 - C 

. 3 S 7 7 - C . 
3 5 7 7 - C 
3 5 7 7 - C 
^ S 7 7 - C . 
3 5 7 7 - C 
3 S 7 7 - C 
3 S 7 I - C _ 
3 5 7 7 - C 
3 5 1 7 - C 

7 . 1 _ 
" 7 » 2 

7 . 3 
_ 8 . l „ 

8 . 2 
8 . 3 
9 . 1 . 
9 . 2 
9 . 3 

I D . 2 
1 0 ^ 3 
1 1 . 1 „ 
11.2 
1 1 . 3 

_ 1 2 . 1 _ 
1 2 . 2 
1 2 . 3 
1 3 . 1 
1 3 . 2 
I S . S 

m.2 
I I . J 
1 5 . 1 
1 S . 2 ' 
I S . 3 

J 6 . 1 _ _ 
1 6 . 2 
1 6 . 3 

_!.«» 
1.5 

_ 2 . * 
2 . 5 
2 . 6 

_ 3 , i | 
3 . 5 
3 . 6 

_ '*''*„ 
« l . 5 
•1 .6 

_ 5 .«! 

"s.s" 
5 . 6 

_ 6 . « i _ 
6 . 5 " 
6 . 6 

_ 7 . ' » _ 
7 . 5 
7 . 6 

_ 8 « * _ 
8 . S 
S^6 

.7n__ 

.78 

. 12 
. R 0 _ 

79 
. 8 1 

SI 
, 8 3 
. 7 8 
- 7 7_ 

. 8 1 

. 7 8 ^ 

. 7 3 

. 7 8 
. 7 8 _ 
. 8 1 
. 7 8 
. 8 1 _ 
. 7 9 
. 7 9 
. 7 9 
. 1 l " 
. 7 9 
. 7 3 
. 7 6 • 
. 7 9 
. 8 1 
.73 " " 
. 7 3 
. 7 9 _ 
. 8 2 
. 7 3 
. 7 8 _ 
.B3 
. 8 0 
. 3 0 _ 
. 7 8 
• HI 
. B 0 _ 
. 1 1 
. 7 9 
. 7 8 
. 8 0 
. S 2 
. 8 3., 
. 3 1 
. 8 2 
. S 2 _ 
. 7 8 
, 8 7 
• SQ_ 

1 . 8 1 
1 , 8 2 

15 
' l 5 

15 
. 1 6 

17 
16 

. 17 
17 
I T 

. 1 5 
15 
16 
18 
IG 
I T 

. 1 5 
I S 
1 5 

J t 
19 
1 8 

J 6 
15 
IS 
17 
17 
16 
18 
17 
JS 

_13 
IS 
IS 
17 
I S 
18 
IS 
18 
20 

_18 
17 
17 
17 
17 
l a 

. 1 7 
17 
I S 

_17 
19 
I S 
18 
17 
20 

. 2 _ 

. ? ' 

. 3 
. 0 . 
. 6 
. 2 
.B._ 
. 5 
. 2 
.«_ 
. 8 
-2 
. 0 . 
. 6 
. 3 
, 6 _ 
. 7 
, 9 
. 3 
. 2 
. 5 
. 7 
. 9 ~ 
. 9 
• S . 
. 8 
. 8 
. 3 _ 
.H 
. 5 

. 6 

•*_ 
. 3 
. 7 

• l _ 
. 2 
. 0 
• 2_ 
. 6 
. 5 
. 6 . 
. 5 
. 7 
. 2 . 
. 3 
. 7 
. 9 . 
. 1 
. 5 
• .5_ 
. 1 

i 

^ l r . D 7 . _ 
1 3 8 9 . 
1 5 0 9 . 

. 1 5 [ J 3 . _ 

2 3 1 5 . 
i g o s . 

, 1 9 9 a . _ 
1 8 2 5 . 
2 2 9 1 . 

, 1 6 « » 6 . _ 
2 J 0 O . 
1 8 9 8 , 

. 2 1 9 9 . _ 
2 5 2 4 . 
2 0 0 0 . 

_ 1 3 R 9 , _ . . 
2 1 5 8 . 
2 < ( 6 S , 

. . 2 1 9 1 . _ 
2 0 8 2 , 
2 1 * 0 . 

_ ? 2 8 7 . _ 
215<». 
1 9 9 C . 
1 6 9 ' « . _ 
1 9 3 1 . 
2 1 5 2 . 

_2 7 3 2 ^ _ 
218<(. 
2 6 3 9 . 
1 7 7 ' , . _ 
2 0 C 5 . 
-AO 3 ._ 

_r W Z-. 
1 9 1 3 . 
1 8 0 3 , 

. 2 1 8 3 . _ 
1 6 8 3 . 
2 6 0 7 . 

. 2 1 S 9 . _ 
1 6 3 5 . 
l « i D 2 . 

„ 1 2 5 3 . . _ 
2 3 G 6 . 
2 3 7 6 . 

. I 9 7 7 . _ 
2 0 3 5 . 
2 1 3 6 . 

J S 0 7 . _ 
2 0 3 9 . 
2 3 5 0 . 

„ 2 J 0 0 . _ 
2 3 7 9 . 

0 . _ 
0 . 
0 . 
0 ^ 
0 . 
0 , 

_ J 1 6 . ^ 
2 1 7 . 

0 . 
0 . _ 
0 . 
0 . 

o._ 
0 . 
0 . 
o._ 
0 . 
0 . 

_ 1 I 9 . _ 
5 9 . 
6 0 . 

0 . _ 
0 . 
0 . 
o._ 
0 . 
0 . 

_ 2 6 0 . _ 
1 3 2 . 

0 . 
0 . 

2 9 5 . 
S 3 . 

0» 
0 . 
0 , 
o._ 
0 . 
0 . 
o._ 
0 . 
0 . 

_ . * 9 . _ 
0 . 
0 . 
p . . 
0 . 
0, 
0 , _ 
0 . 
0 . 
0 . ^ 

.0 

. 0 

, 0 
.0 

. . 7 _ 
, 0 
. 0 

_.a_ 
. 0 
.0 

_ . u . 
. 0 
. 0 

. . . 0 . 
. 0 
. 0 

. 7 

. 5 

. 0 _ 
. 0 
. 0 
. 0 _ 
. 0 
. 0 

. 5 
. 0 

•o" 
. 7 

_.o_ 
. 0 
.0 

_.o 
.0 
. 0 

. .o_ 
. 0 
, 0 

- . L 
, 0 
. 0 

. 0 

. 0 
. . 0 _ 

.0 

. 0 

.-•3_ 
. 0 
.0 

. * 0 . 
.0 
. 0 

_^0-. 
. 0 
.0 

.0 

. 0 

. 0 

. 0 

.0 

. 0 
_ . a _ 

. 0 

.0 
_ . o 

.0 

. 0 
_.o 

. 0 
.0 

„ . o 
. 0 
. 0 

. 0 

.0 
„ . 0 _ _ 

.0 
. 0 

_ .o 
. 0 
. 0 

.0 
. 0 

_.o „ 
. 0 
. 0 

^ Q 
. 0 
. 0 

_.o _ 
. 0 
.0 

. 0 

. 0 

. 0 _ 

. 0 

. 0 

. 0 _ 

. 0 

.0 

. 0 _ 

. 0 

. 0 
, 0 _ 
. 0 
. 0 
. 0 . . 
. 0 
, 0 
• 0.. 
. 0 
. 0 
. 0 _ 
. 0 
. 0 
. 0 _ 
, 0 
. 0 
. 0 ^ 
. 0 
. 0 
>Q^ 
. 0 
. 0 
. 0 _ 
. 0 
. 0 
. i3„ 

„ » o . 
. 0 
. 0 

...X3-
. 0 
. 0 

. . 0 -
. 0 
. 0 

. 0 
. 0 

_ . Q . 
. 0 
. 0 

_.c_ 
. 0 
. 0 

_ . 0 _ 
. 0 
. 0 

_ . o . 
. 0 
. 0 

. • 0 . 
,0 
. 0 

- • 0 _ 
. 0 
, 0 

_.o_ 
. 0 
. 0 

. 0 

. 0 
- • 0 _ 

. 0 

. 0 

. 0 

. 0 
- • 0 _ 

. 0 

. 0 
_ . 0 _ 

. 0 

. 0 
. » 0 _ 

. 0 
. 0 

_ . Q _ 
0 . 
0 . 

. 0 
. 0 

.0 

. 0 
. 0 
. 0 

. 0 
, 0 



TABLE 11-4 (Continued) 



TABLE 11-4 (Continued) 

_SERIAl. 
NUHBER" 

_FURN ACE 3RA0E 
RUN 

LOG 
LOCATION 

. D a S , I l I _ _ 8 1 S l S l I V J T I _ _ _ l E N S ILE -ASH . J.Q^ON IROM___JANA»IUH TJTANIUtt. 
STRENGTH CONTFNT CONTENT CONTENT CONTENT CONTENT 



TABLE 11-5 
CHEMICAL PURITY OF H-327 GRAPHITE 

(in ppm) 

Data Source 

FSV reload QA - Table 11-1 

FSV reload QA - Table 11-4 

Characterization - Table 11-2 

Characterization - Table 11-3 

Characterization - Table 11-3 

Ash 

N 

65 

267 

22 

70 

3 

X 

172 

145 

84 

56 

150 

S 

87 

104 

105 

50 

78 

Boron 

N 

57 

31 

25 

70 

X 

1.15 

0.6 

1.6 

0.5 

S 

0.8 

0.2 

2 

0.5 

Iron 

N 

11 

26 

70 

3 

X 

78 

2 

10 

35 

S 

63 

2 

16 

11-46 



# • # 

TABLE 11-6 
AXIAL ULTIMATE TENSILE STRENGTH OF H-327 GRAPHITE 

(in MPa) 

Data Source 

Characterization - Ref. 11-2 

QA acceptance - Table 11-9 

Characterization - Refs. 11-3 
through 11-7 

OG experiment - Ref. 11-8 

FTE experiment - Table 11-8 

Midlength Center 

N 

(a) 

2938 

17 

8 

16 

X 

11.2 

11.9 

9,4 

9.1 

13.6 

S 

1.34 

2.43 

2.20 

1.09 

1.14 

Midlength Edge 

N 

(a) 

16 

10 

32 

X 

16.5 

15.8 

15.1 

16.7 

S 

1.52 

2.13 

2.02 

1.24 

End Center 

N 

(a) 

17 

16 

X 

15.0 

12.0 

14.7 

S 

1.77 

3.75 

2.44 

End Edge 

N 

(a) 

17 

32 

X 

15.9 

16.3 

15.6 

S 

1.22 

1.89 

1.20 

Unknown. 

TABLE 11-7 
RADIAL ULTIMATE TENSILE STRENGTH OF H-327 GRAPHITE 

(in MPa) 

Data Source 

Characterization - Ref. 11-2 

Characterization - Refs. 11-3 
through 11-7 

OG experiment - Ref, 11-2 

Web strength test - Ref. 11-8 

Midlength Center 

N 

(a) 

18 

13 

25 

X 

6.4 

6.1 

5.6 

8.4 

S 

0.77 

1.10 

1.97 

0.67 

Midlength Edge 

N 

(a) 

15 

19 

25 

X 

8.9 

7.9 

9.9 

9.5 

S 

0.90 

1.17 

1.38 

0.92 

End Center 

N 

(a) 

17 

X 

9.3 

9.2 

S 

1.74 

2.19 

End Edge 

N 

(a) 

17 

X 

9.7 

9.5 

S 

1.05 

0.96 

Unknown. 



TABLE 11-8 
TENSILE PROPERTIES OF H-327 GRAPHITE 
LOG 6484-147 - FUEL TEST ELEMENT LOG 

RADIAL, MID-RADIUS 

LOT N O . 
LOS N O . 
LOG DEN! 

SPECIMEN O R I E N T -
NUMBER A l I O N 

6«*8« I "1«»7-0 IA RAO 
- 0 2 A RAD 
- 0 3 A RAD 
-0«SA RAD 
- 0 5 A RAD 
- 0 6 A RAD 
- 0 7 A RAD 
--08A RAD 
- O I B RAD 
••02B RAO 
- 0 3 B RAD 
- O I B RAD 
-OSB RAD • 
- 0 6 6 RAD 
» 0 7 B RAO 
- 0 8 B RAD 
- O I C RAD 
- 0 2 C RAD 
- 0 3 C RAD 
-0««C RAD 
- Q 5 C RAD 
-O&C RAD 
- 0 7 C RAD 
- 0 8 C RAD 
- D I D RAD 
- 0 2 0 RAD 
" 0 3 0 RAO 
-0« ID RAD 
- 0 5 0 RAD 
" 0 6 0 RAD 
- 0 7 0 RAD 
- 0 8 0 RAD 
- D I E RAD 
- 0 2 E RAD 
- 0 3 E RAD 
-Q«IE RAD 
-OSE RAD 
" 0 6 E RAD 
- 0 7 E RAO 
- 0 8 E RAD 
- O I F RAO 
- 0 2 F RAO 
- 0 3 F RAO 
~Q««F RAD 

SPEC 
6««8«t-l«s7 SPEC 

S I T Y M G / M * * 3 

L O C A - D E N S I T Y ~ " Y O ' U N G S " ' 

T I O N f M G / M * * 3 I M 0 D U L U S 
CGPAJ 

MR 1 , 7 5 8 1 . 6 
MR 
MR 1 . 7 6 1 < l .5 
MR 
MR 1 . 7 5 5 «8.3 
MR 
MR 1,76«» ««.5 
MR 
MR 

MR 
MR 

MR 

MR 

MR 
MR 

MR 

MR 

MR 
MR 

MR 

HR 
MR 
MR 

MR 
MR 1 , 7 2 8 3 . 9 
MR 
MR 1.7«»3 
MR 
MR 1 . 7 t f 9 « l . l 
MR 
MR 1 . 7 5 9 15.9 
MR 
MR 

MR 

MR 

MR 
MR 

MR 

MR 

MR 

HR 
MR 
MR 
MR 

. D I A . 1 2 . 8 
, LENGTH 7 0 . 

F E R M ' ^ " F R A C - ~ 

ANENT TURE 
SET S T R A I N 

I P C T i I P C T I 

. 0 2 5 . 3 2 5 

. 0 2 6 . 3 5 5 

. 0 3 0 . 2 6 1 

. 0 2 5 . 2 9 7 

»0«I0 . 2 7 0 

. 0 3 5 . 2 « l l 

. 0 2 5 . 3 1 1 

MM 
MM 

T E N S I L E 
STRENGTH 

i M P A l 

1 0 . 3 
- 1 0 . 3 

1 0 . 1 
1 0 . 0 

8 . i» 
1 0 . 1 

9 . 7 
1 0 . 9 
1 0 . 1 

8 . 3 
5 . 7 
9 . 3 
9 , 2 

1 0 . 1 
1 0 . 1 
1 0 . 5 

6 . 5 
«l#8 
7 . 2 
6 . 3 
S .O 
8 . 6 
8.«f 
5 . 5 
8 , 0 
3 . 8 
6 . 1 
8 . 3 
7 . 7 
9 . 5 . 

10.«« 
6 . 7 
T . 7 
««e3 
8 . 6 
6 . 8 
7 . 6 
9 . 3 
9 . 0 
8 . 2 
8 « 8 
6 . 5 
6 . 9 

___ -—J 
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TABLE 11-8 (Continued) 
RADIAL, MID-RADIUS 

% 

m 
™ * 

~05F RAD KR 
"06F RAD HR 
-07F RAD MR 
"08F RAD HR 
»016 RAD HR 
»026 RAD HR 
"03G RAD MR 
"0«*G RAD HR 
-05G RAD HR 
-066 RAD HR 
-07G RAD HR 
-086 RAD HR 
»01H RAD HR 1,758 
»02H RAD HR 
~03H f?AD MR 19761 
-OIH RAD HR 
»05H RAD HR l»76l 
-06H RAD HR 
-07H RAD MR l»77l 
-08H RAD HR 

HEAN 1«756 

^ 

STD« DE¥, «011 

«l«7 

%«& 

«l®3 

1 t6«i 

«3 
1 ®08| 

»025 

»03l 

*03l 

«016 

«028 
HPSII 

*006 
HPSII 

«32«l 

«281 

t253 

,283 

«291 

#035 

1*3 
. 9®6 
8e6 
l.S 
9»3 
8,3 
7«8 
?.«9 

10»0 
10»0 
9e8 
9«i| 

10»5 
8«0 
9«3 

10*0 
8.3 

10«2 

10«0 

8e5 
f 1229«PSIJ 

l#6 
C 236«PSI» 
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TABLE 11-8 (Continued) 
TANGENTIAL, CENTER 

« n « » < B > « . « e < » » a » a w m « « m » « » < » < m > « » « » « > » m e » ' M - » « » « a » « a i » « w a ^ jB f c f c 

LOT NO* 
LOG N0» 6«I8«I-
LOG DENSITY 

SPECIHEN OR-
NUMBER Al 

6«I8«J- |« I7-09A 
" l O A 
- l l A 
»12A 
~09B 
»10B 
- I I B 
- 1 2 B 
- 0 9 C 
»10C 
»11C 
" 1 2 C 
»09D 
- 1 0 0 

" I 2 D 

- i O E 
- H E 
- 1 2 E 
" 0 9 F 
» 1 0 F 
» 1 1 F 
» 1 2 F 
" 0 9 6 
" 1 0 6 
" 1 1 6 
" 1 2 6 
" 0 9 H 
" l O H 
" I I H 
" 1 2 H 

LENT- LOCA-
^I0N__._TI0N_ 

TAN C 
TAN C 
TAN C 
TAN ' C 
TAN C 
TAN C 
TAN C_ 
TAN C 
TAN C 
TAN C 
TAN C 
TAN ~ C 
TAN C 
TAN C " 
TAN C 
TAN C 
TAN C 

' T A N " ' ~C 
TAN C 
TAN C 
TAN C 

T A N ' " c 
TAN C 
TAN C 
TAN C 
TAN ' ' C" 
TAN C 
T A N ' C 

TAN C 
T A N ' " C 
TAN C 
TAN C 

" M E A N ' " 

_S10_»_DEV^* 

SPEC 
•1%7 SPEC 

H 6 / H * * 3 

• DENSITY YOUNGS 
JMG/H**3SM0DULUS_ 

CGPAI 

l « 7 5 2 

l » 7 5 f e 

1«738 

l « 7 « * l 

1«75S| 

. _ . ! »157 _ 

1 » 7 5 0 

«008 

»Ba»as»a»aa»a»«R»M» a 

5 * 0 

«l»2 

3»9 

« l®6 

H»9 

:» D I A * 12»8 
: , LENGTH 7 0 , 

P E R H " 
ANENT 

SET 
I P C T I 

_.»il2_8_ 

9 0 3 5 

»0«l3 

# 0 3 9 
* 0 3 l 

^«b «03& 
1 «66 H P S I I 

»«l »006 
1 9O6 H P S I I 

»aB^ tett «»<aa am 9B t»<mB tm aa teat «ai> m>aa 

FRAC-
^ J U R E 
STRAIN 

CPCTI 

«302 

«362 

»218 

t,22a 

»265 

* 3 l l 

« 2 8 l 

«055 

HH ^ ^ 
HH 

TENSILE 
STRENGTH 

I H P A I 

1 0 ^ 3 
- 9 , 5 

1 1 ^ 6 

8e9 
6»2 
9 t 0 
9«5 
5 8 6 
8®6 
7®S 
1»% 

8«a ^ 
7 . 1 W 
7»0 
6«6 
8®% 

6»5 
6 ^ 5 
7 , 8 
S^5 
6c% 
5 t S 

2#8 
6»5 

9 * 9 
10®3 
1 0 « 3 

7®9 
1 1 1 5 2 » P S I I 

1«9 
1 2 7 8 * P S I I 
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TABLE 11-8 (Continued) 
TANGENTIAL, EDGE 

LOl 
LOC 
L0£ 

SPECIMEN OR] 
NUMBER Al 

6%81-1<I7-13A 
-1%A 
- I S A 
-16A 
-17A 
-18A 
-19A 
-20A 
- 1 3 8 
-l«»B 
-15B 
-16B 
-17B 
-18B 
-19B 
-20B 
-13C 
- l i e 
-15C 
-16C 
-17C 
-18C 
- I 9 C 
-20C 
- 1 3 0 

-15D 
»160 
- 1 7 0 
- 1 8 0 
- 1 9 0 
-20D 
-13E 
-11E 
-15E 
-16E 
-17E 
-18E 
-19E 
-2QE 
- 1 3 F 
- I I F 
- 1 5 F 
- 1 6 F 

r^NO. 
; NO. 6^8«l -
l DENSITY 

[ENT-
rjoN^ 

TAN 
TAN 
TAN 
TAN 

JAN^_ 
TAN 

JAN 
TAN 
TAN 
TAN 
TAN 

"TAN 
TAN 
TAN 
TAN 
TAN 
TAN _ 
TAN 

J A N 
TAN 
TAN__ 
TAN 
TAN 

"TAN '"' 
TAN 
TAN 
TAN 
TAN 

J _ A N _ 
TAN"' 
TAN 

'lAN ' 
TAN 

"TAN " 

TAN 
TAN 

'TAN 
TAN 
TAN 
TAN 

' f A N ' " 
TAN 

^TAN 

LOCA-
J I O N _ 

E 
E 
E 
E 
E 
E 
E, 
E 
E_.. 
E 
E 
E 
E 
E 
E 
E 

E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 

'iki 
HG, 

SPEC 
SPEC 

fM*#3 

DENSITY YOUNGS 
IMB/M**3IM0DULUS 

IGPAI 

1«76<* 

1*780 

1 . i l l 

L._765 

1 

1 

1 

1 

«766 

^776 

«779 

. 6 6 3 

«lt,9 

5 . 1 

5^.0 

5 . 2 

%«8 

5 . 2 

5 . 2 

S«3 

:» D I A , 12*8 
:« LENGTH 70» 

PERM
ANENT 

SET 
JPCTI_ . 

_ » . 0 2 i _ 

f 0 2 6 . . 

__._025_^ 

«026 

«025 

. 0 2 6 

t 0 2 2 

FRAC-
_TURE _ . 
STRAIN 

IPCTI 

, 3 2 1 

, 3 5 0 

f 306 

t.332 

. 3 3 1 

,285 

»3«8l 

.368 

HM 
MM 

TENSILE 
STRENGTH 

IMPAl 

10»9 
.10»8 
l l » 9 
l i « « l 
1 0 t 9 
1 1 * 5 
1 1 . 1 
l l » 0 
1 1 . 2 
l l » 0 
1 1 . 5 
10«7 
1 1 . 3 
i l . l 
l l « 7 
1 1 , 7 

9«9 
10«9 
11.«• 
11 *7 
1 2 . 1 
11«1 
12«0 
1 1 . 0 
1 0 . 7 
1 0 . 9 
1 0 . 7 
1 2 . 0 
H . 9 
1 1 . 7 
1 2 . 5 
10.% 
1 1 . 0 
1 1 . 6 
1 1 . 5 
1 1 . % 
1 1 . 7 
1 1 . 5 
1 2 . 0 
1 1 . 3 
1 0 . 6 
1 0 . 1 
1 1 . 6 
1 1 . 3 
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TABLE 11-8 (Continued) 
TANGENTIAL, EDGE 

' 

"17F TAN E 
"18F TAN E 
"19F TAN E 
"20F TAN E 
"136 TAN E 
"1«IG TAN E 
"156 TAN E 
~16G TAN E 
"176 TAN E 
"18G TAN E 
"19G TAN E 
"206 TAN E 
»13H TAN E 
"1«4H TAN E 
"15H TAN E 
-16H TAN E 
"17H TAN E 
"18H TAN E 
-i9H TAN E 
"20H TAN E 

MEAN 

STO, DEV, 

l«772 

ItTTO 

16778 

1«666 

__1«J.55_ 

«0«I3 

5e0 »025 

5*2 ,02«l 

5«2 «010 

5»3 »020 

5.1 »023 
1 »7«l MPSII 

e2 «005 
1 «02 HPSII 

»300 

9330 

»zon 

e290 

..__» ?2i_. 

«025 

ll«7 
ii»2 
11*1 
11#7 
10,3 
IQ»5 
12»5 
11«3 
10«7 
ll»3 
12.5 
11.«l 
10.6 
9.9 

11.8 
11.2 
12.1 
ll.l 
11.7 

11,3 
1 1638.PSIl 

«6 
1 86.PSII 

-

• 

. 
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• 

LOT NO. 
LOG NO. 
LOG DEN; 

SPECIHEN ORIENT-
NUMBER ATION 

6«I8%-I«l7-21A AX 
-2«*A AX 
-27A AX 
-30A AX 
-33A AX 
-36A AX 
-39A AX 
-«|2A AX 
- 2 1 0 AX 
-22»B AX 
- 2 7 8 AX 
-30B AX 
-33B AX 
-36B AX 
-39B AX 
-«I2B AX 
-21C AX 
-2'»C AX 
-27C AX 
-30C AX 
-33C AX 
-36C AX 
-39C AX 
- ^ 2 C AX 
-21D AX 
-2«»D AX 
-27D AX 
- 3 0 0 AX 
- 3 3 0 AX 
- 3 6 0 AX 
- 3 9 0 AX 
- 1 2 0 AX 
- 2 1 F AX 
- 2 1 F AX 
- 2 7 F AX 
- 3 0 F AX 
- 3 3 F AX 
- 3 6 F AX 
- 3 9 F AX 
- 1 2 F AX 
- 2 1 E AX 
- 2 * E AX 
-27E AX 
-30E AX 

JITY 

LOCA-
JION„_ 

C 
'c 
c 
c 
c 
c 
c_ 
c 
c 
c 
c 
c 
c_ 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

FABLE 11-8 (Continued) 
AXIAL, CENTER 

SPEC. D I A . 1 2 . 8 
1«»7 SPEC. LENGTH 7 0 . 

M6/M**3 

DENSITY YOUNGS PERM- FRAC-
tMS/M**3>H00ULUS_ANENT TURE 

IGPAI SET STRAIN 
IPCTI ... IPCTI 

1 .756 1 0 . 3 .C06 .159 

. I J X 5 _ 6 UjtS. tJ0_6 . .J.6I 

1 . 7 1 1 9 . 8 . 0 0 9 .1««0 

1 .715 1 0 . 5 . 0 1 0 .19'» 

1 .752 1 1 . 2 . 0 0 7 . 2 2 0 

1 .758 1 2 . 1 . 0 1 1 . 2 0 3 

HH 
HM 

TENSILE 
STRENGTH 

CMPAI 

1 2 . 0 
1 0 . 6 

• 1 3 . 7 
1 1 . 9 

,.„„ 1««.9 .,. 
1 2 . 7 
1 1 . 2 
18.«l 
1 1 . 2 ^ 
1 1 . 7 

„„„. . 1 3 . 1 , 
1 1 . 8 
12.«l 
1 3 . 0 
1 3 . 6 
1 3 . 5 
1 0 . 9 
1 3 . 3 
13.% 
l « « . l 

1 2 . 0 
1 5 . 0 
1 3 . 5 
1 3 . 1 
13.*» 
12 .% 
1 1 . % 
1 3 . 1 
1 5 . 3 
l « l . 8 
1 3 . 7 
1 7 . 2 

1 7 . 5 
1 2 . 1 
1 6 . 9 
1 3 . 1 
1 5 . 8 
1 8 . 2 
1 2 . 7 
1 3 . 7 
1 5 . 5 
13.«» 
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TABLE 11-8 (Continued) 
AXIAL, CENTER 

'33E AX C I I . 0 
-36 E__ A X .C ^ IJL« A_ 
•39E AX C 1 ^ . 2 
•«I2E AX C l A ' l . 

,Hf:_A N 1 .751 1 p « 8 . 008 .188} ij^ 8_ 
C I . 5 7 HPSIJ C 2 0 0 1 . P S I J 

S I D . DEV. .007 . 8 . 0 0 2 .029 1.8 
L_. IX .HPSl . l C_ 263 ._P.SI.I_ 
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LOT NO* 
LOG N0» 
LOG DEN. 

SPECIMEN ORIENT-
NUMBER ATION 

6«58<l-l«l7-22A AX 
-23A AX 
-25A- AX 
-26A AX 
- 2 8 A AX 
-29A AX 
-31A AX 
-32A AX 
-31A AX 
-35A AX 
-37A AX 
-38A AX 
-«I0A AX 
-11A AX 
-«I3A AX 
-1«IA AX 
- 2 2 B AX 
- 2 3 B AX 
-25B AX 
-26B AX 
-28B AX 
-29B AX 
-31B AX 
- 3 2 B AX 
-3«IB AX 
-35B AX 
- 3 7 B AX 
- 3 8 B AX 
-«lOB AX 
- I I B AX 
-«53B AX 
-8|*IB AX 
- 2 2 0 AX 
- 2 3 C AX 
-25C AX 
-26C AX 
-28C AX 
-29C AX 
-31C AX 
-32C AX 
-3«»C AX 
-35C AX 
-•37C AX 
-38C AX 

TABLE 11-8 
AXIAL, 

6%'8*l-
5ITY 

LOCA-

E 
E 
X 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 

E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
£ 

M6 

(ContInued) 
EDGE 

SPEC 
SPEC 

/ M * * 3 

* J)Ik„ 12...8 
. LENGTH 7 0 . 

DENSITY YOUNGS PERM-
IMG/M**3IM0DULUS ANENT 

IGPAI SET 
IPCTI 

1 .766 

1 1 . 0 

lO.t.8 

1 0 . 7 

J L . 7 

. 0 0 8 

. 0 0 6 

FRAC-
_.TURE 
STRAIN 

IPCTI 

»17«» 

.. ,16«» 

. 2 0 2 

MH 
MH 

TENSILE 
STRENGTH 

CMPAI 

-l*l««l 
13 a 
13«7 
13««l 
16»5 
15»8 
15*8 
1 3 . 5 
15«3 
15#3 
1 6 * 9 
1 6 . 8 

16«2 
16«1 
1 5 . 0 
1S«7 
m,B 
l l . l 
16t«» 
1 6 . 8 
16«7 
17«0 
16^0 
1 7 . 7 
18«2 
1 7 . 2 
18«Q 
18«7 
17^6 

1 6 a 
16«9 
16«2 
1 6 . 6 
1 6 . 6 
1 7 . 0 
15#8 
15«7 
1 5 t 7 
1 7 . 5 
1 7 t 9 
18»8 
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TABLE 11-8 (Continued) 
AXIAL, EDGE 

- 4 0 C 
-««IC 
- ( J S C 

- 2 2 0 
-23D_ 
-250 
- 2 6 0 
- 2 8 0 
-290 
-310 
-320 
-3*}D 
- 3 5 0 
- 3 7 0 
- 3 8 0 
-««00 
-<H0_ 
-«!30 
-«*«|D 
-22E 
-23E 
-25E 
-26E 
-28 E 
-29 E 
-31E 
-32E 
-3«SE 
-35E 
-37E ' 
-38E 
-«»0E 
-88IE 
-%3E 
;5*IE 
-22F" 
-23F 
-25F 
-26 F 
-28 F 
-29F 
- 3 1 F 
-32 F 
-3«!F 
-35F 
-3IF"" 
-38 F 
-««0F 
1«!IF 
-43F 
-«8«!F 

AX 
AX 
AX 
AX 
AX 
AX 

E 
E 
E 
E 
E 
E 

1.7*15 1 0 , 7 . 0 0 5 
1 

. 1 9 2 : 
1 

1 8 . 1 
1 7 . 5 ^ 
1 8 . 3 
1 6 . 6 _ 
1 5 . 4 
1 6 . 3 

HEAN ___ l.TfeiS _ l l . « » _ _ . 0 0 7 . 1 9 8 1 6 . 3 _ 
r i . 6 5 MPSI) ' " r 2 3 6 6 , P S I l 

__1_^3 
t 19<«.PS1I 
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-SERIAL « - 8T??ENGTH 

TABLE 11-9 

ULTIMATE TENSILE STRENGTH OF :ORT ST. VRAIN INITIAL CORE H-327 GRAPHITE 
(Stre'-.gth in psi) 

LOCATION SERIAL « - STRENGTH - LOCATION- StRIAt- » - STRtNOTM- -tOCAIJOM-

I 
%n • --a 

- t 
S 
II 
15 

- lb 
18 

- a 
23 

- 2a-
25 

- 26 
27 

- 30 
32 

- 33-
3« 

-- 36 
UO 

^ 41 -
as 

„. Ub -
a? 
52 

• ~ bb • 
57 
59 -
60 

-̂  65 
b7 

- 68 

-- 75 
7b 

- 78 
80 

- 81 
85 
aa-
8S 

- as 
go 

^ 91 
93 

i3ao, -

1473. 
ISJO, 

- 1620, 
toil, 

1200. 
iSJO, 
1665. 

- 1170,--
1201, 

- 1755. 
1178, 

- I3i0, 

I7U0, -
iau5, 

- 20a2,_ 
I7&I, 

- 1595, 

-2ia5. 
23a0t 

- 1575t 
2«65, 

- iibS, 
1890, 
ll<IO, . 
1670, 

~ 16?6, 
1570, 
1330. 
1070, 

1887, 
1885. 
1572s 
iSOO, 

?008, 

• I* 
• 17. 
..27-
• l« 
m?am 
mlbm 
^3bm 
miim 
• 3-̂  
-12 ^ 
• 2 ^ . 
• 29m 
• 2tt-
• t 1-
m Bm 

-13-
• 33« 
-30-
m V -
. 3-
»|2-
»2«« 
• 8* 
. 5-
m 2m 
. 1 3 . 
«jo-
• 2a-
. 3. 
-29-
• 21-
^ | « ^ 
• 31-
-11-
- I ? . 
-If 
-16^ 
- 2-
• 16* 
• ia» 
- 3-
,21-
9i8» 
»12» 
s^ae 

i 
b 
k -
6 
6 --
2 
2--
a 
3 - -
I 
5 
S 
2 
2 
1 ,.-
5 
J --
3 
i -
5 
4 
5 
3-- -
5 
t -
b 
5 
i 
b --. 

6 --
3 
5 -_ 

5 --

3 ^ -
5 
6 
6 
2 -
i 
i - -
I 
U _ 

95 
96 
99 -
100 
|0| -
102 
|0« -
105 
-106 -
lOB 
ill 
112 
12« -
125 
lib 
127 
129 -
133 
134 
137 
l«0 -
las 

mu 
lae -
IU9 
-151-
153 
15a 
155 
157 
161 
i62-
164 
166 -
169 
170 ̂  
172 
i73-^ 
17^ 
I8g 
lfi5 
189 
190 

1790. 
1782, 
1940, 

|6»0, 
16410, 
I650t 
1623, 
1810, 
1570, 
1S80. 
1690, 
1609, 
1380, 
?002, 
2120, 
2100, 
163«» 
1920, 
2571, 
2oao, 
220b, 

16«6,-
1600, 
|9«0, 
1950, 

aaOQ, 

2850t 
1290. 
2110,-
!93«. 
2297, 
2015. 

1536, 
1955, 
1990, 

^ I 
2 

- 5 
2 

- i 
I 

- - I 
7 

^_ U 
2 

6 
U 
b 

- b 
2 
'i 
a 
k 
I 

- _.̂  3 
2 

- 6' 
7 
3 
7 

_̂__ 3 
2' 
ti 
6 

3 
__-^ 2 

S 
6 
6 
tt 
6 
b 
I 

- 2 

ia«5 

4@li 

i i ^ a — 
I7«ia 
10*1 
29-3 
2fit»tt._ 
32^5 
l a ^ i 
S5-I 

?«J 

?7^6 -. 
2a»J 
as-J 

9«S 
6^ i 
8*2 
5^2 

10-2 
7-fc_ 

8 » } _ 
3*3 
9^6 

llml 

23®a 
I f I 
Sl»« 
18-5 
3 f ft 

37»5 
t9-6 
«"2 

27-S 
30"& 

Hmti 
i 8 « i _ 



TABLE 11-3 (Continued) 

- 3 | R I A t « - ^ -STRENGTH mCATlON 

U l • -
oo 

?80 

-285 
a8fe 

- iBl-
iB9 

- 190 

a^a 
29® 
ion 
JUS 
3 0 i 

- 307 
308 

-309 
310 

• 312 
311 

- 310 
321 
323 
3 i a 
3 iS 
32& 

- 331 
331 
33« 
335 
337 
338 

- 341 
3«3 

- 3«« 
3a7 
351 
i%5 

• 358 
361 
365 
366 

- 367. 
368 
17D. 

|S75t 
1828, 
I77S« - -
1 1 9 1 , 
1630, 
17«0, 
19108 ^-
I760g 

-|537g 
17?0t 
1^098 -
2075, 
labO,- ^ 
IS70, 
1878, 
1^20, 
•iSiO,-—• 
187Q, 
-186S» 
13708 
- ISI^t --•• 
23b5« 
1990, 
2270t 
. S9?0, - -
23a0g 
16S0, •-
1913« 

-1350* 
2ia3» 
aooot -
i290» 
2110s -
2220, 
1312, -
22U08 
1270, 
I6!30g 
.I69a, -. 
iSSOt 
l^eSt 
1525* 
1«708 
1720* 
2121 » ---

i^iu^% — -
Jm 8«3 
5 « 1 3 « « 
! ® 1 7 « « 
3« 9»« - -~-
6« 2 - « 
7«19«2 
I » 2 7 « « 
Jim 3»2 
3«.1|)«« 
1« a»5 -
«» 6«§ 
4 « t 8 « 5 
S» 2«i 
^m 6 ® s - - • •• 

3« ««5 
5 « 3 « « 6 -
?« 1«6 
S « I 2 » 2 -
Jm 9«3 
5 « ! 9 « 5 . - . >-
7 » t 2 « 3 
| « s»s - -
i ^ i i o i 
2 » 1 6 « 3 
5« 5 » 3 
« « l 9 o i | -.-— 
a»25 '» l 
2»23«S 
3 « i 3 « t 
5» 3 - 6 
7 « n » 6 
5« a«3 • 
7 - l u « 3 
fe«j?l»5 
7 » I S » 6 
3» ««3 
!3« I9«« 
7®16«S -
4« 7»2 
2 « 2 l « l 
5 « ! t « 5 
6 . 3»S - -
2«25«iS 
7 f i S - S - -

- 3 7 | 
373 

- 37«l ' 
37S 
376 -
380 

. - 3 8 3 - -
387 
388 -
3<?l 

- - 393 
196 

- - - 397 
399 
400 
UQl 
«02--
<^03 

- -aod -
«09 

— a l i 
b i s 

- « l d -
i J |9 
UBQ 
« 2 I 

-UdH 
un 
a28 
a30 
432 
«33 

^ • • « 37 
«38 
««3 
aas 
a«8 --
aa9 
asa 
ass 
4^te 
a57 
USB -. 
«59 

. - . , . . i46 | ... 

SERIAL-# STRENGTH -LOCATION 

2050i -
21808 
t99i, 
1017, 
20ao,---
l^SOg 
ISOQt -~ 
1908, 
21S«8 -
1996, 
|920« -
1350, 
U02,- — 
1360, 
21«0i--
1868, 
|890t- -
I690g 
20 30, --
1390, 
2«70, 
1680, 
207§, --
27«0, 
17 368 --
laii, 
1800, 
1551, 
1«25,---
U638 
I6S2, -• 
1365, 
16«0,- . 
1550, 
1168, -
1850, 
I8«S, 
176a, 
1300, 
1890, 
1850,-
1520, 
- 1002,--
1838, 
-il60,-™ 

SERIAL i 8̂ ii|N§TH- LOCAT|0^i— 

%' 
5' 
1' 
3« 
?« 
7, 

3« 
2" 
7« 
«« 
5 , 
«s 

7 ' 
3 ' 
1« 
5 . 
6< 
b* 
lo 
3 ' 
5 . 
I« 
«s 

2*̂  
3 ' 
2 ' 
7« 
f i 

4« 
5« 
5 ' 
2« 
1" 
a« 
2< 
5« 
6« 
2-
3« 
l« 
S' 
3« 
2« 
«s 

4 ' 

»37«5 
»2S»3 
» I 2 « 2 -
» i5* i 
, i 7«^ 
• ««6 . 
» i « 3 
' | 9 « 3 
, | 9 « | 
• J l » l 
' 1S«2 --
» at.5 
s30«2 
• 1 9 « 1 
•15»? 
•32«2 
» I 2 ® I 
«J2«« 
. 3 f 5 
' J 3 « l 
» 2 1 » J . - -
s36«S 
, | a .S 
•25»5 
,29«a 
. 2*5 
,gS«« — -
•33"a 
» | « | 
'28«a 
. i« f f l6 
• 1 2 " 1 
' 3 0 » | -
»u«a 
•|8«3 ---- -. 
»3a»3 
»26«'i 
>>|7«ii 
.30«a.-. 
» 5«6 
. « P | 

• 10«6 
• f 1 
»33«l 
ntmi. 

462 
a63 
4165 
«67 
-4469 
471 
«73 
«78 

- a ® 3 
i iS6 

-«®7 
aSi 

- « 8 9 
«9« 

• 496 
502 

-5oa 
§07 
509 
510 

-511 
513 

- S H 
515 

-517 
518 

•520 
522 

-523 
S2«? 

.-530 
532 
536 
537 

• 538 
539 

- sau 
5«l 

- . 5 ^2 
i«S| 
545 
S4S 

. 5 5 1 
552 

- S S I 

20 
71 
6 
5 
5 
g 

90© 
?I0 
628 
58 

s-
I 
t • 

I 
St 

25, 
20, 
75, 

99( 

7« 

f 

6, 
Oi 

67, 
75, 
78, 
99« 

670, 
820, 
^10, 
460, 
750, 
276, 
'OaS, 
^60, 
990, 
'000, 
650, 
608, 
808, 
779, 
725, 
572, 
499, 
618, 
.826, 
2130, 
485, 
990, 
.780, 
2120. 
621, 
'440, 
^85, 
.800, 
2070, 
315, 
^3Si 

13*5-
I8»6 
i9«4 
21*5 
IO«l 
15-5 
2»5 
28«4 
2J«|. 
f i 
I6«l-
35®6 
?®a 
iy«4 
I0«i6 
7®6 

22«l-
30*3 

36«2 
12®I 
27»4 
30®4-
25«6 
31*1-
8»S 
I2®4 
27«| 
I2»2 
5»i 

18»| 
2I«5 
18e2 
10®4 
4»i-

27«i5 
9»4. 

2I«4 
iS«l.-
27«5 
12»2-
6»4 
10«J. 
5»6 

i5«i,. 

\ 



TABLE n-9 (Continued) 

SERIAL « - STRENGTH lUCATIOM aEHIAL « S1REN6IH LOCATIOM- ^ SERIAL » fTRENCIH- -iOCAflOM-

555 
556 
-560 
565 
568 
574 
577 
580 
581 
585 
58« 
587 
589 
590 
596 
599 
605 
610 
612 
613 
fcitt 
617 
620 
625 
625 
626 
-628 
631 
6 35 
638 
6 39 
641 
642 
6ti7 
649 
654 
655 
656 
658 
601 
662 
664 
bbb 
66? 
670 

1790, 
20to0, 
1990, 
2190, 
2155. 
1180, 
1616, 
1735, 
19U5, 
1970, 
1460, 
1300, 

1545, -
1210, 
1600, -
1685, 
I3b5. 
1403. 
1070t 
2100, 
2153, -
|955t 
1660, 
1055. 
IliO, 
1650, 

-1605,--
1304. 
i655t 

uei, 
1570. 
1375, 

. t482t -
1320. 
1240, 
1750, 
1130,- -
i4U|, 
2 0 6 0 , — 
1694, 
1450* 
1520, 
1440, 
i55l, 
I440, , 

hm 2.S 
5-33»6 
3-11-2 
fc. 9̂ .5 
3^34-1 
I-21-1 
f 3-3 
7- i^a 
h- 3-3 
7-31-3 
3»I4«5 
2- 3»l 
l»»J6-4 
b-|b«2 
3-14-1 
5-35«-6 
6-^4-5 
3-15-2 
7-lb-l 
6-36-i 
6»U*l -
2.19-4 
b-ia^l 
2-25-2 
a»lto«2 -
a»2«-6 
3-JU.6 -
4-12-3 
6«J7«i6 
6-31*2 
3-3f 1 
7-17-5 
l"IJ«2 
«j»!e^to 

7m a«j 
2-32-3 
!«3&«S 
7^33-3 
a«J2-5-
4«33«6 
b«ia«.a 
2-!l»2 
6» 5«« 
6»13"3 
l»13*6 -. 

671 
672 
673 
675 
t>79 
6R| 
bBi 
683 
684 
687 

- 68a 
69^ 

- - -- 693 
697 

._. 700 
702 

- - - 703 
704 

- 706 
707 

... , -.._ 708 
709 
710 
711 
7ta 
715 
716 
719 
720 
7?2 
7^3 
725 
726 
727 
729 
731 

- - 7 3? 
733 
-7J5 
7 36 
7 37 
7«t 

- 743 
746 
7aa 

I89i, 
1630, 
2710, -
1345, 
I960, 
1900, 
1860, 
1500, 
1570, ^ 
1690, 
2560, -
2285, 
1335, -
1550, 
I805i -
1305, 
1830, -
1930, 
1820, --
20a0, 
1532, —. 
2020, 
1540, -
1670, 
1570, -
2310, 
2150, — 
1663, 
2250, -
1615. 
2040, -
1722, 
16501 —-
2075, 
I7IQ,--
I970t 
I240t — 
1405, 
1 0 5 0 . — 
I88b, 
t930, 
1765, 
1540, 
1905, 
. il65»_^ 

24^6 -. 
23-6 
13-5 -
32*2 
31»1 -
17^4 
23»2 
28^6 
18-6 — 
27«2 
28.6 -
2««1 
27-1 -
9.6 
36-1--
36^2 
11.̂ 1 -
28-2 
24«4--
23»l 
|»6„™ 

20^1 
30»l — 
4-1 
3i«a -
18̂ .1 
10«6 
16.5 
29»2 _ 
26^4 
22-6 -
3-1 

27^6 -
8^5 

20*3-_ 
33^6 
5«5—. 
17.5 

32-5— 
15-5 
3f6 -
24»2 
l?«a^ 
33«« 
2S»5 

749 
T50 
751 
752 

- 753 
755 

--- 756 
758 
759 
763 

_ — 765 
766 
767 
768 

.-_. 170 
771 

- - 771 
774 
776 
778 
780 
781 
782 
783 
784 
785 
786 
787 

.-_- 188 
791 

- -- 792 
794 
798 
799 
eoo 
801 
80 3 
805 

—^-806 -
«07 

_-- 809 
ett 

.̂ .- il2 
815 
S17 

.1900, __ 
2045, 
1725, _ 
1422, 
1351, -
2080| 

1382, — 
2190, 
• 1 9 7 8 . — 
2361, 
I 9 6 0 , — 
2lt5t 
1315, -
1302, 
1360,-™ 
2058, 
-1475, --
1170, 
1500, -
l«80t 

. 1 7 3 0 , ^ 
1790| 
1650, -
2285, 
-1720,--
1154, 
t o a s , — 
1080, 
I2i5t _ 
|870i 
1230, -
1775, 
1 2 3 0 , — 
1220, 
2150, -_ 
1140, 
2020, -
1340. 
-1875,— 
il90, 
2025, -
1435, 
I9l5t -
1285, 
1129* .^ 

.1 
5 

~2 
7 

-2 
2 

-5 
2 

-4 
4 

-5' 
6 

-7 
4 

- J 
2 

-6 
I 

- I 
3 

„ l 
5 

-5 
5 

-7 
4 

3 
.4 
2' 

- I 
I 

- I 
5 

.2 
5 

.5 

29«t-
3T-2 
22-a-. 

34»| 
27-1 
3 f 6 

|6«4 
limb 
28»5 
37»J 

| 9 . 5 
i o -6 
28»2-
24®| 
16«« 
32*2 
30^5, 
2«»6 
32»6 
19-6 
IQ't 
21-6 
l l » 6 -
18-1 
30-5 
5-6 

15®«-
|0»« 
32-«-
2 f J 

2 ^ 1 -
25«i3 
2?*l 
n*b 
ibmb. 
20-1 
i 7 « l 
» • ! 
4»« . 

12-6 



TABLE I 1-9 (Continued) 

- SERIAL ^ --

8ii - -
819 
820 
821 
8 2 3 - -
824 

— 825 — 
826 
827-
830 
831 
8 32 
814 
8 36 
8 38 
83^ 
gal — 
842 

--- 8ai -
— 844 
ck— 845 
° 847 
- 848 

849 
-_- 650 

851 
. - 854 

855 
- 857 -

858 
- 861 - -

86? 
864 
8b6 

_-- 867 — 
863 
869 ---
872 
87 3 
874 

- 875 
877 
87? 
880 

m' 

STRINSTM -

-2040, 
1505, 
2260, 
1755, 
1970, 
2115, 
1390. 
2145, 

-1325, 
1930, 
1240, 
1485, 

- i9j9, -
1640, 

- |6?0, --
1445, 
19iO, -~ 
1498, 
1340, 
1335. 
1970, - -
1200, 
1220, - -
1950, 
1095, -
1275, 
1235, -
1410, 
1250, 
1140, 
1130, 
1080, 

. 1430, -.-
1815, 
1700, 
1345, 
1770, -
1570, 

-1420, - --
1210, 
1940, 
1450, 
1785, --
1725, 

_.|0y0g 

LoC^TlO'^ 

SB30»6 — 

3»21»2 
!«15»3 --
7.̂ 31-1 
3» 1«4 
5«33»2 
3»2I«3 -
3« 7«1 

- l«lu«3 --
6»34«3 
g«22»2 -
7«g7«3 
3«13«2 -
2-36»2 

• 2«J4«2 -
2« 4«3 
2«16»6 - -
6-I6-5 
5«?2»4 
f 3S»5 

• 4»20»6 
3«I6«3 
ft«|9«2 
5" 9«1 
3«2S«2 
7«20»5 
3»22»6 -
?«19-6 
6«27«1 
5a 4»4 
4»27«3 
3"22«5 
2« 2«3 
4» b«0 
7» 5«1 
7«27»6 
4«2u»5 -
2»?4«6 
6ol8»4 
5» 8-6 
2«14«| 
7»22»4 
a«37a4 -
2«26«6 
7"25i«i-

SERIAL ^ 

- - 881 
88? 
888- - -
89g 
89| 
892 

- 893 
894 
896 
897 

- -. SQg -
899 
901 --
902 

- 903 • 
904 

- - 90fe - -
910 

- 912 
914 

-• 917- - -
919 

- 921 
923 

-- - 924 
925 

- 927 , 
928 
929 
930 
931 
932 
933 - -
934 
935 
9 36 

- 937 
938 
939 
94U 
942 
948 

950 
951 

S T R I N Q T H 

1300, ._ 
1725, 

. 1285,- -
1560, 
1485, -
1720, 
1005, ^ -
1915, 
1700, --
1240, 
1560, -
1410, 
1340, -
1415, 
1490, --
1552, 
1295,--
1635, 
1940, -
1450, 
1000, -
1250, 
1800,--
1290, 
1620, - -
ISIO, 
1900, - . 
1690, 
1910,---
1170, 
1305, -
1010, 
1200, -
1370, 
1900, 
1660, 
1600, --
1564, 
1535, ---
1735, 
2060, 
2100, 
1794,_-_ 
i f ^ "f 5 — — 

1660^ 
- 1780^ 

LOCATION 

- S® l«l 
5« 

..- i' 
2< 

- g. 
4« 
7! 
7« 

_... 6« 
6" 

--- i, 

s« 
- 7' 

it 
— 7, 

?. 
- 3, 

3* 
- 5, 

7« 
- 7> 

U 
- |, 

i« 
4i 

4« 
.„- s« 

2« 
S« 
4< 

- 6« 
7' 

- 3« 
2-
1-
6« 

- 1« 
5. 

3« 
- 1« 

2« 
ht 
2« 
7t 

»14»i 
i 2ml 
.10«4 
.17-1 -
»29»6 
.37»i --
» 2«'2 
i l84 
, 7»2 
»22«l — 
»U«3 
»25»5 -
* 9«1 
'36«6---
'28«| 
»24«S — 
, 4«2 
»22»3 -
'i4»fe 
»3a«6 -— 
. 5*1 
«29«1 - -
»16«»l 
»37«2 - -
»34»5 
,aoe4 
»i2«'l 
,37»6 --
> bmb 
. 8«1 - -
•22»2 
»19«4 
•3f 3 
'•20«5 
»24»3 
'•23»3 
»10«5 
B iB4 

'>13«6 
.|9»| -
'13»4 
sifesii 

iSSat-
» " gS, "^ » 

SiRlAL 

fSS 
957 
961 
962 

- 963 
964 
965 
966 

- - 967 
969 
^70 
972 

.— — 8?7<| 
975 

- 977 
918 
979 
980 

- --981 
982 
985 
986 
987 
988 
989 
990 
992 
993 
994 
998 
999 
1002 
1004 
1006 
1007 
1008 
iOU 
1014 

. - 10 1 § 
1018 

- 1019 
1020 
-10 21 
- 8 V (& ft 

1023 
--1024-

i - SfRlN6lH-

lass, 
1970, 

-- 1585, -
I960, 
1560, 
1605, 
1560,- -
1560, 

- - . 1895, -
1045, 

— - 1 9 | S , -
1870, 

--- 1563, 
1925, 
2140, --
1960, 

-- 1295, -
1550, 

- 1700, -
1480, 
1245, -
1870, 
1501, -
2165, 

- - 1930, -
1710, 
1765, --
2025, 

- 1766, 
1470, 

- - 1730, -
1462, 
1698, 
2095, 
1860, 
1690, 

-... imo, -
2115, 
giso, 
1095, 

- 1380, 
1930, 

- 1910, 
2185, 

- tOISi 

LnCATIoN 

4«25«6 
i»29«2 
|« %mt 

-- 2«28®1 
7»i9»| 

—6»28»S 
5-16«3 

- 1»12»6-
7»14»1 

-- 3«16«| 
6«30»5 
7'.18»§ 
3»29»3 
4» 2«l 
5«31®4 

- ̂ . 5»Sf 6 
1«1Q«2 

- —4»13»6 
7«27»4 
f 23»l-
i»24»i 

_ 6« 6B4 
4-24«3 

. 50 8*5 -
6«22»4 
ao24o4 

, 5»i7»l 
-1 4» 3»3 
• 5-26»2 
— S--37«4 

3-ll»3 
^ 6>'22»5 
5 4-'35®5 
:- 3-31«2 - -
' . 4»25»5 
i_ 2»15«2 — -

4«28«S 
iif, 4sS 
4«18»6 

-._ 2-30»2 - -
6»30»2 
?«2I»6 
3«29»| 
5®|8«1 H' 



TABLE I 1-9 (Continued) 

lAL -i STRENGTH L O L A T I Q N SERIAL * STRfcNGTH LOCATION SERIAL # STRENGTH _toCATlOfl_ 

028 
029 
030 _ 
0 52 
033 
0 34 
015 
0 38 
0 39 __ 
042 
04J -
044 
047 -
048 
049 -
050 
051 -
054 

055 -
057 
058 — 
060 
062 -
0d3 
064 -
065 
066 — 
067 
068 -
069 

075 -
086 
089 -. 
090 
092 -
095 
099 .-
100 
101-^ 
102 
108 -. 
!!0 
111 -~ 
tife 
117-^ 

2040, 
1560, 
|9l0t 
1726, 
2250. 
22«^0, 
1460. 
14J0. 

.- 2oao, 
1900, 
1835, 
1868, 
2065. 
1770. 

- 2060, 
1835, 

- 1455, 
1080, 
1740, 
I8&1, 

- 2 4 2 0 ^ - , 
22B5, 

- 2188, 
2328. 
2220t 
2380, 

-1905. -
19«6. 

- 1018, 
1997, 
2040, 
1064, 

-̂ 1545. -
1890, 
2010, 
I6J0, 
258?, 
1580. 

_ 1 0 7 5 , — 
2iy0t 
2178, 
15bO. 

I3?5s 
_. iSlOe -

1.22,3 
6-14-2 
a-15-I ! 
6»l7«l 1 
?• 4«2 
«j»t9«a 
a*i7-6 
6-?fe-2 
Tmjb'l 
?• 6-3 
1- 5-1 -
!• 3-2 
3»?«-5 
4-3<j-6 
3.18.1 
7-17-6 
«5- 3.5 - _-_ 
1-17-! 
6-17-6 -
3. 8-1 1 
6»S3-5 -- •- -1 
S«?4-6 1 
7»3I-2 - 1 
7-26»4 i 
b»lO»4 -_ j 
1-20-6 1 
7-38-2 - . 1 
3» 2-S 1 
2-?3^4 — 1 
6»ia-5 1 
3-28«3 1 
3-25-5 1 
6» fb - - 1 
!• fl 1 
6«ia«2 - - 1 
4-22^2 1 
2» b»6 — -̂  1 
6- 6-5 1 
a»l3-5 1 
6- 9»6 ) 
'l-lU-3 1 
5-14-2 1 
?«?9.2 } 
6-10-6 1 
7-22«5 j 

1120 
1121 
12« 
1127 
list 
1132 
1133 

ms 11 36 -
1139 
1141 
1142 
l|43 
1144 
1147- -
1148 
1149 
153 
1154 
1155 
157 -— 
158 
159 ^ 
160 
161 --
1163 
166 
168 
17! 
173 
174 
175 
1176 -». 
177 
178 
179 
182 -
183 
184 
186 
167 
188 
192 
1̂ 3 
194.-. 

1972, 
?|60, 
1495,-
2230, 
!39|, -
1890, 
1240. 
2029, 
2149,-
2100, 
1775,-
1708, 
2070, 
2520, 
244J, -
2200, 
?0!0,-
221Q. 
15!I, -
1920, 
?|00.~-
1902, 
2280,-
1348, 
?oai, 
1970, 

^2410, -
1741, 
1456. -
2170, 
1570, -
1811, 

- 1508,-^ 
1310. 
1982, 
1558, 
2150.-
1757, 

. 2065,-
1380, 
1938,-_ 
2i«0, 
1865, -
2190, 

- -2262»_ 

i 8»« -
29.5 
3 f 2 -
3««1 
!S»4 
23*4 
25*? 
Hl»5 
I 7 - J — 
6«a 

20»J - . 
«"6 
9 - 6 - -

32-3 
5*5 - . 

35- I 
9-2 -

13-5 
16*4 
2-3 
6 - 1 - - . 

12-2 
23-2 — 
20»fl 
10-2 — 
33»5 
I f 5 - -
30^6 
16-1 
f 3 
6-5 -

I 2 » a 
29-5 — 
36«3 
5^6 

34-4 
22-4 — 
10-6 
15*«6__ 
28»| 

2»l — 
14-4 
J?*4 

6 .1 
2il«I , 

1195 
1199 
1200 
1204 
1206 
1210 
1211 
1212 
12l« 
1215 
1221 
1224 
1225 
1226 
1228 
i2J2 
l?34 
1235 
1837 
1238 
1240 
1241 
1242 
1243 
1244 
1246 
1248 
1249 
1251 
1252 
1253 
1255 
1258 
1259 
1260 
1261 
l?62 
1263 
1264 
1265 
1268 
1269 

4270 
1271 
427S 

1148, 
1480, 

.. iSbfl, 
2320i 
2310. 
2180. 
ittiSi 
2336t 

.- 1780.. 
2070, 

- 2315, 
I750t 

_ 2070, 
2180, 

- 1930. 
1655, 
|970f 
2l«5t 

- 160?, 
202O1 

- 1792, 
2«eo, 

- 1536, 
I6J0, 

- |8|0,-
2070, 

- 2 0 4 0 , 
1850, 

- 1920,-
1650, 

- 2220, 
1790, 

™ 2060, 
|600| 

- I825t 
2306, 

- 1865, 
2320, 

--.21701. 
2170, 

- 22 30« 
2040, 

- tOfeO,. 
1700. 

30*5 
3fi-
3.5 
|4»l 
32-6 
16^2 
15-3 
b*a 

limb 
10»2 
29-3 
36"5 
7*2 

I8»« 
24«« 
ih^b 
ii*b 
1*5 

14-2 
34«6 
3f5 
f 3 

15-I 
26»6-
37^1 
3a«2-
22^1 
8.3 
2»4 
5-4-
?7'̂ 2 
3 f J-
ll-l 
1-6. 

26»fe 
27"«-
6"6 
-5«C. 
6.2 
15»9. 
2 f 5 
2*1-
ifl.H 



TABLE 11-9 (Continued) 

3 |S |AL #--BTRtNGTH ~LOcATfON SERIAL * STRINQTH- LOCATION 8tR|4L i- 8TRENgTH---LOC'^T|Qll 

178-
279 
281 
28? 
296 
299 
300-
301 
305 
306 
107 
310 
311 
315 
317 
319 
321 
124 
326 
327 
329 
331 
336 
337 
345 
346 
348 
349 
350 
352 
355 
357 
358 
360 
361 
36 3 
364 
367 
568 
370 
371 
574 
377 
378 

|465f -
1560, 
-2118, 
26©5, 
2236, 
1814, 
1626, 
1535, 
2250, • 
1754, 
1305, 
19^0, 
1645, 
1912, 
1990, -
1600, 
2440, 
1410, 
1355, 
1730, 
1108,-
1420, 
1885, 
1427, 
1512, 
1165, 
2580, -
1934, 
1935, 
1520, 
1810, 
1125, 
2178, 
1490, 
1632, 
1040, 
1870, 
1345, 
1522. 
1777, 
1445, 
1340, 
1310, 
I | J « , 

- 1 6 0 0 , - . 

10-2 
16"6 
12^3 
tOt.1 
16«.4 
36-4 

7«3 
5«4 
8«S 

t 9 « l 
36«3 

g«4 
?8»5 
2b«3 

7«6 
10«4 
36»'5 
?8«.2 

7«2 
l?«4 

!0«5 
3«4 

t8«2 
5«4 

17-5 
11-2 
5-5 
9»5 

37«5 
22»1 

/ i - i 

3b®l 
J7 -1 

7-1 
4^3 
6-2 

14^6 
2-6 

15-5 
2«-3 
35-4 
J J - I 

OB4 
1387 
1388 
1390 
1391 
1392 
1395 
1397 
1399 
1401 
1403 
1407 
1409 
1410 
1432 
1414 
1417 
1416 
1419 
1420 
1421 
1425 
1427 
14J0 
1431 
1440 
1441 
1443 
1445 
1446 
1448 
1449 

1450 
1451 
1453 
1454 
1458 
1459 
1460 
1466 
1467 
1468 

itt 0 

1340, 
1490, 
1425, 
2oao, 
1675, 
1720, 
1360, 
1545, 
1675, 
1453, 
15«3, 
2428, 
1509, 
1778, 
1968, 
1270, 
1690, 
1525, 
1565, 
1880, 
1100, 
2330, 
1935, 
1865, 
2100, 
1392, 
2092, 
2338, 
1810, 
1381, 
1404, 
1430, 
22S0, 
1535, 
1890^ 
14 36, 
1220, 
1710, 
1221,. 
1200, 
1570, 
2200, 
1914, 
ie?o, 
I235,. 

6« 
3 . 
5« 
2' 

- ! • 
4 1 

6 1 

5 ' 
- 3« 

3« 
4s 
4« 
5 ' 
6 ' 
1-
4« 
3" 
2-
4« 
6« 
3" 
4« 
5 . 
4« 
3-
3-
2 ' 
7t 
4 i 
7« 
7t 
1« 
J" 
! • 

6« 
4« 
3 ' 
6« 
2« 
5« 
i* 
f 
7« 
2* 

_ J i 

, 2 3 . 
» 9m 
«25« 
M 2 » 
- I 2 « 
. Im 
, 3 f 
. | 8 » 
P i 2 » 
, 2 6 -
' 3 3 « 
P l 9 » 
. | 9 « 
, 1 8 « 
i2S« 
» i 0 -
»3fea 
M f 
BiUm 
, 1 2 « 
. 8« 
, 7« 
*17« 
. | f 
^iJm 
. Sm 
»g6« 
8 6® 
» f 
, | 7 » 
8 9m 

num 
ni'^ 
» 3 5 -
i Im 
n Jm 
' 2 9 ^ 
i 2 f 
• 2 2 * 
. 7m 
nUf 
nlJm 

» 3 f 
• 14^ 
i J 3 » 

1477-
1478 
I486 
1489 
1494 
1497 
1507 
IS08 
1515 
1516 
1519 
1520 
ISI9 
1532 
1535 
1517 
1539 
1544 
1545 
1547 
1548 
1555 
1556 
1557 
1563 
1568 
1569 
1570 
1571 
1574 
1579 
1581 
-1584 
1585 
1587 
1588 
1589 
1590 
159s 
1598 
1599 
1602 
1603 
1604 
1606. 

|%7f» 
1175, 
-|7®4t 
1185, 
1505,-
2000, 
1290, 
2035, 
-1405, 
1325, 
1872, 
2200, 
1580, 
1650, 
1750, 
1785, 
1510,-
ijao, 
1491, 
23401 
1795, 
1779, 
-144®, 
1380, 
I18S, 
1620, 
2200, 
2085, 
2250, 
1351, 
1690, 
1650, 

•Il22f-
1602, 
2130, 
2190, 

2065, 
1690, 
2160, 
1935, 
1292, 
1248, 
1200, 
|82i, 
4629,.. 

1T®4-
2Q®2 
S5«S-
I 3 » l 
19« | -

4»5 

6»1 
28«* -

3«6 
3»4-
5 » | 
4 » i 

1 5 » | 
bmS-

ia«* 
37«5-

5«J 
7»4 

3 f 2 
37«S 
ia«5 
26^1 
I f ^ 
29«3 
26«2 
23^2-

4 -3 
36*4 
17«2 

7'»S 
1 9 « | 
29®4-
35-4 
i f 5 
I f J 
5«5 . 
B»J 

2a»3. 
37^4 
10^1 
I f 6 
24»fe 
?6^5 
»3« 



-SERIAL M 8TR£NCTM LOCATION 

TABLE 11-9 (Continued) 

SLHIAL » SmiHUlH LOCATION SERIAL i STRfcNGTH LOCAIIC 

I 

-1609 
1611 
1612-
1614 
|6|9 
1621 
1624 
1625 
1628-
1629 
1630 
1633 
1634 
1644 
1645 • 
1649 
1652 
1658 
1659 
1661 
1662 
1665 
1669 
1670 
1672 
I67J 
-1674-
1676 
1677 
1678 
1681 
1682 
1689. 
1690 
1692 
1693 
1694 
1699 
1701 
1703 
1706 
1707 
1710 
1711 
1712-

2005, 
138?, 
18J0, 
1500, 
1800, 
1743, 
1200, 
1130, 
-1640, -
tojo, 
1502, 
1515, 
2042. 
1320, 
2410,--
1585, 
2248. -
1798, 
1512, 
1515, 
1560, -
1965, 
1980, 
2100, 
22S5, 
1480, 
.1850,— 
1563, 
1292, 
1780, 
2265, 
I9d0, 
.1925, -
2310, 
|957t 
2265, 
-2080, 
1970, 
-1999,_-
U43, 
2090. 
2298, 
18^0, -
1530, 
.4640.-. 

?a-5 
|6»3 
18-6 
15-2 
34-2 
16-2 
17-u 
10-3 
1?-4 
11-5 
2 3̂ 1 
30-3 
14-4-
17-S 
24-4-
10-1 
26-I 
17-5 
?a»| 
34-2 
19*6 
12-3 
28-6 
12-1 
1-5 

13-3 
I f «. 
35«..4 
5-3 
35-3 

32-6 
19.̂ 5 
5«2 
31«>6 
2U-1 
a.i 
12-1 
13»1 
10-3 
8̂ 1 
I8«6 

b^H 
17«1 
9^L 

1713 
1714 
1715 
171? 
1718 
I7i9 
1720 
1722 
I72i-
1724 
1726 
1727 
1731-
1732 
1734-
1735 
1736 
17 37 
1739 
1741 
1742 
1743 
1745 
1746 
-1748 
1750 
1752. 
1753 
1754 
1755 
1757 
1759 
-1762-
1763 
1764 
1765 
• 1766 
1767 
1769. 
1770 
1771 
1772 
1773-
1774 
.177a. 

Ii20, 
2100, 
2J80,. 
2440, 
2290, 
1665, 
1685, 
1630, 
1638,-
1760, 
1790, 
1420, 
2155, 
1515, 
2075, 
1828, 
1606, 
1775. 
1178, 
1765. 
2053,.. 
2100, 
1215,-
1650, 
2165,-
1610, 
2330,-
1640, 
2090t-
1768, 
1985,-
1794. 
2360,-
1818, 
1580, 
2236, 
I7B5,-
2120, 
2180,. 
2315, 
HBO,. 
2250, 
I905t-
1975, 
„1965»-

SO-
1 7 -
S2-
3 P . 

! • 
13» 
25 -
1 6 . 

f 
34-
33-

8« 
20» 
12-
16« 
20^ 

b* 
13-

5-
â " 

| 9 . 
ti 

b 
26 
J3« 

7* 
2^ 

27 -

2 > 

.Im 
hm 

15« 
Im 
3« 

6* 
f 
3« 

I f 
IS'"' 

6» 
23 

3 
2 
3 -
2 
« 
1 
4 
6 
5 -
4 
3 
tt 
I 
I 
5 -
5 
6 
2 
3 
3 
2 
5 
5 -
I 
6 
J 
l~ 
3 
2 -
I 
i 
1 
2 -
4 
4 -
8 
1 -
5 
5^ 
5 
6 -
5 
3-
3 
4„, 

1780 
1781 
1782 
1783 
178« 
1787 
1789 
1792 
1793 
1794 
1795 
1796 
179T 
1798 
1799 
1801 
1804 
1805 
1806 
1811 
1813 
|8ia 
-1817 
|8|8 
• 1822 
1825 
1827. 
1829 
I8J0 
1831 
-1832 
I8J5 
-1857. 
1840 
1844 
1845 
-1848 
1850 
1853. 
1859 

-1861 
1863 

_|B65. 
1866 

4 8 6 8 . 

2 l 3 5 i 
62 
96 
96 

269 
OSOt 

0 , - . 
0 , 
i . -

5 ! 
1 

0 , 
0 , 

765 . 
n 

V 
5tt5t 

f l O , 
790 , 
040 , 
6 2 0 . 

9 5 i 
ttSt 

e i o , 
195, 
742i 
S60« 
640, 
005t 
085, 
9a5i 
080, 
724, 
850i 
680t 
440g 
346, 
725t 
3a@t 
930, 
425$ 
490, 
525, 
054, 

2100» 
2oa©i 
4Q0i 
260, 
674, 
982, 
160,. 
645| 
J90a 

5 
6 
3 
6 
5 
U 
2 
1 

I 
6' 
5 
6 
5 
2' 
0 

- ^ 2 
b 

^ 1 
I 

_«^4 
I 

„_ 3 
a 

_ 6 
2 

_ _ a 
5 

-— 2 
I 
7 
I 

_ _ l 
I 
a 
6 
5 
s 

. 5 
I 

__ 3 
4 
S 
I 
2 

11»2 

20»3 
24*5 

tt-l 
7»4-

I 4 » J . 
I f 1 

2 » l 
|8»2 
25^5 
24^1 

13»l 

18»l 
2 2 - 1 -
J4«-6 

« • ! 
18»3. 
2 f 2 

25^3 
J f 1 -

4ii2 
9®2 

34«J 

a-2 
4«94 

16^4 . 
I2«S 
25«'«. 
| 4 « l 

9«S-
3«a 

3 f 3-
I f 6 
17-2 
34«»2 
22«2-

9»4 



TABLE 11-9 (Continued) 

SER14L-#--STREN8TH LOCATION- SEHUL « - 8TRIN6TH- LOC^TIOH- i t R I A L i - aTftEN6TH---LQC4TlOAL 

r 
-t-

1869 
1872 
1876-
1878 
1879 
1883 
1884 
1885 
1887 
1888 
[889 
1890 
1891 
1894 
1900 
1902 
1903 
1904 
I9u5 
1907 
1908 
1909 
1912 
1913 
19|4 
|9|B 
1922 
192S 
1929 
1930 
l93! 
1933 
1935 
1940 
1942 
l9att 
I9a9 
1950 
1952 
95t. 

*}'• 

28 
54 
70 
955 
!l 
1 
8 
7 
5 
7 

i 

0, 
i 

0, 

99< 

39( 

8i, 
ii, 
45, 
30,-
10, 
4, 

80, 
Ot 

i440, 

058, 
800, 
890, 
1140, 
'100, 
350, 
980, 
240, 
665, 
025, 
780, 
400, 
6g«t 
512, 
815, 
695, 
430, 
710, 
8©5. 
670, 
740, 
510, 
940, 
5U2. 
070, 
65bi 
190. 

4138 

4 

i 
9 
7 

37 
24 
37 
?1 
16 
U 
13 
24 
35 
19 
6 
5 
3 

30 
6 
5 
9 

?5 
6 

15 
16 
?7 
17 
I 

?'J 
a 

31 
23 
33 
14 
11 
1? 
18 
25 
?5 
12 
25 
24 
8 

1 c 

-I9T4 -_ 
1977 
1979--
1980 
1982 
19«3 
1984 
1985 
1987 -
1988 
1989 
1990 
199| — 
1994 
1995 -
1996 
1998 
2000 
2001 
pOOfe 
2007 -
?008 
2009 
2017 
2UI8 
2019 
?020 
2021 
2022 
2025 
?026 
2027 
2029 -
2030 
2011 
2033 
aoib 
2036 
2037 -
203H 
?019 
?040 
ao«« — 

1545, 
1920, 
1005,-
1600, 
1665, 
2275, 
1725, 
24U0, 
2125, 
2080, 
2430,-
2250, 
2420, 
1940, 
2095, 
Ilia. 
1B20, 
1765, 
1655, 
1610. 
2035, 
1290, 
1504, 
2390, 
2140, 
?5?0, 
22.10. 
1245, 
2480, 
1435, 
2150, 
1605, 
1820, 
23a0. 
1210. 
1950, 
2289, 
1438, 
|44U, 
?I35, 
2210, 
2025, 
1830, 
1557, 

22 
5 

J5 
30 
1 
9 

29 
5 

35 
13 
17 
18 
27 
2i 
37 
l« 
13 
15 
33 
37 
37 
17 
30 
15 
14 
33 
21 
3 

3J 
19 
3« 
20 
27 
2 

30 
17 
I 

25 
8 

35 
27 
13 
27 
?h 

2 
6 — 
I 
5 -
I 
5 ~ 
I 
3 — 
4 
I--
5 
4 -
b 
3 — 
1 
4 -
2 
I -
5 
5 • 
3 
2 -
6 
5 

1 --
3 
6 
2 
1 
1 
3 -
I 
3 
3 
2 -
I 
4 --
4 
0 
6 
5 — 
2 
3 

2060 
2068 
2080 
2083 
2084 
2066 
2087 
2088 
2089 
2090 
2102 
2103 
2104 
2106 
•2110 
2113 
2114 
2116 
2117 
2118 
8119 
2120 
2122 
2129 
2131 
2133 
2134 
2136 
2137 
2138 
2141 
2142 
2141 
2151 
2152 
2154 
1155 
1156 
2351 
2158 
2159 
2162 

2164 
2165 
2169 

i?50t. 
1705, 
-1280,-
1079, 

-1687,. 
ISIO, 
1191,-
1067, 

-1225, 
1055, 
-1570, 
I23l» 
1150, 
2282, 
2230, 
|9|0, 
1839. 
|910, 

-1574, 
1815, 

-20i5t 
1710, 
2090, 
1710, 

-2250, 
2270, 
2l80i 
1660, 
2390, 
1330, 
2058. 
2245, 
1105,-
2050, 
1640, 
2110, 
2155, 
1945, 
1735. 
lOOOs 
2410, 
1280, 

-1420, 
1100, 
1650, -̂  t -2 

f l -
2 f 2 
3 5 » | -
24«5 
l i t sg , 
I7«2 
2 I » I -
22«6 
2a«»4-

2«6 

37«6 
22»i l -

3 » i 
3 5 « | -

6 s l -
9«2 

17f.4_ 

5 ^ 1 -
28^5 
2 1 ^ 1 -

2"6 
2 - i 

14-5 
51^3-
3?«6 
2 6 « | 

5^1 
f 5 
3»4 
5» | - . 

25« l 
I f 2-
I5«5 

amt 
3 6 ^ 1 -
10^6 
33*2 

2«3 
J7*©-

m 



TABLE 11-9 (Continued 

SERIAL J STHtNGTH LOCATION SERIAL 9 STRENGTH LOCATION SiRlAl i SlRENCfH _ LOCATIOIt. 

I 

in.2 
22-2 
?1-S-
30-1 
? f 5 
36«| 
7-6 

30*4 
17-6 
?2«4 
36-5 
37-3 
lS-5 -
ia»5 
3-5 

? f 3 
?4»l 
?9-6 
14" 1 
3u-a 
1 1»6 -
32-5 
25-6 
19-3 
S-6 

IU-6 
Ifi 
33^2 
7^5 

?8-6 
11-5 
27^1 
10«1-. 
!d«5 
16«2 
10^4 
6-5 -
10^5 
3»5-
14-4 
27«a 
14-1 
6-2 -
33-5 

?a82 
2284 
?285 
2287 
?2fi8 
?29l 
??<>5 

?297 
2299 
2301 
S3>12 
2306 
2309 
2311-
2316 
23?? 
?336 
3317 
2319 
2340-
?347 
2348 
?349 
2350 
?351 
?352 
2353 
2360 
?363 
2364 
2365 
2368 , 
2371 
2372 
2373 
2574 
2375 
2377-
2378 
2365 
?387 
2388-
2390 

!I60. 
1575, 
2005. 
1115, 
2340, 
1392. 
I03li 
2130, 
1070,-
1840, 
1840, 
19?0, 
1970, 
2110. 

-1520. 
1740. 
1350, 
1350. 
2130, 
222Ut 
1470, 
1360, 
2026i 
1322. 
1600, 
1200, 

1575,-
1780. 
1630. 
1820, 
1830, 
2182, 
1499,. 
IPOOi 
1705. 
l a t l t 

-1240, . 
2138, 
-1545.. 
2y92, 
1520,-
1872. 
1270,. 
1402, 
1 t^e,. 

Si 
6« 

- 1« 
3« 

- 1« 
7. 
6' 
4« 

- 5 
2' 
7. 
I ' 
«» 
4. 

-7« 
2 ' 
6« 
3' 
4« 
5' 

- 4« 
7 i 

I , 
?• 

- I . 
4« 

- 5 ' 
6^ 
3^ 
2« 
5 ' 
3« 

. J« 
fe« 

_ f 
2« 

- 3^ 
3« 

. 5« 
2« 
!» 
7. 
trf 
4« 
« s i 

• 1 8 . 
. 3 6 . 
• 3 2 , 
. 3 1 . 
. 2 9 . 
•12» 
t j ? . 
» fe» 
B 7 . 

, | 9 -
t n . 
. 2 7 -
»J2-
»17-
» | 4 * 
•30 -
^ 2 * 
»10-
t l O -

» i i -
' 3 f 
. | 9 . 
»ia» 
• 3 1 " 
. ^ 5 -
»|8» 
»17i» 
• 55-
•3fe» 
. 6« 
> 4» 
- I6® 
• 2 f 
• 36^ 
, | 9 , 
. 8#. 
. a-
. 2 . 
• i 6 -
• |«« 
• 2 f 
.gfet. 

1 7 a 
-3a» 
. • |h» 

6 -
I 
4 -
4 
6 -
6 
6 -
I 

,'4 -
•I 
1 -. 
2 
6 -
3 
5 -
I 
S -
1 
S -
6 
2 -
5 
5 -
2 
6 _ 
4 

2 
I - . 
4 
5 -
6 
«_. 
5 
5 -
4 
« -
3 
S -
4 
6 — 
1 
fe

asts 
2396 

-2397 
2398 
2J99 
2400 
2401 
2402 
2403 
2405 
2407 
2409 
2410 
2«IS 

-2415 
2416 
2411 
2418 
2421 
2422 

-2423-
iUM 
-2426 
2427 
2429-
2430 
2435 
24 36 
2440 
2442 
-2444 
2445 
.2447 . 
2448 
2450 
2451 
-2«52 
2454 
.2455 
2456 
2458 
2459 
-2460 
2463 
?«6« 

28 
209 
68 
18 
62 
400, 

0.~-

I 
0, — 
0, 

100, 
930,~ 
562, 
448,. 
402, 
!05l}, 
800« 
130,. 
220| 
?16|-
985, 
110.-
,228, 
270.-
585, 
5S5.-
188. 
620,-
760, 

'005,-
915. 
755, 
410, 
;460,-
960, 
665.. 
a70i 
9a8i_ 
!0|0, 
815, , 
.24!i 
.2oaô „ 
212Si 
665, 
275, 
365t-
2585, 
2190, 

•I 

h 
1 

- 3 

5 
- « 

- « • 

I 

II 
- S 
? 

-I 
t 

. _ 3 
I 

- I ' 
S' 

— I 
2 

._« 
4 

-S 
t 

2 
_? 
5 

—3 
2 

_i 
S 

__s 
s 

- 3 
5 

^ 7 
6 

26*a.-
18-2 

9-1 
9«6-
53-5 
16»5-
23*« 
22*1-
7-S 

|0»2-
9«S 

6*6 
8»«_ 

29«l 
21-4-
12-4 
6-!-

28-1 

3^6 

28-2 
l«»2-

3̂ tt. 
f I 
ia»6_ 
15-1 
18®4„ 
20'̂ S 
f 2_ 
19^2 

f 6 
22««5_ 
28»| 
32^1 -

33-S-
12-i 



TABLE 11-9 (Continued) 

BEHlkl M -STUENGTH -MICATION - B t R I ^ l * STRtNCIH LOCATIOM — - 5 t R | A L # 8|R|.NaiH — WC^TIOli 

iS65 
Zubl 

- iUb^ 
a«72 
2U73 

iniu 
PUlb 
i«7? 

- g«7§ 
2«8I , 
g«8| 
BUSSi 

f«8S -

iu&i 
- 2<j88 
g«8« 
2a90 - ~ 
2«95 

- 24|s?? — 
2«98 
g«99 
250 0 
2501 
25Ug 
2501 --
a5o« 
g50S - --
25U6 
a%o? 
2SU 

- 2S12 
2«5IS 
25S^ -
?5gl 
2%?2 
2523 
25afe 
s%i^ 
25#« - -
25i0 
2^11 
2531 
253S 
8» **' "^ 

253 

• 

laso* 
loeOt 
OUOg 
1890, 
gl<45t - -
iSiO» 
2IS0- -
ajio. 
a§80« 
gl70» 
^feiO, 
1893* 
asiQ. 
i«SSt 
aiTTi - -
|8<J0» 
I43ag 
ii55« 
1616. 
1885s 
iiais -4 jr Kt » 9 

17809 
1750« 
a<ioo. 
I66S» 
IliO. 
14«J0, 
S826f 
1801, 
13558 
2240, 
1660, 
1325, -
2042, 
l«^5. 
16!>5, 
2065, 
2«70, 
l«30. 
15«0, 
ll«7, 
il«?o. 
iT^it 
169S, 
i nKK 

6*27*3 --
S«jg«3 
3« e»i -
2*26«1 
imyimU ~-

6« 3«2 
^» 9«6 ~ 
1« 1-3 
2«36®6 — 
2-^l«5 
6»23»5 
7«3a-5 
5«?1»4 - - -
7"2a»a 
3»11«« 
Urn |»i 

?«;»7-5 
2«27»l 
S« 2«6 --
1«19»1 
|»?9«| _. -
?« 6«6 
1- ««2 
a»3i«a 
/4«1««« 
a«?7s.a 
2*!?«2 -
2«37«S 
5«}9»2 
7» ?ffl4 
h-23«6 
S«16«6 
<J»t3a.l -
/4» 3-S 
««ll«3 
3»li«6 
?«30*6 
3-35«6 
/4»J3«2 .- -
/j«29»J 
|« a«6 
•%m S5«5 
3® aaa~ 
2-3l«'l 
p- 9«a 

2!»«3 -
isau 
25«5 -
25a6 
2%^7 
25«8 

gsaq -
2551 
2SSS -
255fe 
2558 -
2560 
?56| -
2563 
Bbbti • -
2565 
2570 
2579 
258J - -
gŝ ô 
25*̂ 1 -
?5«J2 
25<^3 
25^5 
25<38 
2600 
2606 
2608 
2625 
2626 
2635 
2o3^ 
26«0 
26«2 
26«« 
26tt5 
^bUb 
2hui 
2650 
2651 
2661 
g66« 
2665 — 
2666 
?thn 

imu$ -~-
I355t 
I570i -
1530, 
1210, -
H85, 
1330, ^ 
1209, 
19«0g 
1660, 
1«508 
1«70, 
1370, - -
1285. 
1250, 
1130, 
2165, -
1I«0, 
USOg 
l«30. 
|90Sg 
1355, 
2125, 
1820, 
1510, - -
1275, 
ia70. 
1380, 
U50t 
UIO, 
2170, 
1358, 
1382, -
17«?0, 
l«7g. 
ia9i. 
aoaog ^ 
l«5S, 
S6fe«, 
1950, 
1135, 
1300, 
1779^ - _ 
1670, 
1 1«0 9 

• 

3*I0«*3-. 
6«2T«il 
l,m imi 
b^ltimf 
1mX\m% 
1«17«5 
^m?^m% 
»f •*" £. 3 ** «l 

3«10»5 
6«37»2 
7®2«5«2 
7»27»1 - — 
6«13«6 
6®36»6 - - -
2»|8»1 
5»1««« 
6«|9»5 
ii«il8a 
a«28»5 

- 7«20»« 
7«3«»3 
^•3a«is 
3«»26»« 
l«26«3 -— -
3-!a«« 
|®20«« 
l« 9«| 
3®13»« 
3«21«1 
3«J0«5 — 
7«3?»2 
78. f»5 
3»3i»S 
5«18®1 
5«21«1 
1«|0»| -
2«3«»6 
6®|5"6 -- -
6®2«»« 
2« 8®6 
7» 9«& 
l« 2»5 -
5«20»5 
fe®2l«l 
l^M^S 
?-27»l „ ^ 

2670 
2673 
267« 
2675 
2676 -
267? 
2680 
1681 
1683 
2685 
2686 
2688 
2690 
2692 
2693 
i69ij 
269? 
2700 
2702 
2703 
270a 
2TQ5 
2706 
2713 
271S 
2716 
271? 
2718 
2719 
2720 
2722 
2723 
1727 
2728 
2730 
2731 
2733 

nu 
273S 
2136 
1738 
2739 

- i?«0 
2?#S 
2fSJ 

- 470St -
1774(8 
||20t-
1280, 

— 1181,— 
1380, 
1733, -
1«70, 
l«go,— 
i820g 

- - 1890,-
llUi 
1210, 
1I65« 
Uii,™ 
1970, 

--- |6Si, 
1360, 
loaog -
1350, 
1335, -
1805, 

- - 1315, -
1980, 

- - 1710« -
1568, 

--- 1S10, 
22«0t 
2080, -
1813, 

^ 1950, 
1735s 
ISiS, -
1170, 
1890, -
152f« 
2020, . 
1630, 

_-__ ia75,-
U708 
1953, -
1570, 
2750, 
1775, 
173«,_. 

4«28®i 
6»3«®§ 

-?»28aa 
IJ»I2"S 
««36«a 
1« 9®a 
SB2««|-
5» S«fe 
%m 59ij 
l»2l«# 

- T® 9«« 
7«29»1 
|f-23«i 
|#5s»lj 
i» 8«4 
%m 6 « | 

- -5"20»fe 
?*l|96 

- -1«23»« 
s«2a»i 
|«|9®6 

- 5 « H B | 

2«36»1 
-|»29«6-
i«20»2 
2« 7»5 
««»3Sa3 
6«a|t.2-
g« S«3 

- l»i7«S 
1»26»6 
l»ll«« 
3«35»a 
2''2?®6 
ij«»32»l 

-.I'»2a«3 
a«3«»a 
S«21«6 
a«21«l4 

- _ ?• a»a 
1" 6«5 
2«»S9®î  
1^ 9»3 

__J« 2»1 ™w_ 

• 



TABLE 11-9 (Continued) 

SERIAL « - STRENGTH LOCATION 

I 
ON 

^755 
2758 
2759. 
2760 
?76| 
1762 
27o« 
2767 

• 276S 
2769 

.-2770 
2773 
277a' 
2775 

- 2776 
2777 
2781 
2752 
2783 
2780 
2786 
278? 
2789 
2792 
2795 
2796 

-2798. 
2799 
2802 
2603 
2804 
2805 

. 2808 
2810 
2612 
2813 

- 2815 
2820 
2B26-
?828 
2832 
2833 
2636 
2838 

aioo, 
|9tt0, 

-l«10, 
i376t 
1920, 
1265, 
1715, 
liao, 

- 1678, 
1265, 
2100, 
1675t 

- 1770,. 
1760, 

- 1«?0. 
i6i0, 

- 1590, 
1130, 
1890, 
1832, 
l«25t 
2018, 
2560t 
I960, 

-1315, 
labSt 

-ISfettt 
I2««i 

-22IOt 
I62a, 
2138, 
ifee«, 

- 1868, 
14308 
1710. 
1888, 
1510, 
1180, 
1038 
|«75. 
2a60, 
|«bO, 

-1620, 
1«89, 
1 'I C u 

# — -. 

SERIAL # STRENGTH tOCATlON 8IHIAL « STRENGTH - LOCATIOM-

•2B-5 - -
21«>l 
25 -6 

•IJ'^a 
. | . g 

1-1 
'30 -2 - ~ 
21-5 
Ido-fc 
l5«-6 

9*5 _ 
5«2 

20 -2 - — -
27 -3 
ibnu — -

HmS 
limb -.- -
26^2 
1 5 ^ ! -
30-2 
19-2 . .. 
?6-5 

?«2 -- - -
j5<«a 
13-1 
16-6 
17«2 
li-'b 
28«.l 
26®a 

7«a - -
7«1 
t - 5 
7«1 
6«5 

21-5 
I8«r5 

UmU 
1 5 « 3 - - -

i-oi 
?5t.3 
l « - 5 
22-2 -
21 -3 
1 5 - ? 

2f ta i 
26<i2 

- 2e«3 
pauft 
?650 
2851 

- 285? 
2655 

- 2857 
?8S8 

- 2660 
2861 
2863 
2865 

- ?Bbt 
2869 
?B73 
287« 

- 8875 
2876 

- 2879 
28B0 

- 2682 
2883 

-. 2a8a 
2 f 8 5 

^ 2891 
2892 
?fa93 
290tt 

- 2907 
2908 

- | 9 | 0 
2911 
2912 
?913 
2915 
?9 !9 

- 2920 
? 9 g | 

- 2923 
292« 

. 2926. 
2929 
? Q ^ 1 

2065, 
1<I55, 
J9fe5, 
2105. 
1560, 
I3«0, 
ieo8t 
2280. 

• 2560, 
2005. 
1170, 
1610, 
li90. 
1590, 
1395, 
1560, 

1892, 
1892. 
1730, 

- i«70t-
tOiiS, 
|925t 
I7ia, 

-1277,-
1783, 

--2070, 
1326, 

- 1587, 
1770, 
1900, 
1535, 
1625,. 
2155, 

--1939, 
1701. 

-I«20, 
1969, 

. IIOU-
1265, 
1790. -
2290, 

- ̂ 16^0,-. 
I650| 



TABLE 11-10 
ELASTIC MODULUS FOR H-327 GRAPHITE 

(in GPa) 

Data Source 

Midlength Center 

N 

Midlength Edge 

N 

End Center 

N 

End Edge 

N X 

Axial Orientation 

Ref. 11-2 

Refs. 11-3 
through 11-7 

Ref. 11-8 

Table 11-9 

(a) 

14 

8 

2 

10.3 

9.0 

9.0 

10.1 

2.76 

3.45 

0.83 

0.49 

(a) 

14 

10 

4 

12.1 

11.0 

13.3 

11.5 

4.14 

4.14 

1.72 

0.63 

(a) 

16 

4 

10.3 

9.0 

11.1 

2.07 

2,07 

0.74 

(a) 

16 

8 

11.7 

11.0 

11.4 

Radial Orientation 

(a) 
Unknown. 

4.88 

4.14 

0.48 

Ref. 11-2 

Refs. 11-3 
through 11-7 

Ref. 11-8 

Table 11-9 

(a) 

15 

10 

2 

4.0 

3.6 

4.4 

4.0 

1.31 

0.97 

0.55 

0.21 

(a) 

12 

4 

4.5 

4.2 

5.1 

1.86 

1.67 

0.22 

(a) 

15 

4 

4.8 

4.1 

4.8 

1.93 

1.59 

0.17 

(a) 

15 

8 

4.6 

4.2 

5.1 

1.65 

0.85 

0.14 



TABLE 11-11 

THERMAL EXPANSIVITY OF HLM GRAPHITE 

LOT NUMBFPi L06 NUHBERl f»484«»78 

ORIENT. too LOCAflON SPECIMEN THERHAL EXPANSIVITY 
TATION NUMBER UfiEXP-6/KI 

a95K«-773K 295K-U73K 
I22C-500CJ C22C- 900CI 

AXIAL 

AAIAL 

AXIAL 

END-CENTER 

END-MIOPAOIuS 

ENo-Eoee 

SLA8114B 
14A 
2SA 
azy 

SL«1 84A 
846 
9?A 
928 

ME^Ni 

STOi 

SL»l 34A 
34b 
44A 
44b 

SL*1106A 
1068 
116A 

^B <eB ̂  S8) tse 

M6ANI 

STOt 

SL.l 5«A 
54B 
64A 
648 
126A 
I26tt 
136A 
1368 

MEANI 

STDt 

DEVI 

OEVI 

OEVS 

2t55 
2.57 
?,47 
?»38 
^«42 
2,35 
2.57 
2t44 

2.47 

• 09 

2»47 
2f34 
2.67 
2t4? 
2t7l 
2.49 
2«&7 
2t3? 

2»50 

.14 

2t25 
2tl2 
it49 
2#23 
2.19 
2.63 
2i2§ 
2.19 

2t29 

a ? 

3t01 
3i04 
2«9l 
2«B2 
2ttt2 
2t77 
2«99 
2,88 

2#90 

ao 

H#f2 
2t77 
3tl0 
2«90 
3,12 
2t97 
3tOO 
2tei 

2t95 

#13 

2t7l 
?t6i 
2,94 
2,77 
2.60 
3f07 
2i7? 
2t64 

2t76 

tl7 

11-69 



TABLE n - l ) (Continued) 

THERMAL EXPANSIVITY OF HLM @RAPM|TE 

LOT NUMBER! LU6 NUMBER 8 6484-78 

ORIEN
TATION 

LOG LOCATION SPECIMEN 
NUM8E« 

THERMAL EXPANSIVITY 
aOEXP«6/Kj 

29SK-773K 
C2iC"50ftC) 

a9SK«n73K 
IpgC^ 900C) 

AXIAL MIDLENGTH-CENTEft SL.6168A 
1588 
172A 
172« 

2»38 
2«36 

HEAfMS 

STD» OEVS 

a,46 

12 

2»7? 
2«75 
2t93 
3»0| 

#13 

fgSA 
?gSB 
?40A 
240tt 

2«b? 

2t67 

MEAN! 2t59 

STDf DEVI »06 

t«S9 

3a4 

3,01 

ao 

AXIAL MIOLENGTH-f^iORAO SL«€.|78A 
1788 
18@A 
laae 

2«.an 
?«4I» 
2«53 

248A 
?48B 
?58A 

2*54 

2«4I 
2t64 

MEANS 2«b1 

sTo» DEVI a o 

g*97 
2»67 
2t86 
2.98 

g«97 
3*03 
2»90 
3»10 

3.00 

AXIAL MIDLENGTH«EOSE SL.619flA 
I96a 
gOflA 
t08B 
?6BA 
g68B 
27eA 

2«J6 
2»43 
2»S| 
2«3B 
2.*7 
2«59 

2»3R 

MEAN! 2e4S 

STD« DEVI ,0H 

2«8l 
2«93 
3s00 

2»94 
3tOI 
g«94 
2»88 

2t92 

#06 

11-70 



TABLE 11-11 (Continued) 

THERMAL EXPANSIVITY OF HLN GRAPHITE 

LOT 

ORIEN«» 

TATION 

RADIAL 

RADIAL 

SADIAL 

MUNBEfti 

LOG LOCATION 

ENf)»CENTEft 

EHD-MIORAOIuS 

ENO»EDGE 

LOG NUMBER 1 ft484 

SPECIMEN 
NUMBER 

SLtl llA 
IIB 
37A 
37B 

MtANI 

STDt 

167A 
1678 
193A 
1938 

HEANI 

STDt 

SLa67A 
§78 
93A 
e3P 

223A 
2?3B 
?49A 
24^8 

MEANS 

STO* 

119A 
1198 
145A 
1458 
?75A 
?7BH 
30IA 
30|t» 

MEANI 

«7a 

THERMAL EXPANSIVITY 
IIOEXP 

295K»7T3K 
IZ2C«500C) 

'OB^ffiBfeKS 

DEVI 

OEVI 

OEVI 

STD, DEVI 

2.«6 
2t9? 
2»99 
3tll 

2*96 

.11 

2t9s 

aa* 
1^7^ 
2«5fl 

zae 

t l ^ 

2*90 
2t90 
2*93 
2*7g 
2.87 
2.77 
2.96 
2.90 

2.87 

a s 

3s09 

aae 
2t89 
2t&9 

sap 
3t03 
3«31 
2«88 

2i9e 

*2l 

«-6/K) 

295K»U73K 
C22C» 900CI 

3.30 
3.31 
3»43 
3*60 

3t41 

#14 

3935 
3t21 
3»23 
3 t n 

3»22 

ao 

3«37 
3.31 
3«37 
3«22 
3t24 
3«30 
3t44 
3t46 

3t34 

»09 

3sb9 
3i33 
3t40 
3t?7 
3t69 
3»63 
3 a 8 
3«35 

3t&0 

*i9 
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TABLE 11-11 (Continued) 

THERMAL gJCRANSIVITY OF HLM GRAPHfTE 

LOT 

n^ en fiSB w <m 99 4Si B 

OR|EN» 
TATSON 

RADIAL 

RADIAL 

RADIAL 

NUMBER 1 

LO© LOCATION 

M|DLEN@TH»CENTER 

M|0LEN6TH«HIDRA0 

MI0LEN6TH«E06g 

LOG 

SPECIMEN 
NUMBER 

SLe6323A 
323B 
349A 
34Qb 
479A 
4T9B 
49IA 
49|e 

(gB fflB SK «0 HSB 

MEAN! 

STDt 

SLtft379A 
37^B 
405A 
405B 
509A 
509B 
53SA 
5356 

MEANI 

STD« 

SL«643|A 
4318 
457A 
457«i 
56|A 
561B 
587A 
587B 

MEANI 

STOt 

NUMBER 1 6484' -78 

THERMAL EXPANSIVITY 
aOEXP' 

295K«.7T3K 
C22C»500CI 

DEVI 

OEVI 

DEVI 

2«46 
2#76 
2«69 
2«8l 
2tVa 
2eb5 
2.7? 
2«73 

2t7a 

«13 

2tBg 
2«73 
2t57 
2,79 
2»b9 
2e92 
2tB7 
3sOS 

2tBo 

as 
2«9l 
2«63 
3«03 
2*79 
2«66 
2#e3 
3t09 
2*83 

2«85 

«I6 

»»&/KJ 

295K-U73K 
f2gC« 9O0C) 

2e9B 
3«22 
3«l& 
3*27 
3»32 
3«U 
3t24 
3«25 

3«20 

^11 

3e29 

3a9 
3«09 
3«26 
3«I9 
3i38 
3«34 
3s57 

3»29 

as 

3t42 

sas 
3. 51 
3.28 
3tll 
3f33 
3t6l 
3«35 

3t3fe 

#17 
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TABLE 11-12 

TENSILE PROPERTIES OF HLH GRAPHITE 

LOT N0« SPEC* DIA« 12*8 HH 
LOG N0» bk8U-m6 SPEC* LENGTH 70« MM 
LOG DENSITY MG/M##3 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRA£- TENSILE 
NUMBER ATION TION IMG/H*«3 IMODULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IMPAI 
IPCTI CPCT» 

l A C - E - IDA AX EC K 7 9 3 8*0 «009 *185 1 U 6 
- 12A AX EC K79«4 8 . 7 » 0 i 3 a 5 2 10#«i 
- 22A AX EC K 7 9 5 9»5 . 0 1 5 »165 U . O 
- 2t»A AX EC 1»793 8»*l »020 »156 1 0 * 3 
- 06A AX EC 12#9 
- 08B AX EC l l « 6 
- lOB AX EC 1 2 a 
- 12B AX EC 11^7 
- 18A AX EC 10#7 
- 20B AX EC 1 1 . 5 
- 22B AX EC 13^0 
- ZHB AX EC 1 3 t 3 

1BC-E-1C6B AX EC 1«799 8#8 . 0 1 9 ^157 l O a 
- 1 0 8 B AX EC 1 .800 8 . 8 «020 #180 l l # i 
- 96B AX EC 1.79% 8»5 «02<i » 180 10«7 
- 9*48 AX EC U 7 9 8 8«8 * 0 2 1 a 6 4 10®«» 
- 1 0 2 f i AX EC 10«5 
" I C i B AX EC l U O 
- 1 0 6 A AX EC 1 1 . i i 
- 108A AX EC 1 U 7 

I B C - E - 90A AX EC 11#1 
- 92B AX EC 9#t| 
- 9%A AX EC 12^0 
- 96ft AX EC i 2 a 

MEAN i a 9 6 8 *7 *018 a 6 7 l i a 
I K 2 6 M P S I I t lhtib,PSl} 

S7D« OEV« «003 »M * 0 0 5 *013 1*0 
« »06 MPSI) < I t J l s P S I l 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

LOT NO. SPEC* DIA« 12,8 MM 
LOG NO. b^Sti-mS SPEC. LENGTH 70 » MM 
LOG DENSITY M6/M**3 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION CMG/M«*3 IMODULUS ANENT TURE STRENGTH 

CGPAI SET STRAIN IHPAI 
IPCTI IPCTI 

l A C - E - 05 RAD EC 1 . 7 9 8 8»<4 . 0 2 0 , 2 2 1 1 2 » ^ 
- 09 RAO EC 1 . 7 9 8 8 . 2 . 0 1 8 a S O I 3 » 5 
- 25 RAD EC 1 . 7 9 8 7 . 8 . 0 1 9 . 2 6 7 l^^.O 
- 29 RAD EC 1 . 7 9 6 7 . 8 ,02«« . 2 6 1 1 3 * 6 
- 03 RAD EC 1 ^ . 8 
- 0 7 RAD EC 13««4 
• 11 RAO EC l««.«l 
- 23 RAD EC 1 3 . 7 
- 27 RAD EC 1 4 . 1 
- 31 RAD EC l%«4 

l B C - E - i l 3 RAD EC 1 . 7 9 9 8 . 2 . 0 2 2 . 2 2 9 1 2 a 
117 RAD EC 1 , 7 9 5 8^1 . 0 2 1 . 2 ^ 5 1 3 . 3 
133 RAD EC i a 9 7 8 . 2 . 0 2 0 . 2 5 3 1 3 . 5 
137 RAD EC 1 . 7 9 7 7 . 8 . 0 2 3 . 2 3 5 1 2 . 7 
l U RAD EC 10»5 
115 RAD EC 9 . 9 

I B C " E ~ 1 1 9 RAD EC 1 1 . 8 
- 1 3 1 RAO EC 1%.0 
- 1 3 5 RAO EC 1 3 . 2 
- 1 3 9 RAD EC 1 1 * 6 

MEAN 1 . 7 9 7 S a . 0 2 1 a«45 1 3 a 
1 1 . 1 7 MPSI I f 1 8 9 7 « P S I J 

S T D . DEV. . 0 0 1 . 2 . 0 0 2 . 0 1 6 l a 
I . 0 3 H P S I I « 1 8 8 . P S I I 

# 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

LOT NO. SPEC. OIA, I2«8 MM 
LOG NO, &«48*l-l«48 SPEC. LENGTH 70. MM 
LOG DENSITY Me/M*#3 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION IMG/M**3JMODULUS ANENT TORE STRENGTH 

I6PA5 SET STRAIN IHPAI 
IPCTJ IPCTI 

lAY-E- 30B AX EH 1.810 9.1 .010 a70 11.7 
" 3«4A AX EM 1.806 9.5 .018 .17«4 11.5 
- «*6B AX EM 1.80«* 8.7 .007 a78 12.2 
- 5*4A AX EM 1.803 9.5 .021 .187 11.8 
- 30A AX EM 12.5 
- 34B AX EM 12.0 
- 4»2A AX EM 12.6 
- s»2B AX EM 12.8 
- 4I6A AX EM 12a 
- 5«se AX EM 12.7 

1BY-E-11*4B AX EM 1.805 9,0 .015 .225 13.8 
-USA AX EM 1«807 8.6 .020 .231 13.7 
-1306 AX EH 1.808 9,«4 .020 .207 12.7 
-USA AX EM l.,806 9.«« .016 .18*4 12.2 
-11«»A AX EM 13»0 
-118B AX EM 13.0 

1BY-E-126A AX EM l2^^ 
-126B AX EH 13.<• 
-130A AX EH 13.2 
-1386 AX EM 1^.2 

MEAN I « 8 0 6 9 . 2 . 0 1 6 «195 I 2 a 
1 1 . 3 3 MPSI I I 1 8 3 9 « P S I I 

STD. DEV. . 0 0 2 . «* . 0 0 5 . 0 2 ^ a 
I . 0 5 MPSII I l O S . P S i l 
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TABLE n - 1 2 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

LOT NO. 
LOG NO, 6*s8«4-
LOG DENSITY 

SPECIMEN ORIENT-
NUMBER ATION 

lAY-E- «I5 
- 149 

- 63 
- 67 
- «a 

» m 
- 51 
- 61 
- 65 
- 69 

IBY»E-I53 
-157 
-171 
-175 
-151 
-155 

lBY-E-159 
-169 
-173 
-177 

RAD 
RAO 
RAO 
RAD 
RAO 
RAD 
RAD 
RAD 
RAD 
RAO 
RAD 
RAD 
RAO 
RAD 
PAD 
RAO 
RAO 
RAO 
RAD 
RAD 

LOCA-
TION 

EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 

-1««8 
SPEC 
SPEC 

M&/M#«3 

- DENSITY YOUNGS 
IMG/M**3IMOOULUS 

1.807 
1.807 
1.805 
1.803 

1,80«* 
1.808 
U806 
1,807 

fGPAl 

7.8 
7.8 
s a 
7.8 

8,2 
8.6 
8,1 
8.1 

:. DIA. 12. 
:. LENGTH 70 

PERM
ANENT 
SET 
IPCTI 

,020 
,023 
«020 
,019 

.017 
,01a 
,017 
,019 

FRAC
TURE 

STRAIN 
IPCll 

,289 
,269 
.275 
.258 

as2 
,20s 
a7o 
ao9 

8 MM 
, MM 

TENSILE 
STRENGTH 

IMPAI 

i«»a 
i3a 
m»H 
13,9 
IH«% 
15,8 
12a 
13,6 
i«ia 
1^,2 
11,0 
12,% 
10,«4 
12,0 
12,5 
11,8 
12.0 
11.5 
8.0 
9.2 

MEAN 1,806 8,1 ,019 .232 12.5 
11,17 MPSII I 1815,PSIl 

STD, DEV. , 0 0 2 . 3 , 0 0 2 ,0«i6 1,8 
I ,0«* MPSII I 2 6 5 , P S I I 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

LOT NO. SPEC, DIA, 12,8 MM 
LOG NO. b^BH-lHB SPEC. LENGTH 70, MM 
LOG DENSITY MG/M%*3 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION IMG/M«*3 IHODULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IHPAI 
IPCTI IPCTI 

l A E - E - 60B AX EE 1 , 8 1 0 9,% , 0 2 0 a 2 0 1 3 , 9 
- 6*4* AX EE 1 ,808 9 . 8 , 0 1 0 , 2 0 9 m^B 
- 76B AX EE 1 , 8 0 8 9 , 1 , 0 1 5 , 2 1 0 1 3 , 8 
- 8«4A AX EE 1 . 8 0 2 9 . 7 , 0 1 8 ,25«» 1 5 , 8 
- 60A AX £ t 1 2 , 5 
- 6«lB AX EE 1^ ,7 
- 72A AX EE 1 2 , 8 
- 726 AX EE 1 3 , 8 
- 76A AX EE 1 3 , 7 
- 8«lB AX EE 1%,# 

1BE-E-1%1B AX EE 1 . 8 0 3 8 . 9 , 0 1 8 a 3 7 l t | # l 
-1«48A AX EE 1 . 8 0 6 8 . 8 , 0 1 8 , 2 2 8 13^9 
- 1 6 0 B AX EE 1 ,816 9 a ,01«« . 2 6 9 16^5 
• 1 6 8 A AX EE 1 , 8 0 6 9 , 7 « 0 i 8 , 2 0 8 1 3 , 9 
-mUA AX EE 1 6 a 
- 1 ^ 8 B AX EE 1 5 , 1 

1 B E - E - 1 5 6 A AX EE l<4,8 
- 1 5 6 B AX EE 1 ^ , 7 
-160A AX EE 1^ .2 
- 1 6 8 B AX EE 1 3 a 

MEAN 1 .807 9 , 3 . 0 1 6 , 2 2 9 1*1,U 
U a 5 MPSI I t 2 0 8 2 , P S I l 

STD. DEV, ,00«« .«« , 0 0 3 . 0 2 3 1 ,1 
< , 0 6 H P S I I I 1 5 3 . P S I I 
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TABLE n-12 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

LOT NO. SPEC, DIA. 12.8 MM 
LOG NO. 6<»8«*-i«48 SPEC. LENGTH 70, MM 
LOG DENSITY M6/M*>l=3 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION IMG/M«*3IMODULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IMPAI 
IPCTI IPCTI 

l A E - E - 81 RAO EE 1,810 6 ,7 ,022 .258 12 ,9 
13,8 
13,0 
12 ,7 
13 ,8 
15 ,9 

I I , 0 
1 2 a 
12*0 
i s a 
13 ,6 
U , 6 
12»6 
I2»a 
1 3 a 
13,2 
12,5 
12 ,8 
1 2 a 

MEAN 1.808 7,7 ,020 a« l9 1 3 , 1 
11,11 HPSII t 1906#PSII 

STD, DEV, ,00«* ,S .003 ,022 1,0 
I .07 HPSII I l ^3 ,PSIS 

- 85 
- 99 
- 1 0 3 
- 79 
- 83 
- 87 
- 97 
- 1 0 1 
- 1 0 5 

1 8 E - E - I S 9 
193 
207 
211 
187 
191 

l B E - E - 1 9 5 
- 2 0 5 
- 2 0 9 
- 2 1 3 

RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAO 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAO 

EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 

1 , 8 0 9 
1,80«J 
1 , 8 0 6 

1 , 8 0 6 
1 , 8 0 5 
1 , 8 1 2 
l ,81«» 

7 , 6 
7 . 5 
7 , 6 

8 , 0 
7 . 9 
8 . 2 
7 . 7 

, 0 1 6 
,02«» 
,028« 

. 0 1 6 
, 0 1 9 
, 0 2 0 
. 0 2 0 

,27«l 
, 2 6 3 
,2««5 

, 2 5 5 
, 2 5 6 

ao3 
, 2 3 5 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

SPECIMEN 
NUMBER 

6 A C - M -
> 
. 
-
-
„ 

. 
-
_ 
_ 
. 
_ 

6 B C - M -
_ 
-

6 B C - H -
» 
«. 
. 
« 
_ 
-

LOT 
LOG 
LOG 

NO, 
NO, 6««8««-
DENSITY 

ORIENT
ATION 

lOB 
12B 
22A 
2««A 
068 
08B 
lOA 
12A 
ISA 
20A 
226 
22*B 
9^B 
96A 
98A 

106B 
92A 
9%* 
96B 
98B 

io«^e 
106A 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

LOCA-
TION 

HLC 
HLC 
HLC 
MLC 
MLC 
MLC 
MLC 
MLC 
HLC 
MLC 
MLC 
MLC 
MLC 
HLC 
MLC 
MLC 
MLC 
HLC 
MLC 
MLC 
MLC 
MLC 

•14*8 
SPEC 
SPEC 

HG/M'J'^S 

• DENSITY YOUNGS 
f H G / H * * 3 I M 0 D U L y S 

1 , 8 1 7 
1 . 8 1 7 
1 , 8 1 1 
1 , 8 1 7 

1 , 8 2 0 
1 , 8 1 9 
1 , 8 2 3 
1 .813 

IGPAI 

9,«* 
9 . 5 
9.«l 
8 , 8 

8 , 9 
3 , 6 
8 , 5 
9 , 0 

: , D I A , 1 2 , 8 
, LENGTH 7 0 , 

PERM
ANENT 

SET 
I P C T I 

. 0 1 1 
, 0 1 6 
, 0 1 8 
, 0 1 6 

, 0 1 9 
, 0 1 3 
. 0 2 0 
,01«l 

FRAC
TURE 

STRAIN 
IPCT I 

,1«*5 
, 1 1 2 
, 1 9 8 
. 1 1 3 

a 3 0 
a o i 
, 1 2 1 
, 1 2 7 

MM 
HM 

TENSILE 
STRENGTH 

IHPAI 

l o a 
s a 

12 ,% 
8 , 0 

1 0 , 6 
1 0 , i | 
1 1 , 8 
1 2 , 9 

7 , 6 
1 2 a 
1 2 , 8 
l l « 8 

8 , 6 
1 2 , 6 

s a 
9 , 0 
9 . 6 

1 2 a 
9 a 
8 , 9 

1 0 a 
1 2 a 

MEAN 1 . 8 1 7 9 , 0 , 0 1 6 ,1**^ 10 ,% 
1 1 , 3 1 MPSI I I 151<I«PSI1 

STD, OEV. , 0 0 ' * ,«« , 0 0 3 «036 1#8 
I , 0 6 H P S I I I 2 6 l , P S I I 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLH GRAPHITE 

LOT NO. SPEC, D I A . 1 2 . 8 MM 
LOG NO. 6««8«4-l«}8 SPEC, LENGTH 7 0 , HH 
LOG DENSITY H&/H##3 

SPECIMEN ORIENT- LOCA- DENSITY Y0UN6S PERM- FRAC- TENSILE 
NUMBER ATION TION IMG/M««3 IMODULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IHPAI 
I P C T I IPCT I 

6 A C - H - 07 RAO MLC 1 . 8 1 5 7 , 9 , 0 2 3 , 2 1 3 1 1 , 9 
- 11 RAO MLC 1 , 8 1 7 7 . 9 ,02% , 2 2 7 12,«* 
- 25 RAD MLC 1 , 8 1 5 8 , 3 , 0 2 5 , 2 0 3 1 1 , 3 
- 29 RAD MLC 1 , 8 1 6 8 . 0 . 0 2 1 , 1 7 9 l O a 
- 05 RAD MLC 1 0 , 7 
- C9 RAD MLC 1 0 , 7 
- 13 RAD MLC 1 1 , 8 
- 23 RAO MLC 13«2 
- 27 RAD MLC 1 3 a 
- 31 RAD HLC I Z a 

6 B C - M - n 5 RAD MLC 1 , 8 1 8 8 , 1 , 0 1 6 , 2 1 # 1 2 , 0 
- 1 1 9 RAD MLC 1 . 8 1 9 7 . 5 , 0 2 3 , 1 8 3 1 0 , 0 
- 1 3 3 RAD MLC 1 , 8 1 8 8 , 1 . 0 2 0 ,21«« 1 2 ^ 0 

6BC-M-137 RAD MLC 1 ,819 7 , 9 . 0 1 9 , 1 9 5 l i . O 
- 1 1 3 RAO MLC 10®0 
- 1 1 7 RAD MLC 1 0 . 6 
- 1 2 1 RAD MLC 9 a 
- 1 3 1 RAD MLC I Z a 
- 1 3 5 RAD MLC l i a 
- 1 3 9 RAD MLC 9«9 

MEAN 1 . 8 1 7 8 , 0 , 0 2 1 . 2 0 3 1 1 , 3 
t i a 6 MPSI I f l 6 « l l » P S I I 

STD, DEV, , 0 0 2 , 2 , 0 0 3 . 0 1 7 1 ,1 
I . 0 3 MPSI I f 1 6 3 ^ P S I ! 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLH GRAPHITE 

LOT NO. SPEC. D I A , 1 2 , 8 MM 
LOG NO. 6««84»-|'48 SPEC. LENGTH 7 0 , MM 
LOG DENSITY MG/M**3 

_ _ _ . _ . . . - . _ —. _ „ „ „ ^ „ „ - . » „ - _ . „ . „ « 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION C H6/M*#'3 IHODULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IHPAI 
I P C T I I P C T I 

.^, _ _ » . ^ - . - _ . .•^^. . . > „ ^ 

6 A Y - M - 30E AX MLM 1 , 8 0 1 9 , 5 , 0 1 3 . 1 6 6 U . ^ l 
- 3«4A AX HLM 1.8D8 9 , 6 . 0 1 7 . 2 0 5 1 3 . 1 
- «l6e AX HLM 1 , 8 0 2 9 , 2 , 0 1 3 a 5 0 1 0 , 8 
- 52A AX MLM 1,8C2 9 , 1 , 0 1 5 »1HU 1 0 , 0 
- 30A AX MLM 1 2 . 8 
- 3^B AX MLM 1 1 . 8 
- «*2A AX HLM 1 3 , 3 
- «»2B AX MLM 1 3 , i | 
- %6A AX MLH 1 1 , 3 
- 52B AX MLM 1 1 , 7 

6BY-M-112B AX MLH 1,81«« 8 . 8 , 0 1 6 . 1 ^ 8 1 0 . 0 
116A AX MLM 1 ,815 9 . 2 .01«« , 1 5 2 1 0 . 1 
1288 AX MLM 1 ,805 9 . 0 , 0 1 9 , 1 6 0 1 0 , 5 

6BY-M-13<4« AX MLM 1 ,805 9,«t . 0 1 6 , 1 3 6 9 , 6 
- 1 1 2 f l AX MLM 1 0 . 0 
- 1 1 6 B AX MLM 1 2 , 6 
-12«»A AX MLH 1 1 , 9 
-12*«B AX MLM 1 1 , 5 
-128A AX MLM 9 , 0 
-13<4e AX HLM 1 1 , 7 

MEAN 1,8C7 9 . 2 , 0 1 5 , 1 5 8 l i a 
f l«3«« H P S I I I 16««3 ,PSI I 

STD, DEV, , 0 0 5 . 2 , 0 0 2 , 0 2 1 l a 
I .O** MPSII f 1 8 7 , P S I I 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

LOT NO. 
LOG NO, 6248«<-l«i8 
LOG DENSITY 

SPEC, 
SPEC, 

MG/H*1=3 

DIA. 
LENGTH 

12,8 MM 
70, MM 

• 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION IM6/M**3 IMOOULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IHPAI 
IPCTI IPCTI 

6 A Y - M - «*5 
- 4*9 
- 63 
- 67 
- H5 
- i»7 
- 51 
- 61 
- 65 
- 69 

6 B Y - M - 1 5 3 
- 1 5 7 
- 1 7 1 

6eY~M-175 
- 1 5 1 
- 1 5 5 
- 1 5 9 
- 1 6 9 
- 1 7 3 
- 1 7 7 

RAD 
RAO 
RAD 
RAD 
RAD 
RAD 
RAO 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 

MLM 
MLM 
MLM 
MLM 
MLM 
MLH 
MLM 
HLM 
MLM 
MLM 
HLM 
MLM 
MLM 
MLM 
MLM 
MLH 
HLM 
MLM 
MLM 
MLM 

1 . 8 0 3 
1.80«» 
l ,8C«f 
1 . 8 0 5 

1 .818 
1 . 8 1 6 
1 . 8 1 2 
1 . 8 1 1 

7.<4 
7 . 5 
7,«4 
7 . 5 

8 . 3 
8 , 3 
e a 
8 , 1 

. 0 2 6 

.02«» 

. 0 2 6 

. 0 2 3 

, 0 1 9 
, 0 2 3 
. 0 2 0 
. 0 1 9 

, 2 6 5 
, 2 3 9 
,255 
.262 

. 1 9 9 
, 2 0 9 
a e z 
. 2 1 % 

1 3 , 0 
1 2 . 1 
12,84 
1 2 . 8 
1 0 , 0 
i s a 
1 2 , 6 
12.«* 
1 2 , 6 
1 2 , 5 
l i a 
11,81 

9 , 8 
1 2 , 3 
1 2 , 8 
1 1 , 0 
1 1 . 5 
1 0 , 8 
1 1 . 3 
1 1 , 7 

MEAN 1 , 8 0 9 7 , 8 , 0 2 2 
n a 3 MPSI I 

, 2 2 6 1 1 , 9 
I 1 7 2 3 , P S I l 

STD, DEV, , 0 0 6 a , 0 0 3 , 0 3 6 1 ,0 
I . 0 6 MPSI I t 18»1,PSI I 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

LOT NO, SPEC. D I A , 1 2 , 8 HH 
LOG NO, 6 8 l 8 « l - l * 8 SPEC, LENGTH 7 0 , MM 
LOG DE^SITY M6/M**3 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION HON I MG/M*«=3 IHODULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IMPAI 
IPCTI IPCTI 

6 A E - M - 60B AX MLE i a 9 0 9 , 1 , 0 1 % ^230 l % a 
- 6%A AX MLE 1 , 7 9 0 9 , 1 , 0 1 8 , 2 3 0 1 3 , 9 
- 76P AX MLE 1 , 7 9 3 9 , 3 , 0 1 5 a i 9 l « l , 3 
- 8*»* AX MLE 1 , 7 9 3 9 a , 0 1 5 , 2 0 ^ 1 3 , 5 
- 60A AX MLE 1 2 . 9 
- fe%B AX MLE 181.8 
- 72A AX MLE I S a 
- 72B AX MLE I 2 a 
- 76ft AX MLE 1 3 , 5 
- e8*B AX MLE 11.84 

6 B E - M - 1 ^ 2 e AX MLE 1 .805 9 , 0 , 0 1 % a i 7 1 3 , 3 
1^6A AX MLE 1 . 8 0 3 8 . 9 , 0 1 5 , 2 8 l l I »̂  a 
158B AX MLE 1 . 8 0 1 9 . 0 , 0 2 1 a 3 5 1 3 , 8 

68E-M-16t»f t AX MLE 1 , 7 9 6 9 , 5 . 0 1 5 . 2 2 2 1%.«* 
-1«42A AX MLE 1 3 a 
-1«I6B AX MLE 1 3 . 8 
-15t»A AX MLE 1 2 , 6 
-15««B AX MLE 18|,9 
- 158A AX MLE 1%,I 
-16«4B AX MLE 1 3 , 3 

MEAN 1 ,796 9 , 2 , 0 1 6 , 2 2 5 I 3 a 
1 1 , 3 3 MPSI I f 1 9 9 l * P S I I 

STD. OEV, , 0 0 6 , 3 , 0 0 2 , 0 1 2 , 9 
I ,0% MPSII I 1 3 2 , P S I 1 
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TABLE n - 1 2 (Continued) 

TENSILE PROPERTIES OF HLH GRAPHITE 

LOT NO, 
LOG NO, 68<8M-
LOG DENSITY 

SPECIMEN ORIENT-
NUMBER ATION 

6AE-M- ' 81 
- 85 
" 99 
- 1 0 3 
- 79 
" 83 
- 87 
- 97 
- 1 0 1 
- 1 0 5 

6 B E - H - 1 8 9 
- 1 9 3 
- 2 0 7 

6BE~M-211 
- 1 8 7 
- 1 9 1 
- 1 9 5 
- 2 0 5 
- 2 0 9 
- 2 1 3 

RAD 
RAD 
RAO 
RAD 
RAD 
RAD 
RAD 
RAO 
RAD 
PAD 
RAO 
RAO 
RAD 
RAO 
RAD 
RAO 
RAO 
RAD 
RAD 
RAD 

LOCA-
TION 

MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 
HLE 
MLE 
MLE 
MLE 
HLE 
MLE 
MLF 
MLE 
MLE 
MLE 

>i8»8 
SPEC 
SPEC 

MG/H^ fS 

• DENSITY YOUNGS 
IMG/M4*3IH0OULUS 

1 , 7 9 1 
1 , 7 8 9 
1 , 7 9 2 
1 , 7 9 1 

1 , 8 0 8 

i ao7 
1 , 8 0 3 
1 , 8 0 3 

IGPAI 

6 , 8 
6 , S 
6 , 3 
7 , 0 

7 , 6 
7 , 7 
7 , 9 
7 a 

.«.».-«!».»<-

: , D I A . 1 2 , 
: , LENGTH 70 

PERM
ANENT 

SET 
I P C T I 

, 0 3 0 
, 0 2 6 
,028* 
, 0 2 7 

,028* 
, 0 2 1 
. 0 1 7 
. 0 1 8 

FRAC
TURE 

STRAIN 
I P C T I 

, 2 9 5 
, 2 5 6 
, 2 8 5 
. 2 6 6 

, 2 5 0 
, 2 1 8 
, 2 6 8 
, 2 6 0 

8 HM 
, MM 

TENSILE 
STRENGTH 

IMPAI 

1 2 * 5 
1 1 , 8 
1 2 , 9 
1 2 , 0 
12«2 
1 2 . 9 
13««l 
U « 8 | 
12 ,% 

l i a 
1 2 , 5 
l l « * l 
1%,1 
13,81 
l « l , l 
1 3 , 6 
13,8» 
1 3 a 
1 3 a 
1 3 , 3 

MEAN 1 ,798 7 , 3 . 0 2 3 . 2 6 2 1 2 , 8 
1 1 . 0 6 M P S I I I I 8 5 « « , P S I I 

S T D , DEV, , 0 0 8 . 5 .QO** , 0 2 3 , 9 
I , 0 7 MPSII I 1 2 5 « P S I I 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLH GRAPHITE 

SPECIMEN 
NUMBER 

1 2 A C - B -
. 
-
«, 
. 
-
-
-. 
» 
-
-
-

1 2 B C - B -
_ 
-
-
-
« 
-. 
-
_ 
-
-
-

LOT 
LOG 
LOG 

N O . 
N O . 68»88«-1848 
D E N S I T Y 

O R I E N T 
AT ION 

l O B 
1 2 B 
2 2 B 
28lB 
0 6 A 
0 8 B 
l O A 
1 2 * 
18A 
2 0 B 
2 2 A 
2«IA 
98»B 
9 6 B 

1 0 6 8 
1 0 8 B 

9 0 A 
9 2 8 
98«A 
9 6 f t 

102A 
108IB 
106A 
108A 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
* X 
AX 
AX 
AX 
AX 
i X 
AX 

LOCA
T I O N 

EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

SPEC 
SPEC 

M6/M#4<3 

- D E N S I T Y YOUNGS 
I H 6 / M * ' » 3 IMODULUS 

1 , 8 2 3 
1 , 8 1 9 
1 , 8 2 7 
1 , 8 2 0 

1 , 8 2 1 
1 , 8 2 0 
1 , 8 2 0 
1 , 8 1 1 

I G P A I 

9 , 1 
9 , 2 
9 , 1 
9 , 8 

9,8* 
9 , 1 
8 , 9 
9 , 0 

: , D I A , 1 2 , 8 
: . LENGTH 7 0 . 

P E R M 
ANENT 

SET 
I P C T I 

, 0 1 5 
, 0 1 8 
, 0 1 8 
, 0 1 3 

, 0 1 7 
, 0 1 5 
. O i l 
, 0 2 0 

F R A C 
TURE 

S T R A I N 
I P C T I 

, 1 9 8 
, 1 9 6 
,2813 
, 1 9 5 

ao6 
, 1 8 6 
, 1 8 2 
, 1 6 5 

HH 
HH 

T E N S I L E 
STRENGTH 

I M P A I 

1 2 , 8 | 

i 2 a 
1**#6 
1 3 , 1 

ua 
1 2 a 
1 1 , 1 
1 2 , 5 
1 3 . 5 
1 2 , 9 
1 2 , 7 
1 2 . 1 
1 2 , 8 
1 2 , 6 
1 1 , 8 

loa 
12«% 
1 2 , 1 
1 1 , 6 
l i a 

ua 
1 2 a 
1 2 a 
1 1 , 0 

MEAN 1 , 8 2 0 9 , 2 , 0 1 6 , 1 9 7 I Z a 
1 1 , 3 3 M P S I I I 1 7 7 2 , P S I l 

STD, DEV, ,00% , 3 , 0 0 3 , 0 2 2 ,9 
I ,08| M P S I I I 1 2 9 , P S I I 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

LOT NO, SPEC, D I A , 1 2 , 8 MM 
LOG NO. 68488t-18»8 ' SPEC, LENGTH 7 0 , HM 
LOG DENSITY MG/M*#3 

» ,- .. ^. „„...„„„«.„_„^„..^ ,-,»„„.„„„ „» 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION IHG/M«*3 IMODULUS ANENI TURE STRENGTH 

IGPAI SET STRAIN IHPAI 
IPCTI IPCTI 

1 2 A C - 8 - 05 RAD EC 1 , 8 2 5 8 , 3 ,028| «28l3 13,«l 
- 09 RAD EC 1 , 8 2 5 8 , 3 . 0 1 7 , 2 5 9 18*,# 
- 23 RAD EC 1 , 8 2 5 8,«« . 0 2 0 , 2 6 1 I** ,* ! 
- 27 RAD EC 1 , 8 2 2 8 , 3 , 0 2 0 , 2 5 5 1«!«3 
- 03 RAD EC 13,8 | 
- 07 RAD EC i « l , e 
- I I RAD EC | 8 | , 5 
- 21 RAD EC 15,81 

1 2 A C - B - 25 RAD EC 18|,«f 
- 29 RAD EC 184,7 

1 2 8 0 - 8 - 1 1 3 RAO EC 1 , 8 1 7 7 , 9 , 0 1 7 a 2 « l I Z a 
- 1 1 7 RAD EC 1 . 8 1 8 8 , 1 , 0 2 0 ,22% 1 2 , 7 
- 1 3 1 RAD EC 1 , 8 2 0 7 . 8 . 0 1 6 . 1 9 9 11 , * l 
- 13S RAD EC 1 , 8 2 1 8 , 7 . 0 2 1 , 2 1 3 I 2 a 
- 1 1 1 RAO EC 1 2 , 5 
- 1 1 5 PAD EC 1 2 , 3 
- 1 1 9 RAD EC 1 3 , 1 
- 1 2 9 RAO EC 1 1 , 7 
- 1 3 3 RAO EC 1 3 , 1 
- 1 3 7 RAD EC 1 2 , 0 

_ » . « „ « « • - — « . • „ „ „ « » • . „ - . — — » — « . „ „ « _ « — » « — — ~ ™ ~ « ; p — » — — « . » « - . - « . - - . « . - . — — - . — » • . « . « . - . • - « » - . - . 

MEAN 1 , 8 2 2 8 , 2 , 0 1 9 , 2 3 5 13,8I 
1 1 , 1 9 MPSI I « 1 9 3 6 , P S I I 

S T D , DEV, ,C03 , 3 , 0 0 3 , 0 2 3 1 ,2 
I ,08s H P S I I C 1 7 2 , P S I I 

# 

. y . 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLH GRAPHITE 

LOT NO. SPEC, D I A , 1 2 , 8 HM 
LOG NO, 68i8«s-18i8 SPEC, LENGTH 7 0 . HH 
LOG DENSITY M6/M«*3 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION I M G / M * * 3 IMODULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IMPAI 
I P C T I fPCT I 

1 2 A Y - B - 308 AX EH 1 ,818 9 , 0 , 0 1 6 , 1 3 0 9 , 1 
1 2 , 8 
1 3 , 1 
1 2 , 7 
1 1 , 0 
1 3 , 3 
l t | , 6 
1 3 . 5 
1 8 1 , « • 
13,6 
13 .8 
sa 

15,% 
184,7 
1 3 , 1 
1 0 , 6 
1 3 , 3 
i t » a 
1 3 , 0 
18|,6 

MEAN 1 , 8 0 9 9 . 3 , 0 1 8 , 1 9 3 1 3 . 0 
1 1 , 3 5 MPSI I i 1 8 8 1 , P S I I 

STO, DEV, , 0 2 6 , 9 ,008| .O^ l l 1 ,8 
I , 1 3 MPSI I I 2 6 8 , P S I I 

- 38«A 
- HbB 
- 584A 
- 30A 
- 38«B 
- 8J2A 
- 8»2B 

1 2 A Y - B - 8*6* 
- 5«»B 

1 2 B V - B - 1 1 ' 4 B 
- 1 1 8 A 
- 1 3 0 B 
- 1 3 8 A 

-im^ 
- 1 1 8 B 
- 1 2 6 A 
- 1 2 6 B 
- 1 3 0 A 
- 1 3 8 B 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

EM 
EH 
EH 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 
EM 

1 , 8 1 5 
1 ,818 
1 , 8 1 6 

1 .823 
1,78«6 
1 . 8 2 1 

i.e!** 

9 , 7 
1 0 , 2 

9 , 8 

9,8J 
7 , 3 
9 , 5 
9 . 7 

, 0 1 1 
, 0 1 6 
, 0 1 5 

, 0 2 1 
,02% 
, 0 2 3 
, 0 2 0 

.188* 
, 1 8 6 
, 1 8 5 

, 2 2 8 
. 1 5 2 
, 2 5 1 
, 2 3 1 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

LOT NO. SPEC, D I A , 1 2 , 8 HH 
LOG NO. 68«884-|4>8 SPEC, LENGTH 7 0 . HH 
LOG DENSITY MG/H*»3 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION I M G / M * * 3 IMODULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IMPAI 
IPCT I I P C T I 

I 2 A Y - B - 8*5 RAD EM 1 , 8 2 8 S.O , 0 2 9 , 2 5 9 13.8 | 
- s»9 RAD EM 1 , 8 1 3 7 . 9 , 0 2 5 , 2 6 9 1 3 , 7 
- 63 RAD EM 1 , 8 1 7 7 , 9 , 0 2 9 ,28*5 1 2 , 8 
- 67 PAD EM 1 , 8 0 8 7 . 7 .018* . 2 3 1 12,8* 
- 8*3 RAD EH 1 3 , « l 
- 8»7 RAD EM 1 3 , 1 
- 51 RAD EM 1 2 , 2 
- 6 1 RAO EM 1 3 , 1 

1 2 A Y - B - 65 RAD EH 1 1 , 5 
- 69 RAD EM 12,8« 

12BY B-153 RAD EM 1 , 8 2 2 S a , 0 2 5 ,2**0 1 3 , 6 
- 1 5 7 RAD EH 1 , 8 2 7 8 , 8 , 0 2 1 , 2 0 8 1 2 , 3 
- 1 7 1 RAD EM 1 , 8 2 1 s a , 0 3 1 a 5 6 18*, 1 
- 1 7 5 RAD EM 1 ,818 8.<* ^021 a i 2 1 2 , 3 
- 1 5 1 RAO EH 1 0 , 1 
- 1 5 5 RAD EM l t4«6 
- 1 5 9 RAO EM 1 6 , 0 
- 1 6 9 RAD EM 15,8* 
- 1 7 3 RAD EH I S a 
- 1 7 7 RAD EH 15»8 

MEAN 1 ,819 e a a2«« , 2 ^ 0 13.«4 
1 1 , 1 9 H P S I I f : 9 3 9 o P S I I 

STD, DEV, , 0 0 7 , 1 , 0 0 6 . 0 2 2 l a 
I . 0 6 MPSI I I 2 1 7 , P S I I 

11-88 



TABLE n-12 (Continued) 

TENSILE PROPERTIES OF HLM GRAPHITE 

LOT NO. SPEC. DIA, 1 2 , 8 HH 
LOG NO, bHB^-1^6 SPEC, LENGTH 7 0 , MM 
LOG DENSITY H6/M^«3 

» - . « , ^ « , , . « . « » » ^ » - . - . — « » ^ » » • « . » « . « . « . * . . _ - . « - - _ > . . • ^i» . „ « « . • • . — - . • . « . - . - . « .^«« .« . - . « . « .—«, - . , »« 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION I MG/M'J'^S IMODULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IHPAI 
I P C T I IPCT I 

1 2 A E - B - 60B AX EE 1 ,738 5 , 8 , 0 2 9 , 2 0 2 9 , 0 
- hHt AX EE 1.808* 9 , 5 ,018* , 2 3 5 1 5 . 2 
- 768 AX EE 1 , 8 0 2 1 0 , 0 , 0 1 3 a 2 7 | 8 | , 9 
- 884A AX EE 1 ,806 1 0 , 5 , 0 1 6 . 2 3 0 1 5 , 2 
- 60A AX EE 1 3 , 8 
- 68*B AX EE 184^8 
- 72A AX EE 1 6 , 1 
- 72e AX EE 16««* 

1 2 A E - B - 76A AX EE 1 3 . 8 
- 88*B AX EE 1 3 , 1 

12BE-B-1*|8*B AX EE 1 ,819 9,** , 0 1 6 , 2 2 1 18*,2 
- 1 4 i 8 * AX EE 1 , 8 1 5 8 , 7 , 0 1 7 ,26*1 I**,9 
- 1 6 0 B AX EE 1 , 8 2 1 9,8* .018* , 2 3 1 l « l , 9 
- 168A AX EE 1 , 8 0 9 9 , 7 , 0 1 6 , 2 3 6 I S a 
-18IHA AX EE 1 1 , 2 
-1«*8B AX EE 1 3 a 
-156A AX EE 11,8» 
- 1 5 6 8 AX EE 1 5 . 1 
- 1 6 0 A AX EE 1 5 , 6 
- I 6 8 B AX EE 1 2 . 0 

MEAN 1 , 8 0 2 9 , 1 , 0 1 7 a 3 1 1*1,0 
1 1 , 3 2 MPSII i 2 0 2 9 , P S I I 

STD, DEV, , 0 2 7 I,** , 0 0 5 , 0 1 7 1,9 
I , 2 1 HPSII i 2 7 2 . P S I I 
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TABLE 11-12 (Continued) 

TENSILE PROPERTIES OF HLH GRAPHITE 

LOT NO, SPEC, D I A . 1 2 , 8 HM 
LOG NO. 68}88*-m8 SPEC, LENGTH 7 0 , HM 
LOG DENSITY MG/M^^S 

SPECIMEN ORIENT- LOCA- DENSITY YOUNGS PERM- FRAC- TENSILE 
NUMBER ATION TION IMG/M**3IMODULUS ANENT TURE STRENGTH 

IGPAI SET STRAIN IHPAI 
I P C T I I P C T I 

i 2 A E - B - 81 RAO EE 1 , 8 0 6 6 , 8 ,02«* . 2 3 6 11,8* 
- 85 RAD EE 1 , 8 0 7 7 , 2 , 0 2 6 , 2 0 3 1 0 , 2 
- 99 RAD EE 1 , 8 0 6 7 , 0 , 0 2 7 . 2 7 3 I 2 a 
- 1 0 5 RAD EE 1 . 8 0 5 7 , 3 . 0 3 2 ,258* 1 2 , 0 
- 79 RAD EE 12,8* 
- 83 RAD EE 1 2 , 3 
- 87 RAD EE I 3 a 
- 97 RAD EE 6 , 3 

I 2 A E - B - 1 0 1 RAD EE l i a 
- 1 0 5 RAD EE 1 1 , 5 

1 2 B E - B - 1 8 9 RAD EE 1 , 8 1 5 7 , 8 , 0 1 7 , 2 6 9 181,% 
- 1 9 3 RAD EE 1 , 8 1 8 8 , 2 , 0 2 5 , 2 8 6 1 5 , 0 
- 2 0 7 RAO EE 1 . 8 1 6 S a , 0 1 9 ,2«*7 1 3 , 7 
- 2 1 1 RAD EE l ,81«» 8 , 1 , 0 2 0 , 2 6 9 1«(,7 
- 1 8 7 RAO EE 1 3 , 0 
- 1 9 1 RAD EE 1 5 , 1 
- 1 9 5 RAO EE 1%»8 
- 2 0 5 RAD EE 1 3 . 8 
- 2 0 9 RAD EE 13,«! 
- 2 1 3 RAD EE 1 5 , 5 

« «-.„_~.^ »»__.^ ___.^^. . „ „ — . _ » . - » — , - „ - » - . „ » « » - -

MEAN 1 , 8 1 1 7 , 6 ,028| , 2 5 5 1 2 , 9 
1 1 , 1 0 MPSI I I 1 8 6 9 « P S I I 

S T D , DEV, , 0 0 6 , 6 , 0 0 5 , 0 2 6 2 , 1 
I , 0 8 MPSI I i 3 0 8 » P S I I 
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TABLE 11-13 

FitXUWAL PHHPE^TlpS f F HLM Q R A P H I T F 

i CG Nij, ha»a«ja8 
MG/M**3 

SPEC« OIA, 
SPEC* LENGTH 

0,a MM 
5t, MM 

•^OOULUS QF PLEXURAl, 
f^yPTuR^ (MPAI STRENGTH CHP4) 
CUMCORPECTID) (CORRECTED) 

! Afc 

iBt 

5feA 

5flA 

fe?H 

1«?H 

AX 
AX 

AX 
AX 
Ax 
AX 
kt 
AX 
Ax 
Ax 
A< 
Ax 
AX 
Ax 
AX 
Ak 
4X 
Ax 
AX 
AX 

fcE 
£E 
EE 
fcE 
£F 
tE 
Efe 
tE 
£E 
ef 
EE 
ti 
E£ 
Ef 
EE 
EE 
tE 
EE 
£t 
fc£ 

5 « J 

20 t5 

20 .5 
i 6 t 0 

2 7 . 3 

^ 6 . 5 

2 1 , 2 
2 2 . 1 

18«S 

2U2 

2S«1 

2 0 , 3 
23«6 
2 U 7 
^ 3 . 3 
2 3 . 3 

22 .5 
2 3 . 1 

MtAN 

STD, UEV« 

25 ,« ^i^A 
C3682» PSD 

?gO MPA 
f a<93t PSD 

22 .2 HPA 
C3a2 j . PSD 

1,5 MPA 
( ilb^ PSD 
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TABLE n~13 (Continued) 

FLfc»U«6L PPQPtt^TlPS Of HL" GPAPHHE 

lUT NO, 

LOG O E ' ^ S T K M G / M * * | 
S^tCg LENGTH 5 K ^M 

SPECIMP.N n»lfeNT» L''JCA» DE^SlTV MODULUS Û - P L M U P ^ l 
RUPTURE i^PA.) STRgNGTM CMP&3 

i&V 

I B Y 

3̂ 4 
3̂ 8 
SUA 
3̂ b 
a?A 
«?a 
&pA 
aPB 
50& 
50B 

10AA 
IOMB 
1 ioA 

U08 
t loA 

t lufe 
tSOA 

taoB 
!??& 
122B 

&« 
AX 
ASC 
IkK 

A« 
A)C 
AX 
AX 
AX 
AX 
AA 
AM 
AlC 
At 
AX 
AX 
AĴ  
AX 
As 
AX 

EM 
tM 
EM 
E^ 
£1̂  
EM 
tM 
i^ 
e^ 
tM 
EM 
EM 
t̂ ' 
EM 
EH 
£M 
£^ 
Ê ^ 
£^ 
EM 

2 ^ , 3 
2 5 , 2 

21 .0 

2fe»! 
2fe«2 

25 ,3 
2fe«8 

2Ua 

17,8 

20«a 

22«3 

I T . 2 
2 U 5 
22 .8 
3 0 , 3 
iU2 
22 .7 
22 ,8 

au5 
2 3 . 2 

^LAN 

3T0« DFV, 

2 3 . 8 MPA 
Ciaaa . P S T ) 

g ,a MPA 
C 3a3a PSD 

(SO" ' } . PSD 

U a MPA 
C it2, PSD 
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TABLE 11-13 (Continued) 

FLEXUWAL PROPERTIES UF HL.H GRAPHITE 

iUT NLt« 
LOG ' J U , fca«a«ia8 
1. OG Dt i^S lTV nG/f^tiij 

SPEC, r)|A, 

SPEC* LENGTH S t « MM 

SPECI^E' 
'N iJ M 8 1 R 

^'^I^^S9(K%<i 

lAC 

IHC 

tdC 

®t!P9»®#>^se« 

sj G R I t N l -
AT|',ug 

Bg BBS «& a-, ̂  a 
w ^ ^ (̂  sw « 

l?A 
i?b 
10 A 

10& 
!*»A 
I6B 
24lA 
iuB 
ih^ 
ihii 
3?A 
3?6 
SPA 
8Pb 
8feA 
8f,B 
8'̂ A 

^nB 
9fcA 

96B 
!0?A 
!U?^ 
1 Ott* 

AX 

AX 

n 
Ax 
AX 
Ax 
Ax 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
Ax 
Ax 
AX 
AX 
As 
AX 
AX 
AX 
AX 

LUCA«» DENSITY 
Tin^j cMe/M**3) 

^EC 
EC 
EC 
EC 
EC 
EC 
£C 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
tC 
EC 

MODULUS OF 
HUPlURg fMPA) 
CUK!CO»RECT£in 

IP«^ 
21s« 
21«5 
IQ»6 
ij.h 
ISsS 
2?»^ 
i?^o 
2Uft 
2U^' 
23»P 
lfl«9 

n.f' 
17.5 
2?.7 
£frt2 
ao«7 
it,2 
2a.7 
2^«3 
20,3 
21,3 
2?»6 
19,2 

FUEXUkAl 
STRtNGTH (MPA) 
(CORRECTED) 

" -;-J» — -
20«5 
20«6 
17.7 

ao.7 
16^8 
l«?.9 
19,5 
18,7 
18«7 
20«a 
17^0 
20«A 
15.9 
^OtO 

e2«fe 
I8t5 
I8«e 
21,5 
i U 2 
18,2 
18.9 
30.0 
17.5 

HE AN 

STO. l iFv , 

2 U 7 MPA 
( 3 l ^ 5 « P S D 

a , ? HPA 

C 3?a« P S D 

1 9 , 2 
C3788 , 

1.7 
C 'i^7. 

MPA 
P S D 

MPA 

R 8 D 
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TABLE 11-13 (Continued) 

Fl.EX.JWAi. Pkf iPFRTlES C|P N^M G»APHITt 

LOT NU, SPEC, D1A« 6 , « MM 
!.Ur, f t i j , hUBUm]ti6 SPEC* LENGTH 5 U ^ ^ 
t OG OENSITV M G / H * * | 

S P E C I ' ^ E ' " r i f^ | i .NT« L O C A " D E N S I T Y HnoULUS OF FLE^OP&L 
N d v e t " ATIQN TION ( M G / M * * 3 ) HUPTURT fKPA) S T P E M G T H Cf^PA) 

CUNiCnRRfcCTEU) CCURRECTEO) 

acr.A 
2aoS 
?0?^ 
? 0 ? B 
?U*A 

go^tf 
2 |P^ 
2t?B 
^ ! t l A 

a tad 
270^ 
?70b 
27?4 
27?B 
27^4 
276d 
2flr,A 
260tf 
2S?A 
282b 

AX 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

&x 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

AX 
AX 

AX 

MLE 
MLE 
^LE 
^̂ LE 
HLE 
•̂ LE 
MLE 
^LE 
^'LE 
.'̂ LE 
MLE 
^LE 
MLfc 
^̂ LE 
HLE 
f'LE 
HLE 
.̂ L̂E 
MLE 

^LE 

2««fe 
25«a 
21«« 
27,& 
2 6 . « 
^ 6 , 2 
2Kfe 
1®«8 
21,S 
2a«o 
23 t7 
26 .3 
2fe«3 
iU^3 
25 .5 
2a«5 
23»fe 
2 a « ^ 
P l . f t 
21 .3 

21*6 
22»2 
^ l » i 
23«« 
23 .2 
22 t8 
l ^«3 
17 .1 
1^,2 
2l«fe 
£0«^ 
2a«ft 
£2«8 
2 1 . ^ 
2 2 t 3 
2US 
20 ,9 
21 .« 
^ U 0 
l ^ . l 

MtA^^ 2*4.? ^PA 21,3 MP* 

C3515. P8D C309U PSD 

8TU, DFV, ?,| MP& t.fe HPA 

C 3il« PSD C 235. PSD 
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TABLE 11-13 (Continued) 

PLf^CU^AL P^nPERTlES UF HL,M G R A P H | T F 

L O T NU« 
LUG '108 fr«R<a. 
LOG O E H S I T Y 

i a s 
M G / M t * 3 

SPEC, n i A « 6 , ^ HM 
SPEC, IENGTH 5 ! * HM 

,5HEClM£N r r t i t ' ^T * ^ LUCA« UENSfTV HPOUlUS UF FLEXUWAL 
NUMBtP ATlUN TION CHg/M*«3) RUPTUR£ (i^PA) STRE^^yTh (HPA) 

CUNCORRECTEU) CCUPRECTfeO) 

bAy 

.BY 

160A 

16?A 
16?8 
iQfeA 

19?A 
10?y 
19«A 
1 9ab 
25f)A 
25f)8 

^56A 

^62A 

?C.aA 
?6«fa 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
Ax 
Ax 
AX 
AX 
As: 
AX 
AX 
AX 
Ax 
AX 
AX 
AX 

ML M 

M L " 

"*L''1 
'̂ •L '̂ 
MLM 
MLM 
Mj_ M 

f 'L'" 

MLM 

2 2 . a 
2 U 3 
2 S « ! 

2 ? . 5 

23 tO 

2 ^ , 7 
H « 7 

1 7 , 6 
19«7 

20«0 
1 9 , i 
2 2 . 0 
1 9 , 3 

2 2 . 3 

1 5 , 6 

20«a 
18 ,7 
g!«8 
20»7 
2 U 3 
2 2 t « 
1 7 , 8 

1 6 , 1 
1 7 , 8 

*^tAN/ 

3 T 0 , DEV 

2 U 9 MPA 
C 3 | f l U P S D 

? . ^ HPA 
C 3 5 8 . P S D 

1 9 , 6 HPA 
C2e39« P S D 

! ,<? MPA 

C 5 7 9 , P S D 
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TABLE 11-13 (Continued) 

FLE^URAL P»^OPfcPT|ES OF MLM GPAPHITe 

I L T ^ 1 0 , 
I OG fJU, 6 u f * « « l « 8 
i OG D E N S I T Y 

S P E C . n i A , fe,« MM 
SPEC« LENGTH 5!« MM 

H G / M * * | 

SPpClM&N f.RTE'̂ T" LbCA" DENSITY MPO^'LUS UF FLE><OKAL 
RUPTuRg (HPA) 8 T R £ M G T H (MPA) 

C U M C O P R E C T E D ) ( C U B R E C T E O ) 

OAC 

©HI 

*5BC 

t5a8 

t5h6 
loOA 

nu^ 
l7aB 
17fcA 
1768 

lb8B 

?3?A 
a3?B 

?3feB 
?3MA 
238H 
jaaA 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
Ax 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

^LC 
Mt C 
MLC 
MLC 
^LC 
MLC 

MLC 
^LC 
MLC 
KLC 
^LC 
MLC 
f̂ 'LC 
M L C 

MLC 
MLC 
MLC 
MLC 
MLC 
KLC 
MLC 
MLC 
MLC 
MLC 

23.1 
! ^ , ^ 

2 0 . 3 
2fe«0 
I a , (• 

lB *a 
20,ft 
17,6 
27«a 
20 «o 

i f t . o 
25 .? 
22 .7 

2n ,a 

17,2 
17.a 

22 ,6 

2 0 , 3 

i 6 . 7 

18,0 

£ 0 . 5 
15 ,5 

18 .9 
? 2 , 0 

18.2 

M£&NJ 

S T O , U E V , 

21 .« MP& 
C l l O i . PSD 

?,R MPA 

C <J10. PSD 

19,1 MPA 
C?7fefe, PSD 

2 ,? MPA 
C 317. P 5 D 
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TABLE 11-13 (Continued) 

F tEXU»6L PKHPERTIES L<F H L M GRAPHITE 

LOT NU« 
I OG N U . e44A(U. 

LOG DE '^ i lTY 
!«P 

M G / ^ * * i 

SPEC. D I A . b^U MM 
SPEC. LE'^ tTH 5 1 . MM 

5Pgl»lMfiSi pwiv^lm tHCA» OE^SlTv ^PDULUS OF FLEXURAL 
NDMefcP A T J O N T^0^ f M G / r ^ * * 3 ) HuPTURp ( M P A ) STR£NtiTH i^Ph) 

CUMCOPRECTED) CCOhRECTEO) 

1?At 

1?Bt 

34?A 

3afcA 

3526 
15aA 

ai?A 

upuA 

i»2feA 
a2^b 

AX 
AX 
AX 
Ax 
Ax 
A^ 
Ax 
AX 
AX 
AX 
Ax 
AX 
AX 
AX 
AX 
AX 
AX 

ax 
AX 

AX 

EE 
F.F 
EE 
EE 
EE 
£F 
EE 
EE 
EE 
EE 
EE 
EE 
EF 
E£ 
EF 
EE 
tE 
EE 
El-
EE 

i \ 7 
5 2 . 5 
2 1 . 0 
2 ^ . 3 
2 f l . 2 

2 5 . 6 
2 8 . 0 
2 7 . « 
2 7 . 7 
2 6 . ? 
2 6 . 2 
2 8 . ? 
2 3 , 7 
2 6 . « 
2 6 . 8 
2 ^ . 7 
2 5 . 1 
27.fe 

2 3 . 3 

2 0 . 9 
2 0 . 0 

2 2 . 1 

^ 1 . 7 
2 2 . 3 
£ 4 . 0 

^ 3 . ^ 

2 1 . 2 
2 1 . 7 
2 1 . 9 
2 3 . 7 

M E A N 

STO. CEv 

2 5 . 7 MPA 

C373t ' . PST5 

1.8 MPA 

C 2 6 7 . P S D 

22,a MPA 
csaas. PSD 

1,3 MPA 
C 1 9 ^ . P S D 
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TABLE 11-13 (Continued) 

FLEXUPAL P^DPEPTIES OF HLM QRAPHITt 

LOT NU, 
LOG NLJ. *ba«a. 
LOG DENSITY 

j a e 
SPEC. 0 | A . b,a MM 
SPEC. LENGTH 5 1 , MM 

MG/H4*3 

^^EcI'^E'^ r«ieMT« LOCA" DENSITY 
NUMBgP ATlU'^ T|OK (MG/M«*35 

MHljULUS OF FLE^ORAL 
t^UPTURg rPPA) STRENGTH ( M P A ) 
CUNCORRtCTEO) CCUPHECTE03 

1 2 A Y 

l ^bY 

32'U 
^^ob 
3??& 
J i p B 
326A 
3i?^b 
33?A 
33?» 
334iA 
13^« 
19?A 
J9?B 
39iiA 
59«B 
19ftA 
39«tt 
acaA 
uoub 
a y f A 
aofeB 

AX 
AX 
Ax 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 
Ax 
AX 
AX 
AX 
AX 
AX 

EM 
EM 
EM 
EM 
EM 
EM 
E^ 
EM 
EM 
E*̂  
EM 
EM 
EM 
EM 
EM 
E" 
E"̂  
EM 
f ^ 
ti** 

23.fe 
2 ? . ? 

2 3 . ? 
2 B . 5 
2 3 . 7 
2 6 . 1 
2 2 . 7 
2 3 . 7 
2 3 . 7 

2 5 . 8 
2 1 . 0 
1 1 . 7 
£ 7 . 0 
Sfe.n 
2 6 . 3 

2 8 . 3 
2 5 . « 

20.«? 
2 0 , ? 

£ 0 . 6 
£ a . 5 
2 l t C i 
ii,B 
£ 0 , 2 
2 1 . 0 
2 1 . 0 
£ 1 . 1 
2 2 . 5 
1 8 , 9 
1 2 . 8 
2 3 . « 
£ 2 t 7 

£ a . 7 

^ 2 . 2 

MEAN 

S T O . L E V , 

ia^S MPA 

C35ab . P S D 

1 .3 MPA 
C « 7 9 . P S D 

2 1 , 5 MPA 
C 3 U b . P S D 

2.to MPA 

C 3 7 2 . P S D 
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TABLE 11-13 (Continued) 

FLEXUWAL P K r i P E R T i e S OF H t M GRAPHITE 

LOT NU. 
LOG MU. fea8a«,ia6 
lUG DENSITY MG/M**3 

SPEC, m^^ ©.« MM 
SPEC. LÊ ĈJTH 51. MM 

NUwBtR ATjUN Tl̂ l̂ CMQ/H**35 
MUOULUS OF FLEXUftAL 

RUPTURE CMPA1 STRENGTH (MPA) 
(UNCORRECTED) (CORRECTED) 

12AC 

1̂ 8C 

\?sc 

29aA 
?9ati 
2^hA 

300* 
300B 
110* 
3inb 
313A 

JifeA 
3lfeS 
16«A 

JfePtf 

?7?A 
37?ft 
18aA 

JgpA 
Jrtpb 
3P«4 
18P0 

AX 
AX 
Ax 
Ax 
Ax 
AX 
AX 
AX 
AX 
AX 
Ax 
Ax 
AX 
Ax 
4« 
AX 
Ax 
Ax 
AX 
Ax 
AX 
Ax 
4X 
Ax 

EC 
EC 
EC 
EC 
EC 
EC 
Ef 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
fC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

2?.0 
2^.6 
26.8 

26.0 

in,9 
27.9 

ia.3 
22.5 

20.2 
23.1 

?3.7 

2«.0 
25.« 
2a.1 
23.7 
25.3 

19.7 
2a.3 
23.2 
20.3 
22,fe 
20.1 
iU,5 
21.S 

£3.0 
lfe.7 
20.0 
19.5 
18.3 
20.5 
£1.8 
21.0 
19,« 
19.6 
22.2 
21.2 
21.0 
22.1 

MEAN 

STO. LEV. 

23.9 MPA 
C3U73. PSD 

?.a MPA 

C 3a9. PSD 

21,1 HPA 
C30S8. PSD 

1,8 MPA 
C ibi, PSD 
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TABLE 11-13 (Continued) 

FLfc^^UrtAL PWOPEPTIES OF HtM GHAPHITF 

LOT NU. SPEC. n i A . 5 .« HM 
I 0& NU. #5aB«,ia8 S'^EC. LENGTH S t . MM 
LOG UENSfTY M & / M * * | 

S P E C I ' ^ F ^ O R I E N T * L 0 C A » D E N S I T V "MODULUS OF FLE^^UNAL 
NUMfjfeK A T I O N TifjN ( M Q / M * * 3 ) RUPTURg fMPA) 8 T P £ N G T H C ^ P A ) 

(UNCORRECTED) CCORHtCTEOJ 

n 1 «A0 
Its RAU 
117 «*D 
|?i PAD 
l?3 HAD 
n 7 PAD 
liJi RAD 
ItiJ î AO 
14J7 RAD 
|«9 «A0 
£fe7 RAO 
271 <5AD 
27 3 RAO 
277 «AD 
nq »AD 
393 R^O 
297 RAO 
2q9 RAD 
303 RAD 
3n5 PAu 

£t 
EE 
EE 
EF 
hi 
EE 
EF 
EE 
EE 
EE 
EF 
EE 
EE 
EE 
EE 
EF 
EE 
EF 
EE 
EF 

21.3 
Zfe.fe 
23.^ 
21,« 
25.fc 
20.3 
?3.fe 
ia.o 
21.7 
20.7 
55.0 
19.« 
25.3 
25,! 
?a.l 
2«,1 
23«3 
22,S 
21.U 
^a.S 

20,0 
22,2 
20.a 
20«l 
21.5 
i7«8 
20,2 
20.S 
20.3 
18,1 
ai«2 
17.5 
21,a 

21,a 
50,6 
iO,6 
^0,0 
19,7 
iQ.8 
f̂t,8 

HLA^ 23 ,6 MP& 20 ,2 MP^ 
C3a?a, PSD C2930, P 8 D 

STO. DF^, 1.7 MP* 1.2 HPA 
C 2 5 1 . PSD C I 7 a . PSD 
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TABLE 11-13 (Continued) 

^LEXU^AL PHOPERTIFS OF HLM GPAPHITE 

SPtcI'̂ P'̂  
MUMQ^H" 

IAY" 

IHY 

LOT NU, 
LOG NU, 
LUG Ot''' 

nw; IfMT^ 
A T | 0 N 

^ «SB ̂  t® f 

eq 

fei 
65 
h^ 
71 
flS 
sq 
01 
05 
P7 
215 
219 
??! 
??5 
2?7 
2a! 
2«5 
?a7 
2Si 

mmm»m 

RAO 
RAD 
RAD 
RAU 
»A0 
WAD 
kAO 
hAU 
RAD 
RAO 
KAO 
RAO 
RAt) 
RAO 
RAU 
ĥ AD 
HAD 
RAD 
^4D 
RAD 

f afla« 
SITY 

LOCA-
Tl(iN 

VSS ^ ^ SS 9^ m 

EM 

EH 
EM 
EM 
EM 

EM 
EM 
EM 
EM 
EM 
EM 
EM 
£M 
PM 
£M 
LM 
IH 

£M 
fcM 
EM 

><»««« 

>mB 

' Dlk 

M6/M 

iSlTY 
CMG/M«t3) 

: e^ %& ̂  Si 

mmmm 

SPEC, 0|A. 
SPEC. LENGTH 

t*j 

MODULUS OF 
KUPTURg (MPA) 
C U N C Q R R E C T E O ) 

2^.H 
20«7 
26.7 
21.0 
2a. 1 
2a.5 
2«.7 
ia,B 
iu^i 
21.5 
2a.8 
21.0 
25.1 
25.1 
20,7 
25.2 
19.3 
19.a 
23.? 
2^.6 

d,a MM 
51. MM 

FLrxuPAL 
STPtNQTH if^^A) 
CCURRECTEH) 

20.5 
18.3 
22.5 
18.5 
20,8 
21.1 
21.2 
£1.3 
ao,8 
18.«l 
21.3 
20.0 
21.5 
21.5 
18.3 
21.6 
17.2 
17.3 
20.a 
21.1 

MEAN 

STO, DEV. 

2 3 . 3 MPA 
P S D 

? . ! MPA 
C 3 C 9 . ^ S D 

2 0 . 2 MPA 
C2928 . P S D 

1.5 MPA 
C 2 ? 3 . P 8 I ) 
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TABLE 11-13 (Continued) 

f-LEXUf^AL P K U P F R T I E S 0^ H t n GRAPHITE 

LOT Nij, 
LOG NU, fcafla»i«6 
LUG DENSITY Mr./H**3 

Si^EC, 0|A. 
SREC. LENGTH 

0^^ MM 

SI. ^'f^ 

SPECIMP.M O R I E N T " L O C A « DENSITY MuOULOS QF FtEXURAt 
N|ĵ •Bfc» A T I O N TION ( M G / M * * 3 ) NUPTU^^F (MPA) S T R E N C T H (MPA) 

(UNCORRECTED) (CORRECTED) 

lAt 

tBC 

7 
9 

\i 
15 
1<? 
HJ 
15 

al 
a5 

ifeb 
16«» 
171 
175 
1«9 

197 
201 

RAD 
RAD 
RAD 
RAM 
RAO 
RAD 
RAO 
RAU 
RAD 
RAD 
RAD 
RAO 
RAU 
RAD 
RAO 
RAU 
RAU 
RAD 
RAD 
kAD 

EC 
EC 
EC 
EC 
EC 
fC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

22.1 
2a,5 
2«.l 
21.3 
2a,^ 
83,7 

25.a 
21.7 
iU,b 
25.a 
!«3.1 
20.« 
23.7 

ib»h 
2̂ .0 

20.6 
21.0 
20.2 
1̂ .6 
2U« 
2U2 
19,0 
21.7 
20.8 
2U8 
22.fi 
1?«3 

iUa 
22^0 
17.3 
18.3 
20.8 
2U7 
22t« 

MEAN 

STO, uEV. 

23.^ MPA 
C3«6«. PSD 

?.2 MRA 
( 122» Rsn 

20.Q MPA 
(3026. PSD 

1.6 MPA 
C 235. PSD 
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TABLE 11-13 (Continued) 

FLEXURAl PROPERTIES (JF MtM GRAPHITE 

IOT NO, 
LOG NU. bi^BUmiuB 
LOG DENSITY MG/M**J 

SPEC, 
SPEC. 

OIA. 
LENGTH 51. 

MM 
MM 

SPECIMEN nwiENl' 
ATpjN 

LUCA-
TjPN 

• DENSITY 
CMQ/rt«lr*l) 

MODULUS OF 
RUPTURE C^PA) 
(UNCORBECTEDl 

FLEXURAL 
VSTRENGTH (MPA) 

CCURRECTEO) 

bA£ 

fcBt 

a?7 

ai3 

a?5 

5fe3 

579 

5P5 
5Pfe 
591 

•̂ AO 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
KAU 
RAD 
RAD 
RaD 
RAO 
paD 
RAO 
f^Ai) 

(<AU 
RAD 
RAU 
RAU 
RAD 

MLE 
MLE 
^^£ 
MLE 
MLE 
MLE 
•"Lt 
•^LE 
^'LE 
^ ' L E 
^LE 
MLE 
MLE 
^'LE 
MLE 

MLfc 
'^'LE 
•^LE 
MLE 
*^LE 

1®.^ 
2 3 . 7 
1 5 . S 
2 1 . 9 
2 n , 0 
2 2 . 1 
1 9 . 9 
2 1 . 7 
2 1 . 1 
2 ? . « 
2 1 . 6 
21 . a 
2 0 . C 
2 ! . 2 
2 3 . 7 
2 ? . 6 
22.fe 
I P . 3 
2 1 . 3 
2 2 . « 

1 7 . a 
1 9 . a 

1 8 . 9 
1 8 , 2 
1 ^ . 0 
17,U 

1 8 , 8 
1 8 . S 
1<?.2 
1 8 . 6 
1 8 . 5 
1 7 , 5 
1 8 . « 
2 0 . 1 
1 9 . a 

lfe.2 
1 8 . a 
1 9 . 2 

MtAf^ 

STU, DEV. 

2 1 . 2 MPA 
( 3 0 7 1 . P S D 

1.8 MPA 

C 2 5 6 . P S D 

i e , 3 MPA 
C2fe59, P S D 

1 ,3 MPA 
C 1 8 8 . P S D 
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TABLE 11-13 (Continued) 

P-LEJ^URflL PROPfRTlES i)^ HtM GRAPHITE 

LOT ^U, SPEC. OIA, ©,4 MM 
LOG NO, feaeawiag SPEC. LEf̂ C^TH S i . MM 
I OG Dt^^SITY MG/H**3 

iSPECI'^EN O R I E N T - LOCA« D E N S I T Y MQDULUS (JF FtEXUPAt 
NUMBER ATION TIUN (MG/M**3) RUPTURE CMPAI STPENGTH (MP&) 

(UNCORRECTED) (CORRECTED) 

371 
ilb 
377 
IP^I 
iM3 
3*57 
«nl 
Qui 
af>7 
af ̂  
5A1 
Sob 
50 7 
511 
51 J 
%?1 
S?1 
513 
517 
5^9 

RAD 
SAD 
»AU 
RAD 
PAU 
RAU 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAO 
RAO 
RAD 
RAU 
RAP 

Mt̂ ^ 
MtH 
Mf^ 
MLM 
•̂LM 

MLM 
ML^ 
ML M 
MtM 
^LM 
MuM 
•̂ L"̂  
MLM 
HtM 
MLH 
MLM 
ML*^ 
MtM 
MtM 
Mj_H 

22.7 
2S.fe 
22.B 
21.5 
2?.& 
22.a 
22.6 
22.7 
2U,S 
20,5 
22.3 
1^,« 
21,0 

22.1 
20.6 
25.6 
22.5 
22.8 
25.5 
20.5 

l̂ .fe 
20.3 
1<?.7 
18.8 
l^tO 
19,5 
19.6 
l^.b 
20.7 
18.1 
1®«« 
17.2 
19.9 
l^s« 
18.2 
2U& 
1̂ .5 
19«7 
2l«d 
18.0 

MEAN 22 ,5 MPA 19^5 MPA 
( 3 2 6 5 . PSD ( 2 8 3 0 . PSD 

8TD, DEV, 1,5 MPA 1,1 MpA 
C 225 . PSD C 159. PSD 
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TABLE 11"13 (Continued) 

FLEXUWAL PROPERTIES UF HLM GRAPHITE 

IQT NU, SPEC. OIA, b^a MM 
LOG NU, fc«d««l«a SPEC. LENGTH 51. MM 
LOG OE'^SITY HG/M**! 

SPECI^'E^ ORIENT* L O C A » DENSITY MODULUS UF FLEXURAL 
NUMBbP ATIGN TION (Mg/M**!) RUPTURE C^PA) STRgNSTH C^PA) 

C U N C O R R E C T E O ) C C O R R E C T E D ) 

31^ RAD 
3?1 RAO 
3?5 RAD 
3?7 RAD 
331 RAD 
3«5 RAD 
3̂ i7 HAD 
351 RAO 
3^3 R^D 
357 RAD 
a?l RAD 
a73 RAD 
mS WAD 
tt77 RAD 
4Pil RAU 
aflS RAO 
4P5 RAD 
Ufil RAD 
ag9 PAP 
a93 RAU 

MLC 
MLC 
MtC 
MLC 
MLC 
L̂C 

*"LC 

^LC 
MLC 
MLC 
MLC 
MLC 
MLC 
MLC 
'̂LC 
MLC 
MLC 
MLC 
MtC 
MLC 

it,a 
2?.0 
23.3 
22,« 
22.^ 
21.9 
23.3 
22.2 
27.5 
2P.1 
21.7 
2a.8 
23.^ 
IT.O 
25.7 
22.5 
23.8 
22.9 
21.6 
2a.0 

22.3 
19.2 
20.2 
19,5 
1̂ .6 
H.2 
20.2 
l^.« 
23.0 
19.3 
19,1 
21.3 
20.6 
15,4 
2U9 
19.b 
20,d 
19.9 
20,« 
20,7 

MEAN 23 .2 MPA 2 0 . 1 MpA 
C3362. PSD C2910, PSD 

310 , U£V. 2 .1 MPA 1,5 MPA 
C 3 ! U PSD C 2 2 « . PSD 
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TABLE 11-13 (Continued) 

FLE)̂ UWAL PKOPEPTJES uF MLM G R A P H I T F 

LOT r^U, 
IOG NO. fe««««t«8 
L0{» DENSITY M6/M**3 

SPEC. OIA, 
SPEC, LENGTH 5 5 , MM 

iigfi m iSB es vs VB m''» 

SPfCl^F^ 
NUMd£R 

^SSWaafflVWW 

l2Ae 

t?e£ 

C R I E N T " 

AT JUN 

as 86 t» ® 8 

?r<5 
7!3 
715 
71? 
7?1 
735 
73^ 
7̂ 1 
Its 
7a7 
865 
8̂ «? 
871 
87S 
^77 
d91 
8«?5 
8Q7 
®ol 
90 3 

RAO 
RAD 
RAD 
RAO 
WAO 
RAD 
RAO 
RAU 
RAO 
RAD 
RAD 
RAD 
RAD 
RAD 
RAD 
RAU 
RAO 
RAD 
RAD 
KSU 

MEAN 

STO, 

LOCA- DENSITY 
TION CMQ/M*«33 

EE 
t£ 
EE 
EE 
EE 
EE 
£E 
EE 
EF 
EF 
tE 
EE 
EF 
EE 
£F 
EE 
EE 
EE 
iE 
EF 

OEv. 

MODULLiS OF 
RUpTURfc CHPA) 
(UNCORRECTED) 

22,B 
23.b 
2i,ii 
22.6 
21,5 
22.9 
22.5 
22.1 
21.1 
23.^ 
25.5 
27.8 
26.fl 
23.3 
if ,9 
2a.a 
2lj.1 
26.« 
20,7 
2«.1 

23.^ 
C3«fe2. 

2.2 
C 321. 

9 SB 9S as OB 

MP& 
PSD 

MPA 

PSD 

FLEXURAL 
8TR6NGTH 1 

CCORRECTi 
«,.« »^^«^, 

20,2 
18.7 
19,5 
18.7 
19.7 
I9^a 
l«l«l 
18,a 
20,a 

iKu 
22^f^ 
22»3 
20.0 
23.0 
20.7 
21,8 
22«0 
18,1 
20.5 

»»« "gQ3" 
C29aa. 

1.5 
C 2U. 

smmmm 

'MPA) 
:D) 
i fs w^ ^ ^ 

MPA 
PSD 

MPA 
PSD 
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TABLE 11-13 (Continued) 

FLEKURAL PROPERTIES OF MtM GRAPHITE 

tUT MU. SPEC. 0 | A . b.a m 
LOG NU. fea«a«.|a8 SPEC, LENGTH 5 I . MH 
lUG DENSITY MG/M**3 

^PECI^E^* ORIENT* LUCA« OENSITV MODULUS UF FLEXURAL 
NUMBtP ATiON TlON C^S/M#*3) RUPTURE (MPA) STR£NGTM (MPA) 

(UNCORRECTED) (CORRECTED) 

"""?AY*""657"RAU EM " 26.9 22.9 
OAI RAO EM 25.5 2l»8 
663 R^D EM 23.? 20.2 
hhl RAD EM 26.2 22.3 
efc9 RAU E^ 2&«1 22i2 
6g3 RAO EM 2?.7 19,9 
b»7 PAU EM 20.0 17.8 
6fl9 RAD EM 19.0 17,1 
bOj RAU £M 21,0 20^0 
695 R4D EM 23.5 20.5 

1?BY ai3 R^O EM 27.2 23.0 
817 PAU E« 27.0 22#8 
8)9 RAO EM 25.1 aUb 
8?3 RAD EM 2a.J 20.S 
8?5 R*D fw 2a.B 21.a 
859 RAD EM 2«.7 21*3 
BUS RAD EM 2?.5 1^.7 
8a5 RAD tM 2?.2 19.5 
8^9 RAD EM 20,9 ie,5 
851 RAD i^' S^ife 21t2 

C3a78. PSD C3005. PSD 

STO. DEV. 2«3 ^PA • 1.6 MPA 
( 23a, PSD C 239s PSD 
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TABLE 11-13 (Continued) 

FLE^^URAL PROPERTIES OP HtM GRAPHITE 

LOT MU, SPEC. 0 | A . 6 , a MM 
LOG NU, 6 a 8 a » j « 8 SPEC. L E N G T M 5 1 , MM 
LOG D E ' ^ S I T Y M G / M # * J 

S P f c l « ! | ^ n R j £ N T » I O C A - OEf^SlTY M Q O U L U S OF F L E ^ U R A L 
^UM8j.fi A T J O N T J O N ( M g / M A * 3 ) RUPTURg (MPA) S T R £ N G T H ( M P A J 

(UNCORRECTED) cCORRECTED) 

feOl R A D 
60S RAD 
b07 RAO 
fell RAD 
fel3 RAD 
fe27 RAQ 
631 RAD 
&I3 RAO 
617 RAO 
fet9 RAO 
7«?7 RAD 
?fcl RAD 
763 RAD 
76? RAD 
769 RAD 
7«l RAD 
7fs7 RAD 
78*? RAD 
7P3 RAD 
7^5 RAD 

fcC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

2«.2 
25,2 
26.7 
26,1 
26,7 
2«,a 
25,R 
27,a 
25.1 
28.3 
20.3 
•i2,ti 
27.0 
21,9 
23.7 
25,9 
25,7 
22,5 
20.« 
2a,1 

21.0 
21,6 
22,6 
i i ^ i 
ii^b 
21,3 
22,0 
23,0 
21.6 
23,6 
18.1 
19,6 
22.8 
19,3 
20,6 
22,1 
22.0 
1̂ .7 
18,1 
21,0 

Mt&N 2a .7 MPA 21 ,2 MPA 
C35«fe, PSD C3081. PSD 

S T D . D E Y , 2 ,3 MPA 1 .6 MPA 
C 3 2 7 , P 8 D C 230 , PSD 
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TABLE 11-1^ 

C0MPRL5SIVC PROPrRTICS OF HLM GRAPHITF 

Lf 'T NO* 
LOG U0» 
LOG D F N S I T Y 

6'48«4-14B 
S P E C . 
SPEC* 

H G / M « « 3 

O I A « 
LENGTH 

12»a MH 
? 5 . MM 

SPECIMEN O f ? I E N T - LOCf t - DENSITY YOUMGS P E R M - F R A C - COHPR. 
NUMRLK AT ION TTQM I M G / M * « 3 J M O D U L U S ANLNT TURE STRENGTH 

(GP&I SET STRAIN |MPA> 
IPCT) «PCD 

l A C f 

,BC 

8C 

l o r 
12C 

F1D2C 

1C6C 
iGsr 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

EC 
FC 
EC 
CO 
EC 
LC 
LC 
LC 

24.7 

«*»2 

. 1 4 0 
«200 
» 2 1 l 

« 2 0 0 
. I S O 
» 1 8 0 
«221 

? « 2 6 7 

? » 3 6 8 
2 « 2 7 7 
2 » 2 3 6 
2 » 15 ? 
2 » 2 2 5 
2 « ? 8 6 

«4C!*fe 

4 3 » 6 
3 9 ^ 9 
f O » l 
t l 0 . 7 

KFAN 
. 6 ^ K P S I I 

2 « 2 7 2 
6 0 ? 6 « P S I ) 

STD» DFV t D 6 8 1 . 7 
C 2 5 3 « P S I I 

l A C f̂  3'-
7P 

11 B 
2 3!^ 

IBC E i l l P 
U 3 P 
119 n 
1 3 1 ^ 

RAP 
RAD 
RAD 
RAD 
RAD 
RAP 
RAD 
RAD 

ir 
FC 
CC 
Lr 
EC 
LC 
LC 
EC 

4 ^ 5 

4 . 7 
4 * 7 
4 . 7 
4 t 6 
4 » 5 
«4*1 

a 2 0 
«i5C 
, 1 8 0 
«230 
»1SC 
«170 
, 1 6 0 
. 1 5 1 

1 « 9 3 6 
2 » 1 7 ' ^ 
2 » 3 4 5 
2 . 3 5 8 
2 , 3 3 5 
7 » 4 0 4 
2 » 3 5 0 
2 . 2 3 8 

4 3 , 1 
4 ( 4 . 3 
4 5 « 3 
4 3 » 9 
4 4 . 4 
4 6 ^ 0 
4 5 * 2 
4 i > . 2 

MEAN 4»5 «160 
« , 6 b MPS!) 

2 . 2 3 0 4 4 » 9 
I 6 5 1 7 . P S D 

S T P , D t V .,2 . C 2 4 
S »T3 MPSI I 

.IT^ 1.0 
t 1 4 1 . P S D 
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TABLE 11-14 ( C o n t i n u e d ) 

COMPPLSSIVE P R O P F K T I E S OF HLM GRAPHITF 

Lf^T NO* 
LOG N O , 
LOG D E N S I T Y M { j / M « * 

SPEC. 
SPEC, 

D I A , 
LENGTM 

1 2 , P 
2 5 , 

MM 
MM 

;PFCIMEN O R I E N T - L O C A - D E N S I T Y YOUNGS 
NUMBtP fillON T ION ( M G / M * « 3 IMODULUS 

«GPA J 

PERM- FRAC-
ANENT TJPE 
SET STRAIN 

( P C T J ( P C T I 

COMPP, 
STRENGTH 

I M P A I 

I AY f 3 J C 

34C 
4 ? r 
4 6 C 

F i l a C 
118C 
1Z6C 
1 5 n C 

IbY 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

FM 

EM 
EM 
LM 

EH 

5 , u 
4 . 5 
5 , J 
5 , 3 
5 , 1 
4 . 7 
4 . 8 
4 . 6 

. 1 2 0 

. 1 3 3 

. 1 0 0 

. 1 8 0 

. 2 1 0 
, 1 0 0 
. 1 6 0 
. 2 n i 

1 . R 5 9 
2 , 1 5 ? 
1 . 9 8 3 
• ' , 18Q 
2 , 3 8 ? 
2 . 0 2 2 
2 . 0 8 4 
2 . 3 7 9 

4 1 , 7 
3 8 , 7 
4 2 . 7 
4 4 , 1 
4 4 , 1 
4 2 . 3 
4 5 . 1 
4 7 . 2 

Mc A^ 4 . 9 , 1 5 C ' ' . 1 4 4 
« , 7 1 M P S I ) 

4 3 . 2 
I 6 2 7 2 . P S D 

S T L ' , D E V , , 3 , 0 4 4 . 1 6 6 
I .•*'4 M P S I ) I 

2 , 5 

3 6 7 , P S I I 

l A Y F 

IBY 

4 3 ^ 
4 7 P 
? i r 
6 1 R 

F l S l C 

1 5 9 P 
1 6 9 P 

PAD 
RAD 
RAD 

RAD 
RAD 
RAD 
RAD 

EM 
LM 
EM 
EM 
E"̂  
EM 
LM 
EM 

4 . 5 
4 . 5 
4 , 7 
5 . C 
4 . V 
4 , 9 
4 . 9 
4 , 8 

. 1 8 0 

. 1 8 0 

. 1 6 0 

. 2 3 0 

. 1 6 0 
, 1 3 0 
, 1 9 0 

, 1 7 0 

2 . 3 6 2 
2 .£ *47 

2 . 6 6 1 
2 , 4 5 0 
1 . 9 8 9 
2 , " 2 2 
2 . 2 9 3 
2 . 7 6 3 

4 5 . 4 
4 5 , 7 
4 7 , 7 
4 7 , 4 
4 4 , 0 
4 4 . 9 
4 5 , 7 
4 9 . 7 

ME/iN 4 .C3 , 1 7 1 ?^37P. 
« . 6 9 M P S I I 

4 6 , 3 
( 6 7 1 7 . P S I l 

S T O , DEV , 2 . 0 2 2 . 2 7 8 
« . 0 3 M P b l l 

1 . 8 
C 2 6 6 , P S D 
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TABLE 11-14 (Continued) 

COMPPLSSIVE p P O P t p T i r s o r HLM GRAPHITE 

LOT N O . 
LCG N O , 
LOG D E N S I T Y 

6 4 9 4 - 1 4 6 
SPEC. 
S P E C , 

MG/M««3 

D I A , 
LENGTH 

1 2 , 8 MM 
2 5 . MM 

SPECIMEN O R I E N T - LOCA- D E N S I T Y YOUNGS 
NUMBER AT ION T ION J • - 'G /M*«3 JMODULUS 

«GPAI 

P E R M - F R A G " 
ANENT TURE 

SLT S T R A I N 
J P C T ) ( P C T I 

COMPR, 
STRENGTH 

IMPA I 

l A E E 

I b E 

6 F C 
0 4 C 
7 2 C 
76C 

E 144C 
i 4 8 C 
I 5 6 r 
i 6 3 C 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

t E 
f E 
EE 
EF 
EF 
EE 
EE 
E E 

5 . 4 
5 , 2 
5 , 4 
5 , 4 
5 , 0 
5 , 1 
5 , 5 
5 , 8 

, 1 7 0 
, 1 7 0 
, i P G 
. 1 6 0 
, 1 7 0 
.2"lf^ 
. 1 5 0 
. 1 9 1 

1 , 8 4 8 
2 , 7 2 4 
2 , 1 1 7 
1 . P 2 0 
2 , 2 7 2 
2 , 3 5 5 
2 , 0 6 9 
1 . 9 8 7 

4 1 , 7 
4 6 , 0 
4 5 t C 
4 3 , 2 
4 4 , 7 
4 4 . 4 
4 7 , 2 
4 8 , 7 

MEAN 5 , 4 , 1 7 E 
I . 7 8 M P S D 

2 , 0 8 6 4 5 , 1 
I 6 5 4 5 , P S I l 

S T D , D E V , , 3 , 0 1 9 
. 0 4 M P S D 

. 1 9 4 2 , 2 
I 3 1 9 , P S 1 I 

l A E F 

IBL 

7 9 [ 
8 3 P 
8 7R 
9 7 F 

F 1R7P 
1 9 1 5 
19 5 t̂  
2C5B 

PAD 
RAD 
RAD 
PAD 
RAD 
PAD 
RAO 
RAO 

LE 
EL 
EZ 
LL 
EF 
EF 
LE 
EE 

4 , 4 
4 , 4 
4 , 6 
4 , 6 
4 , 6 

4 , 6 
4 , 8 
4 , 2 

, 2 2 0 
, 1 9 C 
, 1 9 0 
, 1 5 b 
, 1 7 0 
, 1 7 0 
. I P O 
»200 

2 . 5 6 2 
2 , 3 D 5 
2 . 2 C 9 
2 , 2 7 8 
7 , 5 5 5 
2 , 2 8 9 
2 . 4 6 0 
3 . 1 1 8 

4 5 , 8 
4 5 , 1 
4 4 . 4 
4 5 , 8 
4 8 , 2 
4 6 , 0 
4 6 , 8 
4 9 , 6 

MEAN 4 , 5 , 1 8 4 2 , 4 7 7 
, 6 6 M P S D 

4 6 , 4 
6 7 3 6 , P S I I 

S T U , DEV , 2 , 0 2 1 
. 0 3 MPSD 

2 9 4 1 , 7 
2 4 6 , P S D 
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TABLE 11-14 ( C o n t i n u e d ) 

COMPPhSSlVE P R O P F n T I F S OF HLM GRAPHITE 

LOT N O . 
LOG N O . 
L DC D E N S I T Y 

6 4 B 4 - 1 U 8 
SPEC. 
S P E C , 

D I A , 
LENGTH 

1 2 , 8 MM 
• ? 5 , MM 

MG/M«* ' f 

SPECIMEN O R I E N T -
NUMhER ATION 

6AC 

oBC 

6AC 

6BC 

M IGC 
SC 

12C 
18 0 

M 9 2 C 
9 4 C 
9 6 C 
9̂ 5 r 

M Sb 
9'-

13 I* 
2 3 r 

M I 1 3 P 
1 1 7 f 
12 I P 
131R 

AX 
AX 
AX 
AX 
AX 
A X 
AX 
AX 

MEAN 

S T O . 

RAT 
PAD 
PAD 
RAD 
PAD 
RAD 
PAD 
RAD 

LOCA

T ION 

MLC 
MLC 
VIC 
MLC 
MLC 
HLC 
MLC 
^LC 

D E V . 

MLC 
MLC 
MLC 
MLC 
" L C 
MLC 
MLC 
MLC 

D E N S I T Y YOUNGS P E R M -

1 MG/K=> «3 JMODULUS ANENT 
( G P A ) 

4 , 6 
5 , 0 
4 , 9 
4 , 4 
4 , 6 
4 , I 
4 , 7 
4 , 4 

4 . 7 
1 , 6 8 

, 2 
1 , 1 3 

4 , 1 
4 , 4 
4 . 5 
4 , 4 
4 , 7 
4 , 2 
4 , 5 
4 , 0 

SET 
CPCT) 

, 1 8 0 
. 2 f ^ 0 
, 2 2 9 
, 1 8 0 
. 1 7 0 

, 1 7 c 
»Zll 
, 2 2 0 

, 1 9 5 
M P S I 1 

. u 2 3 
M P S D 

. 2 2 0 
, 2 5 " 
. 2 1 0 
, 2 0 0 
. 2 4 r 

, 2 2 0 
, 1 8 0 
, 2 5C 

F R A C 
TURE 

S T R A I N 
I P C T ) 

2 , "'L 7 
1 , ^ L 3 
2 . 0 2 2 
2,-»t>8 
7 . 1 5 1 
P . 3 7 F 
2 , 0 1 9 
2 , 1 4 4 

2 , 1 2 6 

. 1 7 7 

2 , " * 6 l 
2 . 5 6 0 
2 . 2 1 3 
2 , 2 2 7 
2 , 0 7 2 
' ' , 2 L 4 
2 . 7 6 C 
^ , 1 6 4 

COMPP, 
STRENGTH 

CMPA 1 

4 2 , 1 
4 1 , 8 
4 1 , 6 
4 3 , 3 
4 3 , 1 
4 4 , 7 
4 2 , 9 
4 1 , 8 

4 2 , 7 
C 6 1 ^ 7 , P S I l 

1 . 1 
I I ' ^ S . P S D 

4 1 . 6 
4 5 , 1 
4 4 , 0 
4 2 . 6 
4 2 , 9 

4 1 , 9 
4 3 , 3 
4 7 , 2 

MEAN 4 , 4 , 2 2 1 2 , 3 4 ^ . 
I , 6 4 M P S D 

4 3 , 6 
I 6 3 2 3 . P S D 

S T D , D E V . . 2 , 0 2 5 . 3 6 4 
I . • ' 3 M P S D 

1 , 8 
« 2 6 7 t P s D 
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TABLE 11-14 ( C o n t i n u e d ) 

COMPPLSSIVE PROPERTIES OF HLM GRAPHITE 

LOT ^ J ^ . 
LOG N O . 
LOG D E N S I T Y 

6 4 1 8 4 - 1 4 8 
SPEC, 
S P E C , 

M G / M * « 3 

D I A , 
LENGTH 

1 2 , " MM 
2 5 , MM 

vPFCIMEK O R I E N T - L O C A - D E N S I T Y YOUNGS P E R M - F R A C - COMpP, 
NUMBER ATION T ION «M6/M=:^«3 IMODULUS ANENT TUPE STRENGTH 

I G P A ) SET S T R A I N CMPAl 
SPCTI f P C T l 

6AY 

6BY 

M 30C 
34C 
42C 
4 6 C 

•^1120 
116C 
124C 
128C 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

ML f̂  
MLM 
MLM 
MLM 
fyiLM 

MLM 
MLM 
MLM 

5 , 1 
4 , 8 
4 , 7 
4 . t 
4 , G 
4 , 6 
4 , 6 
4 , 3 

. 1 9 0 
, 1 7 0 
, 2 0 0 
, 1 9 0 
, 1 8 0 
, 2 G a 
. 1 3 0 
. 1 7 0 

1 . 9 7 2 
2 , 2 0 6 
1 , 9 6 7 

82 5 
9 7 9 
167 
B66 
7C5 

4 0 . 7 
4 1 , 8 
3 9 , 2 
3 9 , C 
4 0 , 3 
3 9 , 9 
4 1 , 5 
3 8 , 7 

MEAN 4 , 7 . 1 7 9 
C , 6 9 M P S D 

1,<564 4 U , 1 
5 8 2 1 . P S D 

S T D , D E V , »2 , 0 23 
I , 0 3 M P S D 

. 1 7 1 
< 

l . i 
1 6 7 . P S I I 

6AY 

6BY 

>•' 4 3 r 
4 7 f 
5 1 F 
61E 

M i 5 i r 

1 5 5 F 
1 5 9 ! . 
16 9 r-

RAD 
PAD 

PAD 
RAn 

RAO 
PAD 
RAD 

ML M 
MLM 

m^ 
MLH 
HLM 
HL'< 
MLM 
MLM 

4 , 2 
4 , 1 
3 , 9 
3 , 9 
4 , 4 

4 . 7 
4 , 4 
4 , 3 

»22Z 
, 2 0 0 
, 1 8 0 
, 2 1 0 
, i 9 n 
. 2 2 0 
, 1 8 0 
, 1 ^ C 

7 , 2 9 5 
2 , 3 1 3 
2 , 4 4 6 
2 , 4 9 5 
2 . 5 4 9 
2 , 4 3 8 
1 . 9 7 4 
2 , 2 0 2 

4 2 , 4 
4 3 , 6 
4 3 , 6 
4 3 . 1 
4 4 . 0 
4 4 , 1 
4 1 , 3 
4 2 , 7 

MEAN 4 , ^ , 1 9 7 
I , 6 1 M P S I I 

339 4 3 , 1 
C 6 2 4 8 , P S D 

S T D , D E V , , 3 , C 1 7 
( , n 4 M P S D 

, 1 8 7 , 9 
i 1 2 7 , P S D 
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TABLE 11-14 ( C o n t i n u e d ) 

COMPRESSIVE P R OPE r. T I E S OF HLM GRAPHIT^. 

LCT NO, 
LOG NO, 
LOG DF^.SITY 

6(484-148 
SPEC, DIA, 1?,8 MM 
SPEC, LENGTH 25, MM 

^C/M««3 

SPECIMEN O f - I E N T - L O C f i - D E N S I T Y YOUNGS P E R M - F R A C - COMPR, 
NUMBER / "T ION T ION ( • ^ G / M ' - * ! JMOOULUS ANENT TUOE STRENGTH 

IGPAI SET STRAIN IMPfl) 
IPCTI (PCD 

6f iE ^ 

6BE 

6CC 
6 4 C 
7 2 C 
76C 

M 1 4 2 C 
1 4 6 C 
154C 
153C 

AX 
AX 
A V 

AX 
AX 
AX 
AX 
AX 

HLF 
MLE 
MLE 
MLF 
MLE 
"LE 
MLE 
MLE 

4 , 9 , 1 7 0 ? , ' ^ 8 1 
5 , 0 
4 , 7 
5 , 0 
5 , L 
5 , 0 
5 , 0 
5 . J 

b . O 

, 1 7 0 
. 2 1 0 
. 2 0 0 
, 1 3 0 
, 2 1 0 
, 1 7 C 
, i 7 r 

, 1 7 9 

1 , 7 6 1 
1 , "^8" ' 
1 . 8 4 ? 
1 , 7 3 4 
1 , 9 2 0 
1 , 8 ^ 4 
1 , ' ^42 

1 , 8 3 6 

4 1 , 0 
4 0 , 2 
3 8 , 7 
4D#Q 
4 D 3 
4 2 , 0 
4 1 , 2 
3 9 , 5 

MC Arj 
I , 7 2 MPSD 

4 0 . 5 
5 8 7 D P S 1 I 

STC , D E V . , 1 , C 7 7 , 1 1 6 
( , 0 2 M P S D I 

1,1 
1 5 9 , P S D 

6AE 

6BE 

M ?yE 
83f^ 

e7r 
9 7 P 

Ml fc7P 
19 I B 
195F 
2 C 5 b 

RAD 
PAD 
RAO 
RAD 
RAD 
RAD 
PAD 
RA^^ 

MLF 
MLE 
MLF 
MLF 
MLF 

MLE 

mr 
MLF 

3 , 5 
3 . 8 
3 , 7 
3 , 9 
4 . 1 
4 . 4 

4 . 5 
4 , 2 

, 2 3 0 
. 2 6 0 
, 2 1 0 
, 2 0 0 
, 2 5 0 
, 2 0 0 
, 1 7 0 
, 2 4 0 

2 , 6 1 2 
2 , 9 5 4 
2 , 3 1 3 
2 , 4 b 4 
2 , 6 5 9 
2 , 7 7 3 
2 , - " 9 3 
2 , 8 u 5 

4 2 , 5 
4 4 , 3 
4 1 , 8 
4 5 . 3 
4 3 , 3 
4 6 . 6 
4 2 , 2 
4 6 , 4 

MEAN 4 , 2 . 2 2 0 2 . ^ 8 4 4 3 , 8 
C , 5 6 M P i ) D C 6 3 5 4 , P S D 

S T L ' , DEV . 3 . 0 3 0 , 2 b 2 
i . 0 5 MPSIJ 

1 . 8 
2 6 7 . P S D 
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TABLE 11-14 ( C o n t i n u e d ) 

C O M P P E S S l y f P R O P E R T I F S OF HLM G R A P H I T E 

LOT N O . 
LOG N O . 
LOG D E N S I T Y 

6 4 8 4 - 1 4 8 
S P E C , 
S P E C . 

MG / M « « 3 

D I A , 
LENGTH 

1 2 , 8 nn 
2 5 , MM 

SPECIMEN O P I E N T - LOCA- D E N S I T Y YOUNGS P E R M - F R A C - COMPR, 
NUMBEP AT ION H O N C M G / M * « 3 >MODULUS ANENT TUPE STRENGTH 

SGPAJ SET S T R A I N (MPA) 
f P C T I f P C T l 

I : A C P 

1 2 P C P 

6C 
8C 

ICC 
i ? C 
90C 
9 2 C 
9 4 C 
9 6 C 

AX 
AX 
AX 
AX 
AX 
A X 
AX 
AX 

EC 
f C 
EC 
EC 
EC 
LC 
EC 
LC 

5 , 0 
4 , 3 
5 , 4 
4 . 3 
C •"• 
~^ 9 C 

5 , 4 
5 . 0 
5 , 1 

, 1 5 0 
, 2 0 0 
, 2 0 0 
, 1 3 0 
, 1 7 0 
, 1 6 0 
, 2 0 0 
, 1 8 0 

2 , 3 3 2 
2 , 5 1 5 
2 . 2 o 5 
2 , 2 6 2 
? , 2 3 r 
1 , 7 5 3 
1 , 7 4 2 
2 , 3 1 0 

4 6 , 6 
4 8 , 9 
4 6 , 9 
4 5 , 4 
4 5 . 4 
4 4 , 9 
4 2 , 3 
4 5 , 4 

MF AN 5 , 1 , 1 7 4 
I , 7 4 M P S D 

176 4 5 . 7 
C 6 6 3 2 , P S D 

S T D , D E V , , 2 , 0 2 6 
I , 0 3 M P S D 

, 2 7 9 1 , 9 
i 2 7 5 , P S D 

12AC ^ 

12PX 

3 0 
7P 

lir. 
2 1 F 

B 1 1 1 [ 
l i S F 
1 1 9 f 
1 2 9 P 

RAD 
RAD 
RAD 
RAO 
RAD 
OAD 

PAD 
RAD 

EC 
EC 
EC 
EC 
EC 
LC 
EC 
EC 

4 , 7 
4 , 8 
4 , 4 
4 , 4 
4 , 4 
4 , b 
4 , 8 
4 , 3 

, 1 4 0 
, 2 1 0 
, 2 4 C 
, 2 0 0 
, 1 9 0 
, 1 9 0 
, 1 6 0 
. I S O 

2 , 0 0 3 
7 , 3 3 5 
2 , 2 1 6 
2 , 4 4 1 
2 , 3 2 4 
1 , B S 7 
2 , 1 6 8 
7 . 4 7 0 

4 6 , 3 
4 7 , 5 
4 4 , 9 
4 9 , 1 
4 5 , 4 
4 4 , 3 
4 6 , 5 
4 7 , 0 

MEAN 4 , 7 , 1 B 9 
f , 6 8 M P S D 

2 , 2 2 7 4 6 , 4 
I 6 7 2 3 , P S D 

S T D , D E V , . 2 , 0 3 0 , 2 1 3 
I , 0 3 M P S D 

1 , 6 
I 2 3 2 « P S D 
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TABLE 11-14 (Continued) 

C O M P P L S S l V r P P O P L P T I E S QP H L H GRAPHITE: 

L C I N O , 
L OG NO » 
LOG D E K S I T Y 

fc46t4-! ae 
SPEC. 
SPFC« 

P G / M « « 3 

D I A , 
LENGTH 2 b » 

HM 
MM 

S P L C I f ' L N O M F N T - L O C f i - D E N S I T Y YOUNGS P F K M - F P A C - COHPP* 
NUMPER ATION T IO^ ' I M G / H * « 3 )HOPULUS ANENT TUPL STRENGTH 

f C P A l SET STPtlH ( M P A I 
( P C T ) I P C T ) 

12AX 

IZ ' ^Y 

R 3CC 
7^c 

^2( 
HbC 

r 1 1 tf c 

liar 
1?6C 
13: r 

AX 
AX 
AX 
AX 
AX 
A V 

AX 
AX 

E.M 
CM 
L^' 
[_., 

EH 
LH 
FM 
EM 

«4,4 

5«5 

5 .2 

5 . 3 
5 , 3 

#170 
«170 
«150 
* 2 2 0 
»Z70 
. 1 7 0 
,15C 

1 «5e«4 
?» 1^9 
2 , " 9 7 

? . n 7 6 
1.87'4 
U 6 5 6 
U ^ C 6 

3 6 * 8 
«47»9 

^10.2 

MEAN 5 * 1 «13C 1 * 3 9 6 
I , 7 5 M P s n 

^ 3 « 9 
I 6 3 f c 7 « P S U 

S T D . DEV . ' 4 ^Q^n , ? 1 9 
I »'5 6 MPS I ) 

3 . 7 
C 5 3 3 . P S I I 

12AY B ^ 3 r RAD LH 
'47P RAD E^ 
5 1 B PAD EH 
6 I B PAH E'" 

1£8Y f ^ l S l f PAD L H 
1 5 5 ! - RAP EM 
1 5 9 B PAf^ LP 
1 6 9 F PAD E'1 

l^^^ 

H.t^ 
U,(4 

t*.? 
(+.5 
5.2 
k.7 
5.3 

»2?C 
«i73 

»£on 

.230 
«26n 

»15D 

.170 

*1BC 

? « 6 2 2 
?»2b5 
2 . 1 3 5 
£ . ' 4 2 7 
2 . ^ 0 2 
7»a35 
2 , 1 ^ 8 
2 . 1 9 1 

m^7 

1*3^7 

4 6 * 2 

t»7«t4 

HE AN (4.6 « 1 9 7 Z ^ S l i ^ 
C «66 H P S I ) 

4 6 « 2 
C 6 7 r . 6 8 P S I l 

S T D . PLV . 3 «C37 . 1 6 9 
I * r 6 M P S l ) 

1«6 
I 2 2 7 « P S I > 
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TABLE 11-14 (Continued) 

r o M f > P L S S T v r p P O p r R T i i ^ s O F H L M G P A P H I T F 

LOT N O , 
LOG NO « 
LOG D E N S I T Y 

6 U g £ 4 - l a 8 
S P F C . 
SPEC« 

M G / M * * 3 

D I A » 
LENGTH 2b» 

MM 
MM 

.PECIHEN O F I E N T " L O C f i - DENSITY YOU^iGS P E R M - F R A C - COMPP« 
NUMBER f T I O ^ T ION CMG/M*^3JHODULUS A N t N T TUPE STRENGTH 

«GPAI SET STRAIN |MPA> 
«PCTI (PCT) 

12AE B 6oC 

7 2 r 
7 6 r 

i ? B L P i 4 * 4 r 

1 5 6 0 
I 6 r r 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

LE 
LE 
E r 

LE 
EF 
FF 
EE 
LF 

Z»9 
5 e 7 
5 . 2 
5 » 6 
5 . 1 
5 . 4 
5 , 5 
6 . 7 

. 2 6 0 

. 1 7 C 
, 1 2 1 
, 1 8 C 
, 1 3 0 

, 1 8 0 
. 2 7 J 

1 , 8 2 0 

l , 9 * t 6 
1 . 9 2 2 
2 , 1 6 9 
? , f ^ L 7 
? . ' " 2 t * 

3 6 * 6 
£55,2 
1 0 , b 
' 4 3 , 9 

^ 7 , 5 

45.<+ 

MEAN 5 , 3 , 1 8 1 
I , 7 6 M P S I J 

1 , 9 7 5 «43,6 
f 6 3 2 1 , P S I l 

S T P , D E V , i . i , r 5 6 
f , 1 6 H P S I J I 5 0 7 , P S D 

12AE R 7 9 f PAH 
83C PAD 
e7(- P A D 
9 7 P RAP 

12FE P i e 7 [ : PAD 
191F PAP 
1 9 5 1 PAP 
ZOSP RAD 

EE 
EF 

EE 
EF 
LE 
FF 
LE 
EF 

4 , 2 
4 , 1 
3 , 7 
3 , 5 
4 , 9 
4 , 7 
4 , 9 
5 , C 

, 2 2 U 
, 2 6 0 
, 2 2 0 
, 2 2 0 
. 1 9 0 
. I S O 
, 1 9 C 
, 1 7 C 

2 , 6 1 7 
2 , B 0 2 
2 , 7 5 7 
' , C 4 4 
? , r 6 5 
2 , 5 2 8 
2 , 5 2 6 
2 , 3 6 7 

^ 6 , 4 
4 4 , 2 
4 7 , 0 
4 5 , 0 
4 7 . 5 
4 8 , 4 
4 9 , 5 

MEAN 4 , 4 , 2 0 6 
i , 6 i MPSJS 

?,«'-8 6 4 6 , 8 
I 6 7 8 9 , P S I l 

S T D . D E V , . 6 , C 2 9 
I , 0 8 M P S I J 

. 2 9 4 J , 7 
I 2 4 3 . P S I l 

11-117 



TABLE 11-15 

COMPRESSIVE PROPERTIES OF PQX GRAPHITE 

LOT N0« 
LOG NOt 

i»t!»^«»e!»«si>4!iB^q 

fe484'«l3fl 
LOQ neMSITY 

SPFClHfTN ORlFNT« 
NUMBER ATION 

lAC 

|8C 

W «B«p ̂  «» "SB f 

m ^ vm ma m'<Bi» m 

lAC 

18C 

KB «» «B «» «» «i« fl 

F 60 
E 8C 
FIOC 
P-12C 

EI02C 
E104C 
EI06C 
ElOBC 

F 3B 
E 7B 
eii8 
6 236 

eiiiB 
E115P 
E1I9B 
ei3lB 

AJC 
AX 
ftX 
AX 
AX 
AX 
ftX 
AX 

Mf AN 

STOt 

RAD 
RAO 
PAD 
SAD 
PAD 
PAD 
RAO 
«AD 

MFAN 

STO« 

LOCA
TION 

<a9 «Bi ̂  fits esi < 

FC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

UEVt 

FC 
EC 
EC 
EC 
EC 
EC 
ec 
EC 

OEV, 

SPECt OIA* I2t 
SPEC* LENGTH 25 

M^/M®^3 

DFNSTTy YOUNGS i peRM«» 
CMG/M««^?) MODULUS ANENT 

!S><SB^®4SlilSI»figee^Q 

«6PA) 

2«9 
2«6 
3.0 
3t0 
?t6 
2.6 
3tl 
3 a 

2t9 
1 .41 

,2 
C ,03 

3,? 
3*6 
3t4 
3t9 
3«4 
3,3 
3t0 
3.6 

" 3t5 
i .51 

t3 
C #04 

SET 
CPCT5 

»265 
«317 
«269 
.244 
f39«i 
.261 
.296 
t265 

«2B9 

MPsn 

#049 
MPS!) 

*I86 
t334 
#245 
t236 
t222 
t23? 
t290 
t2l4 

^245 
MPSII 

#046 
MPSII 

FRAC-
TUPE 

STRAIN 
CPCT) 

1«968 
2«640 
?,372 
2.435 
2i45l 
2t2eo 
2t 345 
2»476 

2.371 

.195 

U750 
li984 
lt974 
1.936 
1.685 
2.054 
2.025 
lt878 

l«9l! 

tl32 

8 HM 
« HM 

COMPR, 
STRENGTH 

CMPAI 

36«5 
38«0 
37,2 
39,? 
35t8 
36t5 
J7t5 
39t6 

37.5 
C 5444tPSII 

1.3 
C 195,PSn 

37t2 
37.9 
37t9 
39,3 
34,2 
37t3 
35,1 
37,3 

^ SB ̂  ^ ^ ^ i^ ̂ ' ^ <^ ̂  ^ 

37,0 
{ 5370,PSII 

1.6 
1 233fPSII 

11-118 



TABLE 11-15 (Continued) 

C O H P R E S S I V E P P O P E P T I E S OF PQX GRAPHITE 

LOT NQa 
LOG NO. 

fmiViff^ftSBm <!9®&»e»SBa9^sr»< 

6484«»138 
LOG DENSITY 

SPECIMEN ORIFNT^ 
NUMBEP ATION 

3^ i@ v^SBSP W e 

lAY 

l&Y 

^fi^d^lW t^ ^ g 

lAY 

IBY 

^ ^ es» «6i> «p ̂ i a 

^s^mimim^m 

F30C 
E34C 
F4?C 
E46C 

E114C 

6 use 
ei26C 
ei3oc 

w^ms^BsWum^ 

F43e 
E47B 
€518 
€hlB 
E1518 
ei55B 
E1S98 
E169B 

» dss s® sss«» ̂  «S 

» QI9 @i «e9 HD ^ 

AX 
A)r 
AX 
AX 
AA 
AX 
AX 
AX 

MEAN 

STDt 

«^m-^>^^^ 

QAn 
RAn 
PAD 
RAD 
RAO 
OAD 
OAD 
PAD 

> «» «(S «^ <s» *»» 

LOCA» 
TION 

1 (SS ̂ 9 <S|i ̂ $ Gl^ 

FM 
EH 
EM 
EH 
EM 
EM 
EM 
EM 

UFVt 

FM 
EI4 
EM 
EH 
EM 
EM 
Ef-f 
EM 

SPEC 
SPEC 

MP/M«*3 

DENSITY YOUNGS 
|M6/M«®?)M0DUtUS 

i»«sage<^«9Q!8^^3 

fGPAl 

3,2 
3t2 
2t9 
2«6 
3tl 
3 a 
3t0 
3t2 

3,0 

» «» «R E ^ ̂  SS& « 

12«8 
:# LENGTH 25» 

PERM
ANENT 
SET 
CPCT) 

#237 
«2ei 
t209 
t327 
tg64 
«344 
t3l9 
t233 

.277 
C .44 MPSI) 

.2 t049 
C f03 HPSI? 

3.3 
3t2 
3.3 
?t9 
3,0 
3s5 
3,3 
3«l 

.ai9 
t247 
»225 
«I95 
.27^ 
«223 
t234 
.263 

FRAC
TURE 

STRAIN 
IPCT) 

2^157 
2t400 
2«400 
2«322 
2t368 
2»457 
a ,4 f6 
2,255 

2*357 

tUO 

l«923 
if943 
1.8S6 
li924 
It 966 
2.085 
l«99e 
2t283 

MM 
MM 

COrtPRs 
STRENGTH 

CMPA) 

36«8 
38t6 
37,9 
36«0 
37,5 
38t2 
39,4 
39t6 

38.0 
C 551UPSI) 

1.2 
C ITStPSI) 

34s8 
34.4 
35.3 
33.4 
34t3 
37,2 
35t5 
35.8 

MEAN 

STO, DEV« 

3«2 «235 U 9 9 7 
I #46 MPSII 

#2 t026 «133 
C i 0 3 MPSIJ 

3 5 a 
I SOSfctPSO 

i . l 
C l 66sPSI ) 
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TABLE 11-15 (Continued) 

COMPRESSIVE PROPERTIES OF PG^ GRAPHITE 

SPECIMI 
NUMBER 

lAF. 

|8E 

8» «B «B S» «• «» « 

|Ae 

|BE 

«f 8»anm«v<s»« 

OP MR 

LOT 
LO0 
LOG 

NOt 
N0» 64P-^« 
PE'^SITY 

N ORSFNT-
1 ATION 

e60C 
e64C 
E72C 
F76C 

E144C 
ei48c 
EI56C 
El&OC 

» «» «BB «P «P «» "W 

r79B 
E83B 
E87B 
^978 
F;iR7e 
E1938 
ei958 
E?05B 

ax 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

9 ^ w«r«K«»«»i 

LOCA«» 
TION 

EE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 

MP AN 

STO. 

RAD 
PAD 
RAD 
P̂ D 
P&O 
ffAO 
PAD 
9&D 

» OEV» 

FE 
EE 
EE 
EE 
EE 
EE 
EE 
EE 

•138 
SPEC 
SPEC 

M@/M®»3 

DENSITY YQUNGS 
{M6/M#«3)MODULUS 

«ff «»«»« »ffl9«»«»8»« 

ISPA) 

3 a 
3«1 
3 a 
3.0 
2«9 

s a 
3t5 

3 a 

;* oiA« I2«8 
;, LENGTH aSt 

It s> s w n <w fflu ̂BV 

PERM
ANENT 
SET 
CPCT) 

,229 
#230 
»250 
«a5i 
.268 

«300 
«293 

«260 
1 t45 MPSI) 

,2 
1 .03 Ml 

3,2 
3,5 
3»4 
3,5 
?*9 
2«7 
3«2 
3tl 

.028 
^Sl) 
Bff oe 1^ <» «s» «s» s> 

«249 
«244 
«269 
«248 
.301 
.347 
#270 
«261 

FRAC« 
TURE 

STRAIN 
IPCT) 

2«no 
2»398 
2»260 
2,517 
2*339 

2t307 
2t353 

?,326 

*|25 

U939 

U894 
U900 
2»D38 
2«|32 
2a05 
2,080 
2.?59 

MM 
MM 

COMPRs 

STRENGTH 
(MPA) 

37«3 

3fi»4 
36«8 
38tO 
36*7 

38t4 
4U1 

38tl 
1 5526»PSI) 

US 

i 2I69PSI) 

35»4 
35#5 
34t8 
36«8 
35tl 
349I 
36«5 
38t6 

MEAN 

STOt yEv« 

3«2 «274 2 » 0 4 3 
C t 4 6 MPSI) 

, 3 «035 « | 2 7 
C t 0 4 MPSI) 

3 S t 8 
C 5 1 9 8 8 P S I I 

! t 4 
C 2 0 5 « P S I ) 
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TABLE 11-15 (Continued) 

COMPRESSIVE PROPEPTIE^ OF PQX OH/iPHlTE 

LOI r NO, 
LOG NOt 

m'fmmm««tmm^i 

fe4^4«»l3« 
LOG DENSITY 

SPECIMEN ORIENT"" 
NUMiER ATION 

6AC 

680 

^AC 

69C 

MIOC 
M 8C 
M12C 
H18C 
M92C 
M94C 
M96C 
M9eC 

M 5ri 
M 98 
M13& 
M23B 

M113B 
^•1178 
M121B 
MJ318 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

^ (SS ̂  «S9 SB» S^ 

MEAN 

STDt 

RAD 
PAD 
R*0 
RAD 
RAO 
PAD 
RAD 
PAH 

<̂EAN 

STO. 

I.OCA«. 
TION 

^S^B^S^g^^ 

HLC 
MLC 
MLC 
MLC 
HLC 
HLC 
HLC 
MLC 

UEV« 

MLC 
MLC 
MLC 
HLC 
MLC 
MLC 
MLC 
HLC 

OEVt 

SPECt 0IA» 

9 ̂  «S» SUB «^ e® « 9 

12t8 
SPECt LENGTH 25» 

M6/M#«3 

DENSITY VOUNGS PE«M«. 
|MI5/M#«i3) MODULUS ANENT 

CQPA) 

2t9 
2.6 
3t0 
2t8 
2,B 

2.5 
2t6 

?.8 
f ,40 

C t02^ 

3tfe 
3.3 
3s4 
3,2 
3t3 
3«0 
3.3 
3tl 

3.3 
C .47 

,2 
f »02 

SET 
(PCT) 

t251 
,275 
t310 
«345 
.293 

.5fil 

.796 

t407 
MPS!) 

#204 
NPSI) 

«227 
tl97 
«267 
a98 
#235 
#235 
,244 
#253 

.232 
MPSI) 

.025 
MPSI) 

FPAC«« 
TURE 

STRAIN 
IPCT) 

2«280 
2,204 
2t3l7 
2.201 
2.072 

2t577 
3.035 

2 #384 

.326 

1,797 
U841 
U945 
1,922 
lt879 
U902 
U689 

uaso 
ue57 

.082 

MM 
MM 

COMPR. 
STRENGTH 

CMPA) 

35«I 
33t0 
36a 
35.6 
34a 

35.9 
37,5 

35«5 
C 5l51tPSl) 

1.4 
1 208tPSII 

35a 

3sa 
34.4 
35^3 
34t4 
33t9 
33*2 
34a 

„, j«t«. n a a awri- eeigpt, A K n jfif̂  t^Ha PBan Bf?A dvn 
^ ffiP W^ ^m ®l@ w ^ ̂ ^ ̂ ^ ̂ ^ ̂ » ̂ ^ 

34«4 
C 4995»PSD 

.7 
C 103.PSD 
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TABLE 11-15 (Continued) 

COI^PRESSIVE PPOPEPTIES OF P6X QRAPHJTE 

L01 r NOt 
LOG N0« 

tmrn^tmas mim^mea 

^484-138 
LOG DENSITY 

SPEClHfN OPIFNT* 
NUMBER ATION 

6AY 

6BY 

6AY 

68Y 

im mi ^m me 9S» mia 

^30C 
M34C 
M42C 
M4feC 

HU2C 
MU6C 
M124C 
M128C 

M43a 
M478 
f̂ SlB 
M61B 

MI51R 
M1S5B 
M1698 
M1698 

^^^ffVBS^P^ 

&X 
AX 
AX 
4X 
AX 
AX 
hX 
AX 

MgAN 

STOt 

PAD 
PAD 
PAD 
W^D 
OAD 
R#0 
OAO 
Rao 

LOCA
TION 

MLM 
HLM 
MLM 
MLM 
MLM 
MLM 
HLH 
MLM 

t 

DEV. 

MLM 
MLM 
MLM 
MLM 
MLM 
HLM 
MLM 
MLM 

SPEC 
SPEC 

M6/M«*#3 

OENSTTY YOUNGS 
SHG/M#®3)MODULUS 

ffis^^ffi 

mmmm 

9 8R«e>fiSQP^ 

p^^QgaugFQ 

iWfiW^ws^t'S 

IGPA) 

3 a 
3 a 
3»2 
3.2 
2t8 

3.4 
2t7 

3 a 

;# oiA, 12«8 
;« LENGTH 25» 

PERM
ANENT 
SET 
(PCT) 

#270 
«210 
#267 
,2m 
.301 

.211 

.422 

.283 
1 ,45 HPSI) 

,2 .072 
C ̂ 04 WpSI) 

3,6 
3.7 
3,T 
3.4 
3.7 
3.6 
3.8 
3.7 

tl48 
t2l6 
.167 
t286 
.294 
,238 
.220 
.219 

FPAC-
TUPE 

STRAIN 
CPCT) 

2«666 
2#4«0 
2t394 
?«413 
2t40l 

2a6 i 
2»368 

2t4l2 

tlSO 

U8I7 
U978 
1.909 
2t007 
2.005 
2.070 
2t032 
2.054 

HM 
MM 

COMPR« 
STRENGTH 

IMPA) 

40,3 
36.7 
38t8 
38t6 
37.9 
32.3 
39t8 
37^3 

37t7 
C 546B9PSI) 

2.5 
f 359tPSI) 

37,5 
37.9 
37.2 
36t5 
37a 
3ft.0 
38,4 
37»0 

SBB ®® ̂  g^ a® AM ̂  «^ w «^ s® 

MgAN 

STD« DEV, 

3 a ,224 U 9 8 4 
I «S3 MPSI) 

t l #051 .084 

3?,fe 
I 5456«PS!) 

, 6 
I ea .ps i ) 
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TABLE 11-15 (Continued) 

COMPRESSIVE PPOPERTfES OF P6X Q R A P H | T E 

LOT 
LOG 
LOG 

NOs 
N0» 

m&»tmm'mmimim^ 

6484«'13ft 
DENSITY 

SPFCIMFN ORIENT-
NUM8EP 

ai» as® ®p «» ̂  «® ®l 

6AE 

6BE 

fmmi'm'm»^^« 

6AE 

68e 

<S» <S» SiS «» ̂  «%• « 

1 ATION 

M60C 
M64C 
M72C 
M76C 

M142C 
M146C 
M154C 
M15BC 

fsmm^»^^^^ 

M79R 
M838 
miB 
M97a 

M1878 
Mi9ie 
M195P 
Mgose 

m^s/mmmmei 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

LOCA^ 
TION 

MLE 
MLE 
MLE 
MLE 
MLt 
MLE 
MLE 
MLE 

MFAN 

STO. 

>mmmm« 

PAD 
RAD 
PAD 
a&O 
PAD 
PAD 
RAD 
RAO 

s OEV« 

MLE 
HLE 
MLE 
MLE 
MLE 
MLE 
MLE 
MLE 

S SP f» i» «» «9 «» ®» ^ 

SPEC 
SPEC 

MS/M®^3 

DFNSITY YOUNGS 
| M 0 / H ® ® 3 ) M O O U L U S 

C(3PA) 

3.2 
3«2 
3t3 
3*3 
3s4 
3«0 
3.2 
3tl 

3.2 

8 OIA« 12.8 
« LENGTH 25. 

PERM
ANENT 
SET 
CPCT) 

t351 
t23e 
#2ao 
t290 
,284 
.261 
t407 
t2§e 

«297 
f ,47 MPSI) 

tl tOSS 
f t02 MPSI) 

3«9 

s a 
3.9 
4t2 
3t4 
3.6 
3,6 
3.5 

#200 
.166 
t239 
.201 
t291 
• 252 
s293 
tl89 

FRAC*-
TURE 

STRAIN 
CPCT) 

2t7l2 
2«319 
2*432 
2t634 
2t353 
2^338 
2,815 
2a93 

2«474 

.219 

l,Sftf 
2a64 
2^008 
2tl90 

2ai3 
lt978 

iae9 
U853 

MM 

MM 

COMPR. 
STRENGTH 

IMPA) 

40t3 
38,7 
39a 
40t3 
38,S 
38.2 
40a 
38,2 

39^2 
C 5692.PSD 

l.O 
1 149.PSD 

37a 
40̂ ,3 
38.9 
4Ul 
3719 
36t3 
36,0 
36te 

»»^FAN 

STOt ueve 

3 a #229 U 9 9 6 
I , 54 MPSD 

^3 t048 . 151 
C t04 MPS!) 

38#1 
C 5530»PSD 

1,9 
i 2ft9«PSI) 
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TABLE 11-15 (Continued) 

COMPPESSlVe PROPERTIES OF P0X Q R A P H | T E 

LOT ̂ '0® 
LOG NOs 

^QBe»iSB*ai^flB>«»t 

6484"I38 
LOG DENSITY 

SPFCIMFN ORIFNT-
NUM8EP ATION 

I2AC 

12BC 

12AC 

128C 

»«iff4«9Qi»<9»«9a 

8 6C 
R ec 
8100 
B12C 
890C 
B9?C 
B94C 
89feC 

» SEB SSP an tn SSB ̂  

R 39 
p 76 
miB 
8219 

eiUB 
81159 
PU^e 
B1298 

»^^^«s»«w 

AX 
AX 
AX 
AX 
&X 
AX 
ax 
AX 

HFAN 

STDt 

»ao 
PAD 
PAD 
PAO 
P&O 
PAD 
»A0 
RAO 

MEAN 

STDt 

LOCA» 
TION 

FC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

OEV, 

EC 
EC 
EC 
EC 
EC 
EC 
EC 
EC 

OEV, 

SPECs 0IA« 1288 MM 
SPEC. LENGTH 25« 

MG/M«®3 

DFNSfTY Y0UN8S PeRM«> 
CM6/M«#3)MODULUS ANENT 

IGPA) 

" 2«9 
2,1 
?t6 
3t0 
2*b 
?i9 
3t0 
2.7 

9 im se i^ flP i^ « 

2.8 
f t*0 

1 ,02 

3.8 
3t6 
3.8 
3t8 
3«7 
3t3 
3tl 
3.4 

3t6 
C t52 

.3 
f «04 

SET 
IPCT) 

t24l 
.280 
.35? 
.306 
• 300 
.255 
t265 
.254 

.282 
MpSD 

.036 
MPSI) 

t243 
.230 
#211 
iiai 
t236 
• 294 
.253 
.225 

.234 
MPSI) 

#033 
MPSI) 

FRAC
TURE 

STRAIN 
CPCT) 

2«290 
2t337 
?«639 
2*346 
2t606 
2.421 
2.393 
2t404 

2*429 

.127 

1.Q31 
2«200 
1.991 
1.799 
2i086 
saao 
2t094 
1.950 

2i022 

a29 

, MM 

COMPR* 
STRENGTH 

IMPA) 

36t8 
36#0 
37t5 
38«2 
37a 
3?,6 
38t4 
38t0 

37.5 
C 5433tPSD 

C llStPSD 

38,4 
39,9 
38.2 
36a 
38t3 
38,5 
36t8 
36t8 

38tO 
1 5S05»PSD 

Itl 
1 164.PSD 
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TABLE 11-15 (Continued) 

COHPRESSIVE P»0©EPTIES OF P6X 0RAPMITE 

LOT 
LOG 
LOG 

' MO* 
i NOi 

«»«9«iii 

6484« 
i DENSITY 

SPECIMEN ORlFNT-
NUM8EP ATION 

®B «S 9B» «P ̂  ®S ffl 

12AY 

I29Y 

®B «® aS8 ̂  *^ * • «! 

12AY 

128Y 

®» «IB ffi» ̂ ffi» «» 8 

B30C 
flIAC 
•«42C 
fi46C 
BU*C 
H1I8C 
B126C 
B13()C 

R43B 
8476 
R51B 
B618 
B1518 
H155B 
81596 
bl698 

tx 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

MEAN 

STDt 

BAD 
RAD 
RAO 
PAO 
PAD 
PAD 
RAO 
RAO 

» m» es> ee» t^ «! 

LOCA
TION 

FH 
EH 

EM 
EM 
EM 

EM 
EM 
EH 

! 

UFVt 

FN 
EM 
EM 
EM 
EM 
EM 
EM 
EM 

9 tssi vm mi SB W' 

tmmmme 

•138 
SPEC 
SPEC 

M6/M«#3 

DENSITY YOUNGS 
CNe/M#«3)M0DULUS 

«BP«9 9PSii 

^ ^ ® S ^ 

SSSf W S I S ® 

mmmn 

r ̂ ^^is«jp4i 

9 ^ ® ^Q9<S 

Bt®igS^«gp« 

(6PA) 

3t0 
2.7 
2t8 
2t6 
3 a 
2«a 
2«9 
?t9 

2«9 

:* OIA, 12f8 
;« LENGTH 25t 

PERM
ANENT 
SET 
CPCT) 

«351 
t295 
«260 
.335 
*227 
«227 
.264 
«266 

«278 
C t4l MPSI) 

tl • 046 
C .02 MPSD 

3 a 
3t9 
3t8 
3 a 
3tl 
3t3 

3a 
3tl 

ra«® «»"SSI«» ̂  8® 8® «a 

^276 
.209 
t2l8 
«20fe 
.283 
.293 
.332 
t244 

FRAC
TURE 

STRAIN 
CPCT) 

2a32 
2^575 
2t576 
2«644 
2*409 
2«458 
?t422 
2.472 

2«636 

tll5 

'me^^w^^^^^^ 

2a99 
2t036 
ia77 
2t003 
2t037 
2»O50 
2,238 
2.056 

MM 
MM 

COMPRt 
STRENGTH 

IMPA) 

39a 
37tl 
37,5 
37.2 
40f5 
38t6 
37,4 
37^8 

38,2 
C 5536tPSD 

1.2 
f 17UPSD 

38t7 
39tl 
37.5 
37,5 
35,6 
36,5 
37a 
3S,4 

mmm mm mmmm'm^ 

MpAN 

sTOi uevt 

3 , 5 t 2 5 8 2«05O 
C tSO MpSD 

t 3 . 0 4 5 
C tD5 MPSD 

a 3 9 

3 7 , 2 
C 5 3 9 3 . P S D 

U 3 
I 1 9 3 # P S D 

11-125 



TABLE 11-15 (Continued) 

COMPPFSSiVe PROPERTIES OF PQX OR&PHITE 

LOT 
L06 
LOQ 

N0« 
HOt 

>«sa»«»v»9m tgpmm»m 

6484« 
DENSITY 

SPFCIMFN 0RIFNT« 
NUM8EP ATION 

«» «BB«» ® «» «» a 

12AE 

IZflE 

88 «S9 «» ̂  «» «9 « 

12AE 

128E 

^ iKf ea «» «» a» •! 

P60C 
fl64C 
S72C 
R76C 

P144C 
H148C 
«156C 
«160C 

SSB»S»«P^^® 

B» ̂  (S» ra» ̂ «» «S 

R798 
R03B 
^878 
B978 

ai87B 
8191B 
B195e 
82058 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
ax 

MEA^ 

STOt 

RAO 
RAO 
PAO 
RAD 
PAO 
RAD 
PAD 
RAD 

LOCA
TION 

FE 
EE 
Ft 
EE 
EE 
EE 
EE 
EE 

1 

OEVt 

fF 
EE 
ee 
EE 
EE 
EE 
EE 
EE 

0 SIS <m OS tB9 SB 

Bffi»«9«i»«i9« 

'138 
SPEC 
SPEC 

MS/M®®3 

DENSITY YOUNGS 
|MG/M#»1)M00ULUS 

«»«» W ® 

M»«aB^« 

t^«S)69(i 

'«»ii»«pfi 

H i» 4BS «B> «9 « 

m «Rr QB «» fis» < 

I6PAI 

2.B 
• 3t0 

2«9 
?t6 
2.8 
3t0 
2.^ 
2^9 

2,8 

:« OIA, I2t8 
;« LENGTH 25t 

PERM
ANENT 
SET 
CPCT) 

.409 
#225 
s205 
t379 
«267 
• 325 
.382 
,34fl 

.318 
( t«l MPSII 

• 1 • 077 
C ,0^ MPSD 

3.5 
3.5 
3,0 
3,6 
2t9 
3.3 
1,2 
3.2 

||» QJS «ffi (^ «iS ̂ > sw «» « 

s2l8 
.283 
t388 
»250 
• 222 
.243 
• 371 
.243 

FRAC-^ 
TURE 

STRAIN 
IPCT) 

2«440 
2«359 
?t433 
2,605 
2*279 
2tS69 
2«349 
2.117 

2*394 

as? 

U947 
U898 
2tl69 
U983 
a.?94 
2a33 
2«094 
?a97 

MM 
MM 

COMPR* 
STRENGTH 

IMPA) 

36tl 
37t9 
37.2 
36,8 
37.2 
39,6 
36t2 
34,8 

37.0 
i 5363.PSD 

U 4 
1 20&.PSD 

35*8 
35.0 
35,6 
36^3 
37t8 
38,5 
36,8 
37t5 

MfAN 

STO, OEV, 

3 t 3 .277 ?«089 
« »48 MPSD 

, 2 t06fe 
C t04 MPSD 

a 3 6 

36#8 
C 5334«PSD 

I . l 
f ISfctPSD 
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TABLE 11-16 

THERMAL CONDUCTIVITY iJF PG% GRAPHITE 

LUT NUf*Bf.R| LUG NUHBFRl bUBii»lli 

OHl^Hm LUCA* SPECIMfN THfeRMAt CUNDUcTlVITY {W/M«fK) A T | 
TA?|QN T|UN NiJMBtR 

gQSH a73K 673K 8 7 3 K 1 0 7 3 K 
l i i l ) C200C) C^OOC} CfeOOCj C800C) 

M^90A 
rtsi^OB 

M«,90C 
Mi»900 
M » 9 y t 
M®90F 
M«90 f , 

rt®<ioH 
M««90l 
M « 9 o J 

M « 9 0 ^ 
M»<?Ot 

M f A N l 

STOs UEVI 

f ^ - l 2 3 A 
M«»123B 
^ - 1 2 3 C 
*^«l23f) 
H«.|?3E 
^ - 1 2 3 F 
M" I23G 
* i - l 2 3 H 

^-mi 
« » 1 2 3 J 
M«*i23K 
^«»I23L 

ME^Nf 

STO« O t V i 

e a a 
8 b , 1 
a^«^ 
*^3.6 
<?2t3 
«?tot3 
8 e a 
8S«a 
' ^ U * ^ 
ft^tto 

H a , 5 
<^i«9 

8 7 , 2 

a,2 

8 9 . 0 
92«to 
95a5 
q ^ a 
^ 3 t ^ 
f«?8a 

9 U 1 
B « , 5 
9 8 , 3 
8 8 8 9 
^b^H 
<?aa 

u^2 

6 1 , 2 
e i a 
a6«2 
Bb,U 
ea^^ 
8 6 « l l 

7a,3 
70«6 
72«« 
7 6 . 3 
8 ! t 2 
7ba 

7 9 ^ 9 

5«6 

8 U 9 
e ^ t O 
8 2 t 8 
6 U 5 
8 0 , d 
^ 2 . 5 
8 6 * 3 
75«3 
6 6 t 8 
86»2 
77«a 
9 o a 

8 i a 

5 , 0 

6 5 ^ 7 
6 ^ 9 ^ 

7 4 , 3 
©7a 
b 7 , 2 
6 9 ^ 5 
bO^l 

S 7 , 2 
se^y 
63tC^ 
6 5 , ^ 
d3»3 

^ , 8 

b l j 
6 9 , 9 
t i 9 , 6 
67a 
eaa 
7 ^ , 1 
7o^e 
5 7 , « 
6 8 , 6 
d 3 . 6 
6 2 , 9 
7 5 , 3 

b 7 ^ « 

& , 2 

5 5 . 9 
5 a t « 
&8«a 
6 y . 3 
^ 6 i « 
6 2 , S 
5 3 t 0 
5 2 . 2 
5 Q t 2 
5 2 . 8 
5 5 t O 
5 3 t 0 

55«8 

a, I 

5ta 
5 4 , 0 
5 6 , 6 
5 6 t l 
5 2 . 3 
6 2 , 1 
5 6 a 
4 7 , 2 
5 6 . 5 
5 « , 8 
5 i a 
6«.a 

Sfe.O 

«,a 

^ 7 a 
UJ^U 
sa^s 
s u a 
« 9 t 9 
5 5 , 3 
4 3 , 2 
« 2 , 0 
« 4 g d 

«3a 
^ 7 , 0 

If SS ! ^ ® ^ (gl 

« 7 , 8 

ii.e 

. . . . . . 

«e,5 
§ 0 , 0 

. 5 0 , 5 
« i a 
S2a 
«7,2 
39,S 
«5. l 
a s a 
« a t * 
5 « , 5 

a ? ^ ? 

a,« 
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TABLE 11-17 
PROPERTY DATA FOR GRADE PGX GRAPHITE 

Bulk 
Densi 
(Mg/ 

ity 
Specific 
Resistance 

(x 10"^ ohm-in.) 

Elastic 
Modulus 
(GPa) 

Fluxural 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Compressive 
Strength 

(MPa) 
GTE, 

(x 10-o/K) 
Ash, 
(ppm) 

Iron, 
(ppm) 

With grain 

Maximum 

Minimum 

Mean 

Std. dev. 

No. of billets 

Spe cimens/b ilie t 

Total specimen 

Against grain 

Maximum 

Minimum 

Mean 

Std. dev. 

No. of billets 

Specimens/billet 

Total specimen 

1.78 

1.74 

1.76 

O.OU 

3 

4 

12 

1.84 

1.72 

1.77 

0.030 

3 

4 

12 

13.81 

10.58 

12.58 

1.48 

3 

4 

12 

16.80 

12.10 

14.77 

1.93 

3 

4 

12 

Billet Size 36-in. diameter by 72 in. long 

8.52 

7.25 

7.92 

0.43 

3 

4 

12 

6.47 

5.70 

6.05 

0.31 

3 

4 

12 

16.10 

13.04 

14.98 

0.86 

3 

4 

12 

13.77 

12.10 

12.84 

0.50 

3 

4 

12 

13.04 

10.36 

11.42 

0.82 

3 

4 

12 

10.28 

8.71 

9 .67 

0.49 

3 

4 

12 

48.95 

42.23 

45.62 

2 .63 

3 

2 

6 

46.02 

41.54 

44.27 

2.09 

3 

2 

6 

2. 

2 . 

2. 

0. 

3 

2 

6 

2 

2 

2 

0 

41 

02 

25 

16 

82 

45 

70 

18 

3 

2 

6 

6400 

4000 

5500 

1300 

3 

1 

3 

2900 

2300 

2600 

300 

3 

1 

3 



TABLE 11-17 (Continued) 

With grain 

Maximum 

Minimum 

Mean 

Std. dev. 

No. of billets 

Specimens/billet 

Total specimen 

Against grain 

Maximum 

Minimum 

Mean 

Std. dev. 

No. of billets 

Specimens/billet 

Total specimen 

Bulk 
Density 
(Mg/m3) 

1.77 

1.71 

1.74 

0.019 

5 

3 - 8 

23 

1.77 

1.71 

1.75 

0.020 

5 

3 - 8 

24 

Specific 
Resistance 

(x 10"* ohm-in.) 

12.71 

10.38 

12.37 

0.94 

5 

3 - 8 

23 

15.73 

10.89 

13.93 

1.48 

5 

3 - 8 

24 

Elastic 
Modulus 
(GPa) 

Billet Size 

8,25 

6.86 

7.58 

0.49 

5 

3 - 8 

19 

8.07 

5.17 

6.59 

0.90 

5 

3 - 8 

20 

Flxixural 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Compressive 
Strength 

(MPa) 

45-in. diameter by 72 in. long 

14.14 

10.51 

12.40 

1.19 

5 

3 - 8 

23 

16.01 

8.76 

12.28 

1.98 

5 

3 - 8 

24 

11.16 

6.67 

8.96 

1.37 

5 

3 - 8 

22 

11.12 

6.01 

9.02 

1.38 

5 

3 - 8 

23 

41.71 

31.03 

36.94 

3.14 

5 

2 - 8 

16 

43.95 

26.54 

38,68 

4.82 

5 

2 - 8 

17 

CTE, 
(x 10-6/K) 

2.49 

2.13 

2.25 

0.12 

5 

2 - 4 

11 

2.73 

2.20 

2,54 

0.18 

5 

2 - 4 

11 

Ash, 
(ppm) 

6000 

4200 

5100 

700 

5 

0 - 1 

4 

Iron, 
(ppm) 

3600 

800 

2500 

1300 

5 

0 - 1 

4 



TABLE 11-17 (Continued) 

Bulk 
Density 
(Mg/m3) 

Specific 
Resistance 

(x 10-* ohm-in,) 

Elastic 
Modulus 
(GPa) 

Fluxural 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Compressive 
Strength 
(MPa) 

CTE, 
(x 10-6/K) 

Ash, 
(ppm) 

Iron, 
(ppm) 

With grain 

Maximum 

Minimum 

Mean 

Std. dev. 

No. of billets 

Specimens/billet 

Total specimen 

Against grain 

Maximum 

Minimum 

Mean 

Std. dev. 

No. of billets 

Specimens/billet 

Total specimen 

1.81 

1.74 

1.77 

0.018 

10 

4 

40 

1.81 

1.76 

1.78 

0.013 

10 

4 

40 

13.61 

11.69 

12.72 

0.51 

10 

4 

40 

15.02 

13.00 

14.16 

0.49 

10 

4 

40 

Billet Size 50-ln. diameter by 72 in. long 

8.60 

7.22 

7.23 

0.26 

10 

4 

40 

7.43 

6.65 

6.88 

0.19 

10 

4 

40 

15.50 

9.91 

12.94 

1.56 

10 

4 

40 

14.82 

9,96 

12.25 

1,28 

10 

4 

40 

11,77 

7,64 

10,02 

1.09 

10 

4 

40 

10.60 

8.37 

9.37 

0.60 

10 

4 

40 

44.30 

38.61 

41.50 

1.41 

10 

2 

20 

47.75 

39.82 

42,29 

3.08 

10 

2 

20 

2.36 

2.19 

2.26 

0.06 

10 

2 

20 

2.81 

2.44 

2.68 

0.10 

10 

2 

20 

9600 

1000 

5500 

2560 

10 

1 

10 

2900 

600 

2000 

790 

10 

1 

10 



TABLE 11-17 (Continued) 

Bulk 
Density 
(Mg/m3) 

Specific 
Resistance 

(x 10~* ohm-in.) 

Elastic 
Modulus 
(GPa) 

Fluxural 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Compressive 
Strength 

(MPa) 
CTE, 

(x 10-6/K) 

1 

Ash, 
(ppm) 

Iron, 
(ppm) 

Billet Size 67-ln. diameter by 72 in, long 

With grain 

Maximum 

Minimum 

Mean 

Std. dev. 

No. of billets 

Specimens/billet 

Total Specimen 

Against grain 

Maximum 

Minimum 

Mean 

Std. dev. 

No. of billets 

Specimens/billet 

Total Specimen 

1.79 

1.78 

1,79 

0.005 

1 

8 

8 

1.79 

1.77 

1.78 

0.008 

1 

8 

8 

8.77 

7.92 

8.36 

0.43 

1 

8 

8 

9.88 

8.80 

9.38 

0.51 

1 

8 

8 

8.32 

7.40 

7,85 

0.46 

1 

8 

8 

7.38 

6,74 

7.06 

0.24 

1 

8 

8 

13.98 

7.92 

11.19 

2.35 

1 

8 

8 

12.36 

9.40 

10.88 

1.01 

1 

8 

8 

11.60 

6.72 

9.09 

1.82 

1 

8 

8 

10.67 

8.16 

9.41 

0.91 

1 

8 

8 

46.19 

35.68 

40.68 

5.69 

1 

4 

4 

41.54 

38.78 

40.29 

1.30 

1 

4 

4 

1.82 

1.74 

1.77 

0.04 

1 

4 

4 

2.24 

2.16 

2.21 

0.04 

1 

4 

4 

4000 

800 

2400 

2262 

1 

2 

2 

2600 

300 

1450 

1626 

1 

2 

2 



TABLE 11-18 

LOT 

QklENm 

TATION 

RADIAL 

RADIAL 

THFPMAL tXPA^ 

NUMBFwl 

LOG LOCATION 

t*SSB«ffi«»«ra«»«Bl^aj(9«>«B(»aBaBci8||p^ 

ENy 

HIDLENGTH 

iSlVITY OF 202 

LOC 

SPFCIMEN 
NUMBEf^ 

SLa llA 
lib 
lie 
37A 
37D 

37C 

MtANI 

S10* 

SL«611HA 
U50 
U5C 
141A 
I41U 
141C 
167A 
167b 
167C 
193A 
|^3b 
193C 

MEAN! 

STO« 1 

!0 GRAPHITE 

> NUHBERI 64B4 •«110 

IHES^MAL ExPANblVlTY 
IIOEXP 

295K«.773K 
C22C-500C) 

3.2n 
3tb7 
3«24 
3t26 
saf 
3.21 

3.2B 

DEVI a s 

3«20 
2i99 
3»26 
3f 13 
3tl9 
3,16 
3sl3 
3«2% 
3.lfl 
3iU 
3»l1 
3t2ft 

3a7 

3EVI «08 

«6/K) 

295K-U73K 
I22C« 90QC) 

3t73 
48?6 
3a6 
3t81 
3«69 
3.71 

3t83 

i22 

3.71 
3iS9 
3»78 
3.70 
3.72 
3t69 
3.62 
sas 
3.69 
3tS9 
3,67 
3a5 

3«69 

«06 
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TABLE 11-18 (Continued) 

THFRMAL EXPANSIVITY OF 2020 QRAPHiTE 

LOT 

OWIEN^-
TATION 

AXIAL 

AAIAL 

NUMBEPI 

LOG LOCATION 

END 

MIOLENGTH 

LuG 

SPECIMEN 
NUMBFK 

sLir «A 
fo6 
16A 
16B 
?4A 
?«^ri 
36A 
see 
4feA 
46b 
62A 
62P 

MEANI 

sin« 

SL« 6 7?A 
7eB 
POA 
BOB 
88A 
R6B 
102A 
lOHP 
DOA 
iioe 
ia6A 
126b 

HEANI 

STO. 

NUMBER 1 6484' -uo 

THERMAL ExPANSlvIfY 
llOEXP' 

295K-773K 
I22C»500C) 

DEVI 

DEVI 

3a7 
3t4l 
3«57 
3*47 
3#37 
3«&1 
3»2B 
3*23 
3»49 
3t2^ 
3«&n 
3,U^ 

3«i7 

as 

3t37 
3.48 
3«6fe 
3t3B 
3.3B 
3«3^ 
3#44 
3tS0 
3*39 
3.44 
3tb3 
3t24 

3t4|» 

*09 

-6/K) 

295K-U73K 
«22C- 90QC) 

3»85 
3»92 
4,04 
3t94 
3*B9 
4*00 
3«62 
3a4 
4,02 
3t83 
3,9b 
3«67 

3*89 

a ? 

3.«7 
3t97 
4.04 
3^69 
3,94 
3f86 
3t93 
3,97 
3.87 
3.91 
3.97 
3t72 

3.91 

t08 
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TABLE 11--I9 

r o M P R r s L i v ' ' P fvOHfRT i rs OF ^l,?! bRAPHITF 

LOT NO, 
LOG NO « 6 '4 t4 -3 30 
L06 Dth 'S lTV 

S»EC» UI f t» 
SPEC* LENGTH 

i ? a 

M Q / M * * •» 

HM 
HM 

S P E C I M t N U C I E N T - L C C A - D E N S I T Y Y 0 U K 6 S 

M U M F E K fiTIQM T T t ' ^ f M G / H * * 3 )MOC UL US 
ir.PAl 

PFRH-. F R & C " 

ANENT TU»E 
SET STRAIN 

IPCT) IPCTI 

COHPR» 
STRENGTH 

IHPAI 

lA 

Iri 

tec 
LBC 

L U C 
L l ^ C 
L 3 J ^ 
L 3 i C 
IZbf 
L?8C 

ax 
AX 

ax 
AX 
AX 

^x 
AX 
AX 

f ND 
TK-n 
FNO 
^KO 
TKH 

Ef.n 
FNO 
FNP 

0 . 9 

t a 

5 « 6 
^ a 

a "'3 
a i c 

awe 

. 1 2 J 
a o D 

z a z i 
2a7«» 
2»««76 

rai? 
2 a 5 6 
? a 6 5 

68»6 
6 7 a 
T i a 
78*0 
75«D 
t9»8 
7 2 a 
75»C 

Mr AN t » Z #11G 2 a 8 l 
I a c MPSI I 

72«3 
l l t « l f » 7 « P S I I 

S^b* DLV. 
I 

3 a 
5 1 1 . P S I l 

lA 

IB 

L5b 
L9e 

L : 3 B 
LZJi? 
L 4 1 B 

L « J 5 R 

L«I9B 
L E 9 0 

UAV 

RAD 
R6D 
CAD 
PAD 

PAD 
PAD 
RAD 

END 
¥hD 
FhiD 
END 
END 

EKD 
END 
END 

t a 
7 a 
t « 7 
t a 
6 a 
to.9 
7 a 
o a 

at'C 
a i ^ 
a 2 o 
* C 7 0 
»C9G 

# 1 1 1 

® <.i8 

i a 3 2 
?a6«i 
i a 8 9 
! a 9 6 

i a 5 5 

ia«4i 

6S»8 
7 7 a 
6 2 a 
73*0 
7«l*% 
75#9 
7 4 a 
fc4a 

MEAN 

S T D . D E V , 

7 a «l,97 U92? 
c i a 3 Hps i i 

a a i T a 6 i 
c a a MPSI) 

7 i a 

f l 0 3 4 2 « P S I I 

I 8 d 9 # P S I I 
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TABLE 11-19 (Continued) 

COMPRESSIVE PPOPFRTIES uF ''C^O GPAPHlTf" 

LOT y p , 
LCli NO, t J o 4 - 1 3 9 
LOG DENSITY 

SPLC« O I A , 
SPECg LENGTH 

17«8 HH 

«6/M**^ 

SPFCIHLN OPIENT- LOCA- DENSITY YOuNGS PfR^*- FRAC- CCFPPs 
NbMeEH £TION TION C MG/M«*3) hOl UL US A^'ENT TURE STRENGTH 

Cf-.Pft) SLT STRAJNI iHPai 
IPCTI tPCTJ 

^A 

£b 

L':cc 
LStiC 
L56C 
L?. 'C 
L7£*C 
L78C 
L8LC 
Ltti*C 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

ML 
ML 
" L 
HL 
KL 
HL 
HL 
ML 

6 a 
sa 
t a 
to a 

ta 
ca 
6«9 

a**~ 
a s i 

a5C 
aeo 
a7r 
a e i 
a7? 

2 a 3 ? 
za**? 

?»C4«» 

2a2ft 

2ac« 

7^«6 

74»% 
7 % a 
6T»8 
7 5 . 8 
7 7 » ^ 
7 4 a 

HEAK ea 
ai 

a 5 5 
MPSI I 

zat̂  7 ^ a 
i i r 5 9 3 a s i i 

STL» DEV« «<. »327 a9ft 3 a 
"6 KPSII " I 559aSII 

6A 

6b 

L77b 
Lf 1!̂  
LB5B 
L9bB 

H13« 
LllTb 
LiZlB 
L121P 

RAD 
RAD 
RAD 
PAD 
RAD 
PAD 
PAD 
RAD 

PL 
f̂ 'L 
ML 
ML 

ri 
f^L 
"'L 

a 
a 

«8 
<i6 

a 
a 
a 

a 2 3 
a c a 
a t a 
a T - ? 
a : i 
t l 9 C 

a2c 
ac3 

2 a 7 3 
2#l«^? 

zaz! 
1 , 7 7 7 

2 . 1 2 5 
2a^«» 
i a 6 f ^ 
i a 7 i 

7 5 a 
fcsa 
7 i a 
5 7 a 
7 3 a 
7 2 a 
7 1 * 9 
fe7a 

MP A^ 
»96 P P S I ) l l C C 6 7 a S I ) 

STU» DL¥» »4 a ? 3 
HPSTI 

a 9 t | 5#9 
I 8 6 1 , P S I l 
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TABLE 11-20 

COMPRESSIvr PROPERTIES OF "Z?!: GRAPHITf 

LOT NO. 
L^b NC, t,"o«!-l4' 
LOG DENSITY 

SPEC, 
SPEC* 

PG/H**'' 

DIA9 
LENGTH •'S* HM 

SPECIHEN ORIENT" LCC*- DENSITY YOuKb*: PFRM- FPAC- COHpR« 
NÛ 'EfR ATION TIO^ IMG/M** 31MODUL US AKENT TUPE STRENGTH 

IGFA) SLT STRAIN CHPAS 
IPCTI IPCTI 

lA 

IP 

L5C 
Lac 

L I 2 C 
Lli^C 
L^r^c 
L32C 
L?;6f 
L36C 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

END 

F N n 
END 
END 

END 
END 
[ ND 

9 a 
7,2 
7»6 

7 a 

fc a 

7 a 

a 5 2 
a9c 

a n 
a T j 
a r 4 
a 9 2 

i a 4 6 
t a i 2 

1,693 
lao'!' 
rass 
zasf 
i a 6 3 

8 4 a 
Toa" 
7 7 a 
7 4 a 
8 C « 9 
84 a " 
82 9C 

MEAN 7*3 a i l 
C i a 6 MPSI) 

ia9"^ 8Da 
U l 5 9 B a S I I 

STD« DEV. 
a . I h P s T ) 

' fa? 
I 

s a 
7 « i 3 « P S I ) 

lA 

IR 

L5B 
L98 

L13R 
L21t ' 

L453 
L49B 
L59P 

PAD 
PAD 
PAD 
RAD 
PAD 
RAD 
RAD 
RAD 

END 
END 
END 
END 
END 
FND 
END 
Ei^n 

7 a 
fc a 
a a 
faa 
7 a 
7 « 4 
7a 
7a 

â u 
«:^pi 
® u 6 ,J 

a?" 
# 0 7 J 
a2r 
»1"3 
a7r 

1 a c i ^ 
i a 3 9 
lasi 
lazn 
2 a 42 
l a s ? 
i a % ^ 
i a 6 3 

8 5 a 
7 6 a 
7 7 a 

a s a 
6 2 a 
8 3 a 
8 4 » T 

HE AN 7 a AZ2 
C U ' 9 MPSI) 

U 8 3 1 8 2 » t 
lll982ePSII 

STD« DLV» a #059 a . 4 3 
C a £ HPSII I 5 8 3 « P s I ^ 
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TABLE 11-20 (Continued) 

coMPRLssiv^ pROpFRTiEs OF ?::2n RRAPHITF 

LOT N0» 
LOB N0» 6i*t«*-l«4"' 
LOO DENSITY 

S«5EC» DIA« 
SPEC, LENGTH 

12»P MM 
25» HM 

HG/M**? 

SPECIMLN ORIENT" LOCA- DENSITY YQUNbS PFRr*- FRAC- COHPPt 
NUMPER ATION TION CMG/M**5IKOLULUS ANENT TURE STRENGTH 

IfiPA) SET STRAIN IHPA) 

(PCT) IPCTI 

6A 

bB 

L5LC 
L54C 
LSfcC 
L6L.C 
L75IC 
L78C 
L e a 
L 8 H C 

AX 
AX 
AX 
AX 
AX 
AX 
AX 
AX 

ML 
f'L 
HL 
HL 
^ L 
HL 
^ L 
f-'L 

e a 
7 a 

6 a 
t a 
6 a 
7.D. 
7 9 . 

a n 
a o i 
a e n 
a i u 
a i 2 
aBc 
a n 

i a 5 2 
2 a 5 8 
i a 5 5 
?a26 
2 9-133 
2 a 9 i 
2 a - 8 i 
i a 9 s » 

e z a 
86 »D 
7 3 a 

fc3a 
8 4 a 
83»6 
8 i a 

MEAN b a »'J9 7 
a 9 MPSI) 

2 a 4 c 8 ? a 
C l l 9 t 5 2 a S I I 

STD# PLV* >i » a 5 
H MPSII I 5S49«PSII 

fcA L?7r< RAD 

6e 

L61P 
L85B 
L95b 

L i a p 
L117B 
L 1 2 1 B 

kAO 
RAC 
RAD 
RAD 
RAD 
PAD 

ML 

WL 
HL 
ML 
ML 
•^L 

L131B RAD 

7 a 
fca 
6»9 
6 «9 
7 a 
7 a 
7*6 

7 a 

a2.? 
«u9 ' ' 
a F C 
«09U 
a«40 
at: 
a 9 2 
»w5 J 

i a 9 2 
2a26 
2 a s s 
l a z * ? 
2 a 6 ? 
t a 9 5 
i a 9 2 
l a T i 

8 i a 
9 ' j a 
9 3 a 
76 a> 
8 6 a 
8 t i a 
8 2 a 
80 a 

HE AN 7 a a . 9 5 
l i a . 6 MPSI I 

i a 9 ? BM.S 

U 2 2 5 5 a S l l 

STC» r-EV* »4 * " 7 7 
"6 H P S I I 

,23'5 s a 
' I 7 9 6 a S I I 
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TABLE 11-21 
SUMMARY OF GRADE 2020 IMPURITIES 

Log 

6484-139 

Mean 

Std-dev. 

6484-140 

Mean 

Std. dev. 

Ash 

735 

80 

1560 

135 

S 

3a 

2 

3a 

3 

Al 

8.9 

4a 

64 

92 

B 

2 

— 

4.4 

0.8 

Impurity 

Ba 

58 

7 

25 

9 

Ca 

130 

80 

175 

124 

(ppm) 

Fe 

8 

4 

200 

— 

Li 

<1 

— 

<1 

— 

Si 

60 

— 

190 

48 

Ti 

29 

16 

42 

7 

V 

16 

7 

20 

— 
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TABLE n-22 
SPECTROCHEMICAL REPORT FOR 2020 GRAPHITE, LOG SMli-US 

LAB, NO. *6?43 
SAMPLE! SRAPHSTE 6*84-139-L-3 

WEPORT TOl 6 FN6LE 
PROJFCT MO. 382»J*6noS OlLUTiOMI 1,0000 

ELEMENT CONCEMTRATION, 

AS < ,50 
BA 
CA 
CO 
eg < 
£U 
Hf 
K < 

UU 
M O < 
WD 
PS 
S8 
S M < 
TA 
TL 
tn < 

in 

bO»00 
«oo«oo 

t *.00 
! 1.00 
c iQ>00 
( 20,00 
! 10,00 
t ,50 
! 1,00 
e 800*00 
: 6,00 
: 3,00 
t 100.00 
: «0,00 
e 20,00 
! «0«Q0 
1 ,§0 

ELEWeNT CONCENTRATION, 

A(> < tSO 
BA 
CA 
CO « 
cu 
EU 
HF 
K < 
tu 
MO 
NO 
P8 
SB < 
SM 
TA . 
TL 
W 
ZR 

60,00 
200,00 

I *,00 
! 1.00 
c 10,00 
t go.00 
f 10,00 
t .50 
: 1.00 
t 200,00 
t 6,00 
! 8,00 
t 100.00 
S *0,00 
t 20.00 
! <>0a00 
! .50 

f-LEMENT CONCENTRATIONS 

AL 
BE 
CO 
CP 
OY 
F£ 
HO 
LA < 
Me 
MA < 
NS 
PR 
sc 
SN 
T8 < 
TM 
¥S 

20,00 
t .50 
t 10,00 
t 10,00 
( 29,00 

10,00 
E 10,00 
! 10,00 

1,00 
E 10,00 
E «,00 
1 100,00 
5 1,00 
e 6,00 
s A0,00 
! 4,00 
E 10,00 

L&8, NO, *&?43 
SAI^PLS! SRSPMITE a*84»139»L-IO 

REPORT TOl 6 EN6U 
PfSOJECT NO. 3ga4l»6005 OILUTIONI 

ELEMENT 

AL 
BE « 
CO 
CR 
DT < 
FE 
HO < 
LA 
MO < 
NA « 
Nl 
PR < 
SC 
SN 
TS 
TM . 
y8 . 

10,00 
t .so 
E 19.00 
£ 10.00 
E 20.00 

10.00 
E 10,00 
E 10.00 
! ,50 
C 10,00 
E 4,00 
E 100.00 
E 1,00 
£ 6,flO 
E 40,00 
E 4.00 
E 10,00 

1.0900 

CONCENTRATIONS PPM 

ELEMENT 

B 
BI 
ce 
cs 
EB 
60 
IN 
LI 
MN 
m 
P 
R8 
SI 
SR 
TI 
V 
IN 

DATES 
PLATE 

6-T»?t 
NO, ?7»0«0 

CONCENTHATIONs 

« 
« 
« 
« 
< 
4 
« 
« 
« 
« 
« 

« 

« 

SsOO 
2.00 
§0,00 
ioo.os 
6.so 
10,00 
1.00 
1,00 
1,00 
s.oo 

los.oo 
40,00 
60,00 
40,00 
40,00 
20,00 
20,00 

ELEMENT 

OATEI 6-T-?? 
PLATE NO. T?"8«e 

CONCENTHATIONS PPM 

g 
BI 
CE 
CS 
ER 
@0 
IN 
tl 
MN 
N8 
P 
m 
SI 
SR 
TI 
V 
ZN 

« 
< 
« 
< 
« 
« 
< 
« 
« 
« 
< 

« 

« 

s.os 
2,00 
SO.00 
100,00 
6,OS 
10,00 
1.09 
1,00 
uoo 
6.00 

100.00 
40.00 
60.00 
40.00 
20.00 
20,00 
20,00 

CONCENTRATION BASED ON 0R61NAL SAMPLE qrFOftE DILUTION K/ITM DILUENT 
» MEANS SREATEH THAN 
< MEANS LESS THAM THE srNSI TlVjTYnF THE SPECTRQGPAPHIC PH0CEDt)8F USfO 
RESULTS ARt CORRECT hlTMlN A FACTOP OF 40« s (ONE STANUSHO OtVIaTIOM) 



TABLE n-22 (Continued) 

LA8, NO. 46?«3 
SAMPuEl 6PAPH1TE 6484«139-t."l6 

REPORT TOl 6 FNGLE 
PROJECT NO. 3224U6005 DILUTIONi 1.0000 

DATE! 6»?»7? 
PLATE NO. 7T-040 

ELEMENT 

AS 
BA 
CA 
CO 
CU 
EU 
HF 
K 
LU 
MO 
NO 
P8 
Sd 
SM 
TA 
TL 
W 
2B 

CONCENTRATION, PPM 

< .So 
60,00 
100,00 
4,00 
l.OD 
10.00 
20.00 
10.00 
.50 
1.00 

200,00 
6.00 
8.00 

100.00 
40,00 
20.00 
40.00 

.50 

LAS. NO. 
SAMPLE 1 

ELEMENT 

AG 
8A 
CA 
CO 
CU 
EU 
HF 
K 
LU 
MO 
NO 
pe 
SlS 
SM 
TA 

TL 
w 

« .so 
60,00 

200,00 
A.Ou 
1.00 
10.00 
20.00 
10.00 
.50 
1.00 

200.00 
6.00 
8.00 

100.00 
40,00 
20.00 
40.00 

,50 

ELEMENT 

AL 
S£ 
CO 
C8 
OY 
FE 
HO 
LA 
M6 
NA 
Nl 
PR 
SC 
SN 
T8 
TM 
V8 

CONCENTRATIONS 

1.00 
.SO 

10.00 
10,00 
20,00 
1.00 
10,00 
10,00 

.so 
10,00 
4,00 

100.00 
1.00 
6,00 
40,00 
4.00 
10.00 

46843 
SRAPHITE 6484.139-t-21 

REPORT TOl S FNGLE 
PROJECT NO. 3224U600S DILUTIONI 

CONCENTRATIONS P̂ M ELEMENT CONCENTRATION, 

AL 
%t 4 
CO 
CR « 
OY < 
FE 
HO 
LA 
m 
NA < 
NI 
PR < 
SC 
SN 
TB 
TM < 
YB < 

10,00 
,50 

£ 10.00 
E 10,00 
E 20,00 

6,00 
E 10,00 
E 10.00 

1,00 
B 10,00 
E 4,00 
E 100,00 
E 1,00 
i 6,00 
! 40.00 
£ 4.00 
e 10.00 

1,0000 

ENT 

S 
81 
CE 
CS 
ER 
SD 
IN 
LI 
HN 
N8 
P 
m 
SI 
SR 
TI 
V 
IN 

CONC 

O&TEI 
PLATE 

ENTHATIONs 

2.00 
« 2,00 
* SO.00 
« 100,00 
« 6.00 
« 10,00 
« 1.00 
« 1,00 
< 1,00 
« 6.00 
< 100,00 
« 40.00 

60,90 
« 40,99 

2.00 
« .SO 
« 20.00 

6-T-TT 
NO, ??»84e 

ELEMENT CONCENTRATIONS PPM 

B 
SI 
CE 
CS 
ER 

eu 
IN 
Ll 
NN 
NS 
P 
Re 
SI 
SR 
Tl 
w 
ZN 

< 
« 
< 
< 
< 
« 
< 
« 
< 
« 
< 
i 

< 

2.09 
S,00 

SOeOO 
100.00 
6.90 
10,00 
I.00 
1,90 
1.00 
6,00 

100.00 
49.00 
60.00 
40,00 
20,00 
20,00 
20.00 

CONCENTRATION BASED ON 0R6INAL SAMPLE PFFORt DILUTION WITH DILUENT 
> MEANS GREATER THAN 
< MEANS LESS THAN TH£ SENSITIVITYnF THE SPfcCTROSHAPHlc PSOCEPUrfE USED 
RESULTS ARE CO*?»ECT wiTHIN A FACT'^R OF «0» s (ONE STANDARD D E V U T I O N ) 



TABLE n-22 (ContinuedJ 

UaS, NO. 46?43 
SSMPLEl GRAPHITE 6484-139-L-P8 

REPORT TOt C FMGLE 
PROJFCT NO. 3?24U6005 niUUTlONI l.OOOO 

ELEMENT CONCEwTRATlUNs 

AS < ,60 
8A 
CA 
CO 
CU 
EU 
HF . 
K . 
LU < 
MO , 
NO < 
P8 < 
ss 
SM 
TA 
TL 
M 

2R 

60eOO 
IDOtOO 

t 4.00 
t ItflO 
t 10.00 
! 20.00 
C 1 0 . 0 0 
! .50 
! 1.00 
! 200.00 
{ 6.00 
E S.OQ 
! lOO.OO 
c *0.00 
c 30.00 

s AO.oe 
t ,%i 

ELEMENT 

AS 
BA 
CA 
CO 
CU 
eu 
MF 
K 
to 
MO 
NO 
P8 
SB 
SH 
TA 
Tt 
a 
ZR 

COf^CEMTRATION, 

< 

< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
« 
< 
< 
< 
« 

.50 
60.00 
100.00 
4.00 
1.00 
10.00 
20.00 
10.00 
,50 
1.00 

200.00 
6.00 
8,00 

100,00 
40.00 
20,00 
40,00 

.50 

ELEl̂ ENT COWCENTPATION, 

At 
BE 
CO < 
C» 
OY « 

. FE 
HO . 
LA 
m 
NA . 
Ml « 
PR < 
sc 
SN < 
TB < 
TM < 
yi 

10,00 
E .50 
i 10,00 
[ 10,00 
£ 20.00 

8.00 
£ 10.00 
t 10.00 

4,00 
c 10,90 
£ 4.00 
£ 100,00 

ao.oo 
t 6,00 
t 40,00 
! 4,00 
t 10,oe 

LAB, MO. 46243 
SAHPLEI GRAPHITE 6484.539-t-3« 

REPORT TOl 6 fHSLt 
PROJECT NO. 3224146005 OltUTlOM 

ELEMEiJT 

At 
BE 
CO 
CH 
DY 
FE 
HO 
LA 
MS 
NA 
MI 
PR 
SC 
SN 
TB 
TM 
YB 

CONCENTRATION, 

10.00 
< .50 
< 10.oc 
« 10.00 
< 20,00 

10,00 
< 10,00 
< 10,00 
< .50 
< 10,00 
< 4.00 
« 100,00 
« 1.00 
« 6,00 
« 40.00 
< 4,00 
« 10.00 

1.0000 

OATEl 6»?"?7 
PtATE NO, T7-040 

ELEMENT C0NCENTHATI0N9 PPM 

B 2,00 
SI « a.00 
CE « SO»CO 
C$ « leOeOO 
ER « 6.00 
50 « 10.00 
IN < l.OO 
LI « 1.00 
NN « 1.00 
m « 6.00 
P < 100,00 
Ra < 40,00 
51 60,00 
SR « 40,00 
Tl « 1,00 
V 10.00 

iH « aosoe 

DATE I 6«?»?? 
PL«TE NO. 7T-04O 

ELEMENT CONCENTRATION! PPM 

8 
S! 
C£ 
cs 
£R 
00 
IN 
tl 
MN 
N8 
P 
RB 
SI 
SR 
Tl 
V 
^N 

< 
« 
« 
< 
< 
< 
« 
« 
< 
« 
« 

< 

« 

a,00 
2,00 
80,00 
100,00 
6.00 
10.00 
l.OO 
UOO 
1,00 
6,00 

100,00 
40,00 
60,00 
40.00 
20,00 
20,00 
20,00 

CONCENTRATION BASED ON OWGINAL SAMPLE REFOhE OILUTIOK WITH DILUFKiT 
> MEANS <3R£ATER THAN 
« MEANS UESS THAN THE "̂ FNlSITIVITVOF THE SPtCT^OSkAPHIc PWOCEDORF USED 
RESULTS ARE CORRECT KIITNIN a FACTOR OF 40« , tONt &TANUA»D DEWlfTION) 



TABLE 11-22 (Continued) 

LAS, NO. 46143 
SAMPLE! SRAPNITE 6404-139-L-39 

ELEMENT 

REPORT TO! 8 FNSLE 
PROJECT NO, 3224146005 OILUTIONI l.OOOO 

CONCENTRATION, PPM ELEMENT CONCENTRATION, PPM ELEMENT 

DATE! 6-7»7? 
PLATE NO. 77-040 

CONCENTRATIONJ PPM 

A0 
S« 
CA. „ 
CO 
CU _ 
EU 
HF 
K 
LU 
MO 
(̂D_ 
PS 
ss 
SM 
TA_ ^ _ 
TL 
W 
|R 

« 

« 
A^ 
« 

^4 
« 

-^ ..«. 
« 

^ _« 
< 
«_-
« 
_«_ 
« 
S 
« 

.50 
60.00 

toe»oa-
4.00 
i.eo 
18,00 
J0«00 
10.00 
iiM. -
1.00 

ĝflQjtM 
6.00 

. i.llL 
100.00 

.^MdUL 
20«SS 
*e.«ft 
•so 

LAB. NO. 46?43 
SAMPLEI SRAPHITE 64B4.139-L-57 

ELEMENT CONCENTRATION* 

AG < ,50 
BA 
CA 
CO i 
CU 
EU . 
HF . 
K < 
LU 
MO 
NO 
PB 
SB 
SM 
TA 
TL 
w , 
ZK 

60,00 
100,00 

S 4,00 
1.00 

E 10.00 
E 20.00 
E 10.00 
E ,50 
£ 1.00 
' 200.00 
! 6.00 
5 8,00 
! 100.00 
! 40.00 
t 20,00 
E 40,00 
c .50 

AL 
BE 
ce 
CR 
0Y 
FE 
HO 
LA 
MS 
NA 
Hi 
PR 
S<C 
SN 
.IB 
TM 
Y» 

REPORT TO! S ENSLE 
PROJECT NO, 3224146005 DILUTION! 1,0000 

10 
* 
< 10 
< 10. 
< 20. 

10 
« 10 
« 10. 
< 
« 10 
< 4 
« 100 
« s 
« 6 
« 45 
« 4 
« 10 

>00 
.50 
.60 
00 
00 
00 
>00 
.00 

.so .00 

.00 

.00 

.90 

.00 
)0Q 
>0@ 
.00 

8 2,00 
Bl < 2.00 
£C « SO.OO 
CS < 100.00 
Ck < 6>00 
eo < 10,00 
IN € 1,00 
L! < 1,00 
MN « IsOS 
NS « 6.00 
P < lOOfOO 
RS « 40aSO 
ss se.w 
SR « 40.00 
I L --_ *0 i00 
V 20.09 
2N « 29,00 

OATEI 6-7-T7 
PLATE NO. 77-040 

ELEMENT 

AL 
8£ 
CO 
CR 
DY 
FE 
HO 
LA 
MS 
NA 
NI 
PR 
SC 
SX 
T8 
TM 
YB 

CONCENTRATION, 

10.00 
i .SO 
« 10.00 
« 10,00 
« 20.00 

10.00 
< 10.00 
« 10,00 

1,00 
< 10,00 
< 4,00 
< 100,00 
« 1.00 
< 6,00 
« 40,00 
< 4.00 
« 10,00 

ELEMENT 

B 
SI 
CE 
CS 
ER 
60 
IN 
LI 
MN 
NS 
P 
RB 
SI 
SH 
Tl 
V 
2N 

CONCENTRATIONS PPM 

< 
< 
< 
« 
< 
< 
« 
« 
< 
< 
< 

« 

< 

2.00 
2.00 
80,00 
100.00 
6,00 
10.00 
l.OO 
1,00 
1.00 
6.00 

100.00 
40,00 
60.00 
40,00 
40,00 
20,00 
20,00 

CONCENTRATION BASEP ON OPGINAL SAMPLE fiFFOHF OltUTIOM ^IJH DltUfNT 
> MEANS 6HEATEH THAN 
< MEANS LESS THAN T"IE SEMSITI \/ITYOF THF SPtCTRoSf-APMlC PKOCEOIJPF USFf 
RESULTS ARE CORRECT wlThJlM a FACTOR OF 40=s , <OMt STAIMDARP OfctdATlOM) 



TABLE 11-22 (Continued) 

LAS. NO, 46243 
SAMPLE! GR&PMITE 6484-139-L-5S 

ELEMENT CONCE>(TRATIUN, PPM 

REPORT TOt 5 FNGLE 
PROJFCT NO, 3224146005 ORUTIONI 1.0000 

DATEI 6-T-77 
PLATE NO, 77-0*0 

AS 
8A 
CA 
CO 
CU 
EU 
HF 
K 
LU 
MO 
NO 
PB 
SB 
SM 
TA 
TL 
tn 
ZR 

< ,50 
60,00 
100.00 
4,00 
l,P0 
10.00 
20.00 
10,00 

.50 
1.00 

200,00 
6,00 
8.00 

100,00 
40,00 
20.00 
40,00 

,50 

-c-

« .50 
60,00 
100.00 
4,00 
!,0O 

10.00 
20.00 
10.00 

.50 
l.OO 

200,00 
6,00 
8.00 

100,00 
40.00 
20,00 
40,00 

.50 

ENT CONCENTRATION, 

AL 
8E 
CO 
CR 
OY 
FE 
HO 
LA 
MS 
NA 
NI 
PR < 
SC 
SN 
TB 
TM 
Y8 

10.00 
t .50 
£ 10,00 
t 10,00 
t 20,on 

10,00 
! 10,00 
: 10,00 

1,00 
t 10,00 
£ 4,00 
t 100,00 
£ 1,00 
t 6.00 
t 40.00 
! 4,00 
t 10,00 

LAS, NO. 46243 
SAMPLEI GRAPHITE 6484-139-L-64 

ELEMENT CONCe^^TRATIONf PPM 

AG 
BA 
CA 
CO 
CU 
EU 
HF 
K 
LU 
MO 
NO 
P8 
S8 
SM 
TA 
TL 
w 
ZR 

REPORT TOS G ENSUE 
PROJECT NO, 322*1*6005 DILUTION! l.OOOO 

ELEMENT CONCE-^THATIONt 

AL 
8E 
CO 
CR 
OY < 
FE 
HO 
LA 
MS 
NA 
Nl 
PR . 
SC 
SN 
T8 
TM 
YB 

10,00 
£ .50 
£ 10,00 
£ 10,00 
t 20.00 

10,00 
£ 10,00 
£ 10,00 
t ,50 
£ 10,00 
£ 4,00 
£ 100,00 
£ 1,00 
£ 6.00 
i 40,00 
£ 4.00 
: 10,PO 

ELEMENT 

8 
01 
C£ 
CS 
ER 
GO 
IN 
LI 
MN 
Ng 
P 
R8 
SI 
SR 
Tl 
V 
IN 

CONCENTRATION, 

« 
« 
< 
« 
« 
< 
< 
« 
< 
« 
« 

« 

« 

2,00 
2.00 
SO,00 
100.00 
6,00 
10.00 
1,00 
1,00 
l.OO 
6,00 

100.00 
40.00 
60.00 
40,00 
40.00 
20,00 
20.00 

ELEMENT 

e 
81 
CE 
CS 
EH 
GO 
IN 
tl 
MN 
NB 
P 
R8 
SI 
SH 
Tl 
w 
ZN 

OATEI 6-7»?? 
PLATE NO, T7-040 

CONCENTHATIONf PPM 

« 

< 
* 
4. 

€ 

< 
« 
« 
« 
< 
i 

< 

« 

2,00 
2,00 
80,00 
100.60 
6,00 
10,00 
1,00 
1.00 
1,00 
6,00 

100,00 
40,00 
60.00 
40,00 
40.00 
20.00 
20,00 

CONCENTRATION K4SEJ ON OPGINAL SA'-'Ol E 8FF0I-E OILUTiJM wjTw DILUFHT 
J> MEANS GREATER THAN 
« MEANS LESS THAN THE "^ENSI TIVJTYOF THg SP£CTROGRAP«IC PWOCEOURF USED 
RESULTS ARE CORRECT OlThlN A FACTOR OF 40* s (ONE STANOARO DEVIATION) 



TABLE n-22 (Continued) 

LAB, NO, 46^43 
SAMPLEI GRAPHITE 6484-139-L-75 

REPORT TO! G FNGLE 
PROJECT NO. 3224146005 DILUTION! 1.0000 

ELEMENT CONCENTRATION, PPM 

AS 
9A 
C4. 
CO 
Sii 
eu 
HF 
K 
LU -_ „ 
MO 
NO 
PS 

^ JL$ 
SM 

„ 1* 
TL 
HI 
in 

i,m„ NS, 46S«9 
sAMPUKi SRApHire 

ELEMENT 

AS 
8A 
C4 
CO 
CU 
EU 
HF 
K 
LU 
MO 
NO 
PS 
S3 
SM 
TA 
TL 
W 
2R 

« 

C 

s _ 
€ 

sSQ 
60,00 

istttae 
4,00 
1.00 

10.00 
26.811 
10,00 

_- .sa 
1,00 

_£90tOi} 
6.00 
8,0(1 

100.OS 
ACUM 
20,00 

„ 45.69 
.50 

6«i4-139-L»?5 

CONCENTRATION, 

< 

< 
t 
« 

< 
« 
«_ 
< 
C 
« 
< 
< 

c 
« 
« 
« 

.50 
60,00 

j-ft̂ Ojoa 
4,00 
I«fli) 

10,00 
tOtOO 
10,00 

,%s 
1,00 

200,00 
6.00 
8.00 

100,00 
40,00 
20.00 
40«J!B 

.50 

ELEMENT 

AL 
BE 
-£0 
CR 
DY 
FE 
HO 
LA 

m 
m 
HI 
PR 
SC 
SN 

„ ^ T B 
TM 
¥8 

CONCENTRATION, 

10,00 
.50 

10,00 
10.00 
20aOQ 
S.OO 
10.eo 
10.00 
I.OJB 

10.00 
4,00 

100.00 
S.OO 
6,00 

40,00 
4,00 
lOeOO 

RCPOS? TOS i gNSUB 
PROJECT No. 3224146005 DILUTION! 

ELEMENT 

AL 
SE 

-_£B -
CR 
DY 

re 
MO 
LA 
MO 
NA 
Nl 
PR 
SC 
SN 
T8 
TM 
YS 

CONCENTRATION, 

1,00 
.SO 

19.SO 
10.00 
20,00 
1.00 

10,00 
10,00 

,50 
10,00 
4,00 

100,00 
1,00 
6,00 
40,00 
4,00 
10,00 

ELEMENT 

DATE! 6-7-77 
PLATE NO. 77-040 

CONCENTKATION, PPM 

1.0000 

B 
8! 
CE 
CS 
E« 
SO 
IN 
LI 
MN 
MS 
P 
RS 

Al 
SR 

^„ T L ^ 
V 
IN 

•LEMENT 

S 
§1 
Cfc _ 
CS 
EN 
SO 
IN 
LI 
MN 
Ne 
p 
RB 
SI 
SR 
Tl 
V 
2N 

« 

< 

2.00 
2,00 
80.00 
100,00 
6,00 
10.00 
},00 
1,00 
1,00 
6,00 

100,00 
40,00 
iO.QS 
40,00 
48,08 
20.00 
2S.ae 

OATg! *»?•?? 
PLATE NO, 77-040 

CONCENTRATION, 

« 
< 
< 
< 
< 
« 
« 
« 
< 

< 
< 
< 

« 

2,00 
2.00 

80.00 
IGO.OO 
6.00 
10.06 
S.OO 
1.00 
1,00 
6,00 

100.00 
40.00 
60.00 
40.00 
40.00 
10,00 
20,00 

CONCENTRATION 8&SE0 ON ORSINAL SAMPLE BEFORE DILUTION W|TH DILUENT 
> MEANS GREATER THAN 
« MEANS LESS THAN THE SENSJTIVITYOF THE SPECTROSRAPMIC PROCFDURE USED 
RESULTS ARE CORRECT WiTHIN A FACTOR OF 408 , (ONE STANDARD DE«lATl0N> 



TABLE 11-22 (Contmysd) 

LAB, NO, 46243 
SAMPLEI SRAPHITE 6484«!39»L-8g 

REPORT TOl 6 ENOLE 
PROJECT NO, 32241*6005 DILUTION! 1.0000 

MENT 

AS 
8& 

JiA ^ 
CO 
CU 
EU 
HF 
K 
i . y__ 
MO 

m 
PB 
SS 
SM 
1 A _ 
TL 
N 

m 

:ONCENTRATISN, PPM 

« , 19 
6 0 , 0 0 

ISCbJlfi. ^ -
« 4 , 0 0 

^ S . M 
« 1 0 , 0 0 
« gILaOJ} 
« 10 ,90 

jg j i . s a _ -
4 1,90 
« f90«9O 
« 6 , 0 0 
« i lLftf l 
< 100 ,00 

„ „ «_ 4 9 . 0 1 
« ?@,09 
« 4 9 . 8 8 

« ,se 

ELEMENT CONCENTRATION, 

AL < 
BE 

__ _ „ ca 
CR 
OY . 
F£ 
HO < 
L* 

MSL < 
NA < 
HL 
PR i 
SC 
SN 

J I < 
TM . 
t B « 

£ 1,00 
£ .SO 
« 1 0 , 0 0 
I 10 .00 
t 20 ,00 
t 1,00 
! 10,90 
I 10 ,09 
1 ,9@ 
! 19,00 
t 4 , 00 
! 100,00 
f 1,00 
1 6 ,00 
1 4 9 , 0 0 
£ 4 , 0 0 
t 19,60 

' M S , NO, 46143 
;^ SAMPtil ifiAWITE S4S«-l3t-L-t3 

REPORT T©l © |N®L£ 
WOJECT NO, 3224U699S DILUTION! 1,0000 

ELEMENT CONCENTRATION, 

m < , 50 
BA 
Zk 
CO i 
CU 
EU < 
HF « 
K < 
LU . 
MO . 
ND ! 
PB < 
SB < 
SM , 
TA ^ 1 
TL « 
H < 
I R « 

6 0 , 9 9 
lQO,.oa 

! 4 , 0 0 
: SiOO 
I 19 ,00 
r 2 0 , 0 9 
! 19 ,00 
E ,Si) 
£ 1,00 
L 2 0 0 , 0 0 
t 6 , 0 0 
£ 8 , 0 0 
t 109 ,00 
5 4 0 , a a 
£ 2 0 . 0 0 
E 49,OS 

,50 

ELEMENT CONCENTRATION, 

AL 
SE 
C0 
CR 
DY 
FE 
MO 
L« 
MS 
NA « 
N! 
PR < 
SC 
SN . 
TS 
TM « 
Y8 < 

19,00 
t , 50 
t 10 .00 
c 10,00 
! 20 .00 

10,00 
« 10 .00 
£ 10.00 
£ ,50 
£ 10,00 
£ 4 ,00 
£ 100.00 
£ 1,00 
£ 5 .00 
t 4 0 , 0 0 
£ 4 ,00 

10.00 

CONCENTRATION BASEJ) ON ORSINAL SAMPLE BEFORE DILUTION WITH DILUFNT 
» MEANS SREATE8 THAN 
« MEANS LESS TMAM THE SENSiTIVITYOF THE SPECTROGRARHIC PROCEDURE USED 
RESULTS ARE CORRECT WITHIN A FACTOR OF 40B t «ONE STANDARD DEVIATION) 

DATE! 6-7-77 
PLATE NO. 77-040 

ELEMENT CONCENTRATION, PPM 

8 
B l 

_ie _ 
CS 
EN 
80 
IN 
L I 
MN 
NS 
P 

m 
S I 
SR 
T l 
V 
2 N _ 

< 
< 
« 
< 
€ 
« 
« 
€_ 
4 
<t 
4 

« 

« 

2 . 0 0 
2 . 0 0 

8 0 , 0 0 . 
100 ,99 

6 ,00 
19 .90 

1,09 
S.OO 
J ,90 
6 , 0 9 

109 .09 
4 9 , 0 0 
6 0 , 9 0 
4 9 . 0 0 
4 9 , 9 0 
§ 0 . 9 9 
3@,9S 

OATEi &»7»?? 
PLATE NO. 7T-94S 

ELEMENT CONCENTRATION, PPM 

s 
SI 

^tt _ CS 
ER 
SO 
IN 
LI 
MN 
N8 
P 
RB 
SI 
SR 
Tl 
V 
IN 

4 

« 
« 
« 
« 
« 
« 
< 
< 
« 
« 

< 

« 

2 , 9 0 
2 , 9 9 

M t O O 
1 0 9 , 0 0 

6 . 0 0 
1 0 , 9 0 

1 , 0 0 
1 . 9 9 
1 , 9 0 
6 , 0 0 

SOO.OO 
4 0 , 0 0 
6 0 . 0 0 
4 0 . 0 0 

_ * 9 , M 
2 0 , 0 0 
2 0 , 0 0 



TABLE 11-22 (Continued) 

LAS, NO, 46243 
SAMPLE! SRAPHITE 5484-139-L-!U 

REPORT TOl G FN6LE 
PROJECT NO. 3224146005 OILUTIONI 1,0000 

ELEMENT 

AG 
BA 
CA ^ 
CO 
CU 
EU 
HF 
K 
LU 
MO 
NO 
P8 
SS ^ 
SM 
TA 
TL 
W 
IS 

CONCENT 

« 

4 
<_ 
< 
J! 
< 

S 
4 
t 
« 
•S _ 
« 
< 
« 
«_ 
< 

RATION, 

,50 
40.00 

109,90 
4,00 
S J O O 

10.00 
^0,00 
19,00 

i59. 
1,00 

200.LiL9 
6,00 
tiflJL 

190.09 
40,OQ 
29,96 
40,05 

,S0 

ELEMENT CONCENTRATION, PPM 

AL 
BE 
CD 
CR 
OY < 
FE 
HO 
LA 
MS . 
NA < 
NI 
PR . 
SC 
SN 
13 
TM 

ys 

10.00 
£ .SO 
£ 10,00 
£ 10.00 
t 20.00 

8.00 
£ 10,00 
£ 10,00 
£ .50 
! 19,00 
£ 4,00 
( 100,00 
i S,Oi) 
! 6,00 
t 40,00 
i 4.90 
( 10,96 

LAS, NO, 46143 _ 
S&MPLEt SRAPHITE 648*-139-L»12f 

REPORT TSl a ?N6L£ 
PROJECT NO, 32t4S4609S DILUTIBNI 

ELEMENT CONCENTRATION, 

AG « ,50 
8A 
SA 
CO 
CU « 
EU 
HF . 
K < 
LU i 
MO < 
NO . 
PB 
SB < 
SM . 
TA . 
TL 
M < 
ZR « 

40,09 
isOiSa 

£ 4.00 
( 1.119 
£ 10,00 
! 20,00 
£ 10,90 
L .SO 
( 1,00 
! 290,99 
£ 6,90 
( 8,00 
s 100.90 
! 49,90 
: 20,00 
! 39,09 
E ,50 

ELEMENT 

At 
BE 
CO 
CR 
DY 
F£ 
MO 
LA 
MS 
NA 
NI < 
PR 
SC 
SN i 
T8 
TM . 
Y8 

10.00 
£ .50 
i 10.90 
s 10.09 
£ 20,00 

10,00 
i 10,00 
! 10.00 
t ,50 
t 10,00 
! 4,00 
£ 100.00 
£ 1.00 
£ 6,00 
£ 40,00 
t 4,00 
£ 19.00 

ELEMENT 

s.eees 

CONCENTRATION, PPM ELEMENT 

DATE! 6-7-77 
PLATE NO. 77-0*0 

CONCENTRATION, PPM 

8 
SI 
CI 
CS 
EH 
SO 
IN 
LI 
MN 
m 
p 
RS 
SI 
SR 
Tl 
V 
2N 

< 
< 
< 
« 
4 
4 
4 
«_ 
« 
« 
« 

4 

4 

2.00 
2,00 
89.00 
100.90 
6,90 
10,00 
1.99 
1,00 
J.90 
6.90 

100,00 
40,00 
69.09 
49,09 
49,00 
20.00 
S9,99 

OATEI 6»7»?? 
PLATE NO. ?7»940 

CONCENTRATION, PPM 

8 
81 
St „ 
CS 
ER 

eo 
IN 
LI 
MN 
NB 
P 
RB 
SI 
SR 
Tl 
V 
ZN 

2.09 
« 2,00 
4 80.00 
< 109,09 
« 6,00 
< 19.90 
« 1.09 
< 1.90 
4 1,00 
« 6.00 
4 100,09 
4 40.00 

60.00 
« 40,00 

2,00 
« ,50 
4 20,00 

CONCENTRATION 8ASED ON ORSINAL SAMPLE BEFORE DILUTION WITH DILUENT 
> MEANS GREATER THAN 
< MEANS LESS THAN TM£ SENSITIVITYOF THE SPECTROGRAPHIC PROCEDURE USED 
RESULTS ARE CORRECT WITHIN A FACTOR OF 40« » (ONE STANDARD DEVIATION) 



TABLE n-23 
SPECTROCHEMICAL REPORT FOR 2020 SRAPHiJE, LOG 6̂ 84-140 

LAB, NO. A6J44 
SAMPLE! 6484-

ELFMENT 

AG 
BA 
CA 
CO 
CU 
EU 
MF 
K 
LU 
MO 
NO 
PB 
se 
SM 
TA 
TL 
W 
2R 

140-L 3 GRAPHITE 

CONCENTRATION, PPH 

4 ,50 
40.00 
100.00 

< 4,00 
« 1,00 
« 10.00 
« 20.00 

20,00 
4 .50 

« uao 
< 200.00 
4 6,00 
< 8,00 
< 100,00 
< 40,00 
« 20, OO" 
4 *0,00 
4 ,50 

KfPOBT TOl 
PROJECT NO. 322414600^ 

FLEMENT 

AL 
BE 
CO 
CR 
OY 
FE 
HO 
LA 
M& 
NA 
NI 
PR 
SC 
SN 
TB 
TM 
YB 

6 fMfiLt 
DSLUTIONI 

COMCf"'THAT ION, 

ao.oo 
< .50 
< 10.00 
« 10.00 
< 20,00 

?00,00 
< Ifi.00 
« 10,00 

1.00 
« 10.00 
< 4,00 
< 100,00 
« 1,00 
< 6,00 
< 40,00 
« 4,00 
< 10,00 

1.0000 

LAS. NO, 46244 
SAMPLEI 6484-lAO-LlO GRAPHITE 

REPORT TOl 6 £NGLF 
PROJECT NO. 3224146005 DItnTIONi 1,0000 

ELEMENT CONCENTRATION, 

AG 4 ,50 
BA 
CA 
CO < 
CU « 
ru 
MF < 
K 
LU 
wo < 
ND 
P B < 
Sri 
Srt < 
TA 
Tt 
W i 
2R 

40.00 
600,00 

£ 4,00 
E 1,00 
E 10.00 
E 20,00 

20,no 
E ,50 
£ 1.00 
E 200,00 
B 6,00 
E 8.00 
E 100,00 
! 40,00 
E "go". 00̂  
E 40.00 
E .50 

et£MENT 

AL 
SE 
CD 
CR 
OY 
FE 
MU 

LA 
MU 
NA 
Nl 
PR 
SC 
SN 
TB 
TM 
Yfi 

COf jCE'<TRATION, PPM 

400.00 
,50 

10,00 
10.00 
20.00 

200,00 
10.00 
10,no 
l.OO 

10.00 
4.00 

100,00 
1,00 
6.00 
40,PO 
4,on 
IP,00 

CONCE'^TRATION BASFD ON ORIGINAL SA^^PLE qFFiRE PlLUTIuf WITH l̂ILuF̂ r 
> MEANS GREATER THAN 
< HFANS LESS THAN THE SFf'SIT IVITY1F THF SPFCTROSfiAPHIC PROCEOUWF USFH 
RESULTS ARh COHRECT WITHIM A FACTOR OF 40* • (ONE STANJAPP OEviflTIOM) 

DATE! 7-U-77 
PLATE NO. 77-050 

ELEMENT 

B 
Bl 
CE 
CS 
ER 
6D 
IN 
LI 
MN 
NB 
P 
R8 
SI 
SR 
Tl 
V 
ZN 

CONCENTRATION, 

OATEI 
PtAtE 

4 
4 
4 
4 
4 
4 
4 

' <~ 
< 
« 

< 

4 

7-
NO, 

4,00 
2.00 
80,00 
100,00 
6.00 
10,00 
1,00 
l.OO 
1.99 
6.0© 

100,00 
40,00 

209.90 
40,00 
60,00 
20,09 
29^00 

a-77 
77-0S9 

etCMENT CONCENTHATION, PPM 

3 
SI 
C£ 
CS 
ER 
SO 
IN 
tl 
MN 
NB 
P 
RU 
SI 
SR 
Tl 
V 
ZN 

4 
4 
4 
4 
4 
4 

4 
4 
4 
4 

< 

4 

4,00 
2,00 
SO,00 
100,00 
6.00 
10.00 
1,00 
1,00 

20,00 
6.00 

100.00 
40,00 
10,00 
40.00 
60,00 
IT, 00 
20.00 



TABLE 11-23 (Continued) 

LAB, NO. 46?44 
SAMPLE! 6 4 S 4 - l * n - L l 6 GRAPHIIE 

RtPORT TO! 6 FtJGLt 
PPOJFCT NO. 12^4 l45PP5 OILUTIONI 1.0000 

ELEMENT C O N C E K T R A T I O N . 

AS < ,50 
BA 
CA 
CO « 
CU 
EU 
HF < 
K 
LJ < 
M O ' < 
NO . 
PB < 

S3 
SM . 
TA < 

TL 
¥ < 

ZR 

40,00 
200.00 

£ 4.00 
E 1,00 
E 10,00 
£ 29,00 

10,00 
£ ,50 
£ 1.00 
£ 200.00 
E 6,00 
£ 8.00 
E 100.00 
E 40.00 
E " lO'.OO 
E 40.00 
I .50 

F L E M E N T C O N C F N T H A T I O N , 

AL 
BE 
CD . 
CR i 
OY « 
FE 
HO < 
LA < 
M6 
NA < 
Nl 
PR < 
SC 
SN 
TU < 

' TM 
Y8 < 

bO.OO 
.50 

10.00 
£ 10.OP 

20.00 
200,00 

£ 10,00 
£ 10,00 

1.00 
£ 10.00 
! 4,00 
£ 100,00 
£ 1.00 
£ 6.00 
£ 40,00 
t 4,00 
£ 10,90 

, LAS, NO, 46244 
— SAMPLE! 6484-140-L21 GRAPHITE 

°° ELEMENT" CONCENTRATION, PPM 

REPORT TOl S EN6LE 
PROJECT NO. 3224U600S OILUTIONI 1,0900 

AG 
BA 
CA 
CO 
CU 
EU 
MF 
K 
LU 
MO 
NO 
PB 
SW 
SM 
TA 
TL 
w 
ZR 

4 .50 
20.00 

200.00 
4.00 
1.00 

10.00 
20.00 
10.00 

.50 
1.00 

200.00 
6.00 
8,00 

100.00 
40,00 
20,00 
40,00 

.50 

ELEMENT 

AL 

@e 
__ -CD 

CR 
OY 
FE 
MO 
LA 
M6 
NA 
NI 
PR 
SC 
SN 
TB 
TM 
YB 

CONCENTRATION, 

60.00 
4 .50 

< 10,00 
« 10.00 
4 20,00 

200,00 
4 10.00 

< 10,00 
< .50 

< 10,00 

< 4,00 

< 100.PO 

< 1,00 

< 6,00 

< 40.00 
4 4,no 

< io.no 

CONCENTRATION BASED ON ORGINAL SAMPLE 8FF0RF DILUTION WITH DILUF JT 
> MEANS GREATER THAN 
4 MfANS LESS THAN THE SEHSI TIV {TYOF TMg SPECTPObHAPMlc PrfOCEriU»F USFl. 
RESULTS ARE CORRECT WITHIN A FACTOR OF 60* , (ONf STANOASD OfwiATIOK) 

DATfcl 7-11-77 
PLATE NO, 77-050 

ELEMENT CONCENTRATION, PPM 

b 
81 
CE 
CS 
ER 
60 
IN 
LI 
MN 
NB 
P 
Re 
SI 
SR 
Tl 

ir̂  
ZN 

< 
< 
4 
4 
4 
4 
4 

< 
4 
4 
4 

~ 4 

« 

6,00 
2,00 
80,00 
100,00 
6,00 
10,00 
1.00 
1.00 
1.00 
6,90 

100,00 
40,90 

209,99 
40.00 
40,00 
20^.00 
20.00 

DATE! 7-n»77 
PLATE NO. 77-050 

ELEMENT CONCENTRATION, PPM 

8 
SI 
CE 
CS 
£H 
SO 
IN 

LI 
MN 
N8 
P 
KB 
SI 
SR 
Tl 
V 
ZN 

< 
_< 
4 
4 
4 
4 
4 

< 
4 
4 
4 

4 

4 

4,00 
2.00 

80.00 
100.90" 

6,00 
10.00 
1,00 
1,00 
1.00 
6.00 

100,00 
40.00 

200,00 
40,00 
40,00 
20,00 
20,00 

http://io.no


TABLE 11-23 (Continued) 

LA8,_ NO. 46?44 
SAMPLEI 6484-140-L28-6RAPMITE 

REPORT TOt 6 FNGLf 
PROJECT NO. 322414600S DILUTIOMI 

ELEMENT 

AG 
BA 

CU 

lu 
HF 
K 
tu 

CONCENTRATION, PPM 

ND 
PB 
Sd 
SM 

_ f* 
TL 

_K 

_ ^^ 
•7 LAB, NO, 46244 
— SAMPLEI 6484-140-L34 GRAPHITE 
-C-

4 

' 'i~ 
*-

" -*— 

^ ^ 

.50 
40.00 
200,00 
4,00 
1.00 
10,00 
20,00 
10,00 
.50 

1.00 
200,00 
6,00 
8,00 

100,00 
40,00 
20,00 
• 9,00 

,50 

ELEMENT CONCENTRATION, 

AL 
8£ 
CO 
"CR 
DY 
FE 
riO 
LA 
MQ 
NA < 
NI 
PR < 
SC 
SN < 
TB 
TM 
Yg 

20.00 
t .50 
£ 10.00 
£ 10.00 
f 20.00 

200.00 
£ 10.00 
5 10.00 

1,00 
E 10,00 
£ 4,00 
£ 100,00 
! 1,00 
! 6,00 
E 40,00 
t 4.00 
i 10,00 

REPORT TOl 6 FNGLE 
PROJECT NO. 1224146005 OILUTIONI 

ELEMENT C0NC6NTRATJ0N, 

AG < ,50 
RA 
CA 
CO « 
CU < 
EU . 
HF 
K 
LU < 
MO < 
ND < 
PB « 
SB 
SM 
TA « 
TL 
to 4 

ZR 

20,00 
200.00 

£ 4.00 
t 1,00 
I 10.00 
! 20,00 

10.00 
E ,50 
t 1,00 
E ?00,00 
£ 6,00 
E 8,00 
E 100.00 
! 40.00 
t 20,00 
E 40,00 
B ,50 

ELEMENT CONCENTRATION, 

AL 
SE 
CD 
CR 
OY < 
FE 
HO < 
LA 
MS 
NA 
Nl < 
PR i 
SC 
SN i 

Ta 
TM < 
yd < 

20.00 
£ .50 
£ 10,00 
£ 10.00 
£ 20,00 

200,00 
i 10.00 
£ 10.00 

l.no 
10,go 

E 4.00 
( 100,00 
f l.no 
£ 6,00 
t 40.00 
E 4,00 

10.00 

CONCENTRATION dASeu ON ORGINAL SAMPLE "̂ FFOkF DILUTION <s!TH DILUFNT 
» MfA-iS GRfcATER THAN 
< MEANS LESS TfiA>j THt SFNSITI VITVOf TWg SPECTROGRAPHIC PPOCEDURF USFD 
RESULTS A»e CORPErT hiTHIN A FATTER OF 40% f (ONE STANDARD DEVIATION) 

OATEI 7-11-77 
PLATE NO. 77-050 

ELEMENT CONCINTHATSON, P^M 

B 
SI 
CE 
CS 
ER 
Gu 
IN 
LI 
MN 
Ni" 
p 
R8 
SI 
SR 
Tl 

r-
ZN 

« 

4 

4.00 
2,00 
80,00 
109,00 
6,00 
10,00 
1,90 
1,09 
1.90 
6,00 

100,99 
49,90 

209.09 
40.00 
40.00 
29,00 
20,90 

DATEI 7-11-77 
PLATE NO, ?7-0S0 

ELEMENT CONCENTRATION, PPM 

e 
ei 
CE 
CS 
ER 
GO 
IN 
LI 
MN 
NB 
P 
Rff 
SI 
SR 
Tl 
V 
ZN 

« 
« 
4 
4 
4 
4 
4 

4 
4 
4 

4 

4 

4.90 
2,90 

69,00 
100,90 
6,00 
10,00 
1.00 
1.00 
1.90 
6,00 

100.00 
40,00 
200,00 
40.00 
40,00 
?0,6̂ 0 
20.00 



TABLE 11-23 (Continued) 

LAB. NO. 46?44 REPORT TOl G FNGLE 
SAMPLE! 6484-140-L39 GRAPHITE PR̂ ĴFCT Nu, 3224146005 DILUTION! 1.0000 

ENT CONCENTRATION, PPM 

AL 
SE « 
CD 
CH 
OY . 
FE 
HO 
LA 
M6 
NA 
Nl 
PR 
SC 
SN 
T6 
TM < 
Y8 

40,00 
E .50 
£ 10.00 
£ 10,00 
£ 20.00 

200.00 
i 19.00 
! 10,00 

l.OO 
5 10.00 
! 4,00 
: 100.90 
t 1.00 
£ 6.00 
! 40,00 
t 4,00 
s 10,00 

TOl S ENSLE 
SAMPLES 5484-140-L57 QRAPMITE PROJECT NO, 3284146005 DILUTIONS 1,0090 

vn 
° ELEMENT CONCENTRATION, PPM ELEMENT CONCENTRATION. PPM 

AG 4 ,50 
8A 
CA 
CO « 
CU 
EU 
HF , 
K < 
LU 
MO 
ND 
P8 
S9 
SM 
TA 
TL 
k 
7R 

20,00 
200.00 _ 

E 4,00 
£ l.OO 
E 10,00 
£ 20.00 
t 10.00 
t .50 
E 1.00 
E 200,00 
t 6,00 
t 8,00 
« 100,00 
{ 40,00 
S 20,00 
e 40.00 
s .50 

At 

se 
5-9 _ 
CR 
DY 
FE 
HO 
LA 
MG 
NA < 
Nl 
PR 
SC 
SN 
TU 
TM 
YS 

40,00 
£ .50 
£ 10.00 
£ 10,00 
£ 20.00 

200.00 
£ 10.00 
! 10.00 

1.00 
! 10.00 
£ 4,00 
t 100,00 
t 1.00 
£ 6.00 
5 40.00 
t 4.00 
c 10.00 

CONCENTRATION HASeU ON ORGINAL SAMRI £ BFFORE DILUTION WJTH DILUFNT 
> MEANS GREATER THAN 
< JJEANS LESS THAN THE SENSlTlviTYOF THE SPtCTRuGHAPHIC PROCFDURF USEl 
RESULTS APE CORRECT WITHIN A FACTOR OF 40« , (ONE STANÎ ARD DEVIATION) 

ELEMENT CONCENTRATION, P 

AG 4 .50 
9A 
CA 
CO < 
CU . 
EU i 
MF 
K 
LU 
"0 < 
HO i 
PB i 
SB 4 
SM , 
TA . 
TL " « 
W < 
ZR 

20.00 
200,00 

£ 4,00 
E l.no 
£ 10,00 
£ 20,00 

10,00 
£ ,50 
t 1,00 
£ 200,00 
t 6.00 
E 8,00 
E 100,00 
E 40,00 
E 20,00 
! 40.00 
! ,50 

£L£M 

L*8^ NO, 4j62jt4 REPO 

OATEI 7-11-77 
PLATE NO, 77-050 

ELEMENT CONCENTRATION, PPM 

d 
81 
CE 
CS 
EH 
6U 
IN 
LI 
MN 
N8 
p 
RB 
SI 
SR 
Tl 
1*"" 
ZN 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4,00 
2,00 
80,00 
109,00 
6,90 
10.00 
1.00 
S.OO 
1.09 
6,00 

100,00 
49.00 
290.99 
49,00 
40,00 
§9,00 
20,00 

OATEI 7-SI-77 
^L»ti NO, f7-9S0 

"ELEMENT CONCENTRATION, PPM 

B 
Bl « 
CE 
CS < 
ER 
60 
IN . 
LI « 
MN . 

NB < 
p . 
Rd 
SI 

4,00 
£ 2.00 
£ 80.00 
£ 109,00 
£ 6,00 
£ 10.00 
£ 1,00 
! 1,00 
£ l.OO 
£ 6,00 
£ 100,00 
! 40,00 

200,00 
SH 4 40,00 
Tl 
V 

40,00 
20,00 

ZN < 20,00 



TABLE 11-23 (Continued) 

LAB, NO. 46244 REPORT TOl 6 FKGLE 
SAMPLEI 6494-140-L58 ORAPMlTE PROJECT NO. 32241*6005 OILUTIONI l.OOOU 

ELEMFNT CONCENTRATION^ PPM ELEMENT CONCENTRATION, PPM 

AS 
BA 
CA 
CO 
CU 
EU 
HF 
K 
LU 
MO 
ND 
PS 
SS 
SM 
TA 
TL 
w 
2R 

4 

-i 

,50 
20,00 
200.00 

4,00 
L.OO 

19,00 
20,00 
10.00 

.50 
1,00 

209,00 
6,00 
8.00 

100,00 
40,00 
20,00 
40.00 

.so 

AL 
SE < 
CD 
CR 
OY 
FE 
MO < 
LA 
Ma 
NA < 
Nl 
PR 
SC « 
SN < 
TB < 
TN 
vg 

40.00 
t .50 
t 10.00 
£ 10.00 
[ 20,00 

200.00 
£ 10,00 
£ 10,00 

1,00 
E 10,00 
E 4,00 
£ 100.00 
E 1.00 
£ 6.00 
£ 40.00 
E 4.00 
' is.ee 

I L&@, NO, 46244 _ REPORT TOl 6 ENGLE 
-; SAMPLEI S484-140-L64 GRAPHITE PROJFCT NO. 32241460055 OILUTIONI 1,9000 

ELEMENT CONCENTRATION, PPM ELEMENT CONCENTRATION, PPM 

AS 
8A 
CA 
CO 
CU 
EU 
HF 
K 
LU 
MO 
ND 
PB 
S3 
SM 
TA 
TL 
w 
ZR 

4 .50 
20,00 
IJfiilft _ 

< 4,00 
< 1,00 
4 10,00 
< 20,00 
< 10.00 
4 ,50 
4 1,90 
4 200,00 
4 6,00 
4 8,00 
4 100,90 
« 40.00 
4 gff.OO 
< 40,00 
4 ,50 

AL 
BE 
CO 
CR 
OY 
F£ 
HO < 
L* 
MS < 
NA « 
NI 
PR 
SC 
SN . 
TB 
TM 
YB < 

60,00 
£ .50 
£ 10.00 
I 10.00 
E 20.00 

200.00 
£ 10,00 
£ 10.00 
£ .50 
£ 10,80 
£ 4.00 
£ 100,00 
£ 1,00 
£ 6,00 
£ 40,00 
E 4.00 
£ 10,00 

CONCENTRATION BASED ON ORGINAL SAMPI E BFFORE DILUTION »(ITM DILUFNT 
> MEANS GREATER THAN 
« MEANS LESS THAN THE SFNSITiVITYOF THE SPECTROGRAPHIC PROCEDURF USFD 
RESULTS ARE CORBFCT WlTH|N A FACTOR OF 40» , (ONE STANDARD DEVIATION) 

DATEI 7-11-77 
PLATE NO, 77-050 

ELEMENT CONCENTRATION, PPM 

B 
81 
CE 
CS 
ER 
@D 
IN 
LI 
MN 
NB 
P 
RB 
SI 
SR 
Tl 
V 
ZN 

ELEMENT 

B 
B! 
CE 
CS 
ER 
GD 
IN 
L! 
MN 
Nfa 
P 
RB 
SI 
SR 
Tl 

\r 
ZN 

— 

V-

-

DATEI 
PLATE 

« 
4 

4 

4 

4 

4 

4 

4 
4 
4 

4 

4 

< 

7« 
NO. 

4,00 
2,09 
80.99 
109,99 
6.99 
19,00 
1,00 
1.00 
S.99 
6.00 

199,90 
49,90 

200,00 
40,90 
40,90 
20,00 
29,99 

lS-77 
?7»eso 

CONCENTRATION, PPM 

- - -

« 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4,00 
2,00 
80.00 
100,00 
6.00 
10,00 
1,09 
1,99 
4,00 
6,00 

iOO.OO 
40,00 

200,09 
40,00 
40,00 
20,00 
20,00 



TABLE 11-22 (Continued) 

LAB, NO. 46244 
SAMPLE! *4a4-140-L75 G P A P H U F 

REPORT TOt 6 FNGLE 
PROJECT NO, 3??4U6no55 DILUTION! 1,000 

ELEMENT CONCENTRATION, f 

AG < ,50 
BA 
C« 
CO « 
CU < 
EU < 
HF , 
K < 
LU < 
MO < 
NO . 
P8 . 
SB 
SM 
TA 
TL ' '> 
la < 
Zf 

20,00 
100,00 
4,00 

! 1,00 
E 10,00 
E 20,00 
E 10.00 
£ .50 
E 1,00 
£ 200,00 
c 6,00 
! 8,00 
E 100.00 
! 40,00 
t 20.00 
E 40,00 
{ ,60 

ELEMENT CONCENTRATION, 

AL 
SE 
CO i 
CR 
OY < 
FE 
HO < 
LA 
MG 
NA < 
NI 
PR 
SC 
SN 
T8 
TM 
Y8 

20,00 
£ ,50 
£ 10,00 

10.00 
£ 20,00 

200,00 
£ 10.00 
£ 10,no 
E ,50 
£ 10,00 
E 4.00 
t 100.00 
: 1,00 
E 6.00 
S 40,00 
! 4,00 
t 10,00 

I _i?^Jt ^ ' 46S44 
— SAMPLEI 6484-S40-L76 GRAPHITE 

"^ ELEMENT CONCE'NTRATION, pen 

REPORT TOl (5 ENOLE 
PROJECT NO, 3224146005S OILUTIONI 1,000 

ELEMENT CONCENTRATION, PPM 

AS 
BA 
CA 
CO 
CU 
EU 
MF 
K 
LU 
MO 
NO 
PH 
SS 
SM 
TA 
TL 
W 
ZR 

<̂  .50 
20,00 
100,00 
4.00 
1.00 
10,Ou 
20,00 
10,00 

,50 
1,00 

200.00 
6.00 
8.00 

100.00 
40.00 
2'0,00 
40.00 

.5u 

AL 
BE « 
CD 1 
CR 
OY « 
Ffc 
HO 
LA 
M8 
NA 
Ml 
PR 
SC 
SN 
Tb 
TM 
YB 

20.00 
E .50 
£ 10.00 
E 10.00 
£ 20.00 

2ao.no 
£ 10.00 
E 10.00 
! .50 
E 10.00 
i 4,00 
c 100.00 
! 1,00 
! 6,00 
c 40,00 
t 4,00 
! 10.00 

CO'NCENTRATION BASED ON ORGINAL SAMpLf £»EFOPE DILUTION WIT" DILUENT 
> MEANS GREATER THAN 
4 MEANS I ESS THAN THE SFNSITIVITYOF THE SPtCI'^OGRAPHIC PROCEDURF USED 
RESULTS ARE CORRECT wiTHIN A FACTOR OF 40» , <0^F STANUARD DEVIATION) 

DATEI 7-11-77 
PLATE NO. 77-050 

ELEMENT CONCENTRATION, PPM 

8 
81 
CE 
CS 
ER 
60 
IN 
LI 
MN 
NB 
P 
R8 
SI 
SR 
Tl 
V 
ZN 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4.00 
2.00 
80.00 
100,00 
6,00 
10.00 
S.OO 
S.OO 
S.OO 
6.00 

100,00 
40.00 
299.00 
40.00 
40.00 
20,00 
20,00 

DATES 7-SI-77 
PLAT"t NO, 77-050 

ELEMENT "" CONCENTRATION, PPM 

8 
SI 
CE 
CS 
ER 
eo 
IN 
LI 
MN 
NB 
p 
RB 
SI 
SR 
Tl 
V 
2N 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

4 

4 

4,00 
2,00 
80,00 
109.00 
6.00 
10.00 
1.00 
S.OO 
S.OO 
6.00 

100,00 
40,00 
200,00 
40,00 
49,00 
20,00 
20,09 

http://2ao.no


TABLE n-23 (Continued) 

LAB, NO, 46244 
SAMPLE! 6484-140-Le2 GRAPHITE 

REPORT TOl e FNGLt 
PROJECT NO, 32241466055 OILUTIONI 1.0000 

ELEMENT CONCE^ JTPATION, PPM 

*S < „.50 
8A 
CA „ , _ 
CO « 
eg 
EU < 
HF 4 
K • < 
LU 
MO . 
ND < 
P8 < 
SB < 
SM i 
TA 
TL . 
W < 
?R 

20,00 
. .190,00 
E 4,00 
B 1.00 
E 10.00 
E 20.00 
t 10.00 
E ,50 
E 1,00 
; 200.00 
E 5,00 
E 8,00 
£ 100,00 
s 40,00 
E" 20,"00 
! 40,00 
5 ,50 

ELEMENT CONCENTRATION, 

At 
BE 
CO 

"CR 
OY < 
FE 
MO < 
tA 
M6 < 
NA 
Nl 
PR 
SC 
SN 
TB 
TM < 
Y8 

60.00 
! ,50 
t 10,00 

10,00 
£ 20.00 

200,00 
£ 10,ao 
( 10.00 
£ .50 
£ "S9,00 
E 4.00 
£ 100.00 
! 1.00 
E 6,00 
E 40.00 
B 4,00 
! 19,09 

LAB, NO. 46244 
SAMPLEI 6484-140-L93 GRAPHITE 

ELEMENT CONCENTRATION, PPM 

AS < ^ _ ,50 
BA 20,00 
CA. _. 190.00 
CO 4 4,00 
CU 4_ 1,00 
EU " 4 10,00 
HF 4 20,00 
K 4 10,00 
LU < ,50 
MO < 1,00 
NO « 200,00 
OB « 6,00 
S8 4 8,00 
SM < 100.00 
TA _ 4__ 4_0.00 
TL " 4 20'ioo' 
w « 40.00 
ZR 4 ,50 

REPORT TOl 6 EN6LE 
PROJECT NO, 3224U600S5 OILUTIONI 1.0000 

ELEMENT CONCENTRATION, 

AL 
8£ 

. CO 
CR 
DY « 
FE 
MO 
LA 
«6 < 
NA 
N! 
PR . 
SC 
SN 
TB < 
TM 
YB < 

20.00 
£ ,50 
£ 10,00 
£ 10.00 

20.00 
200.00 

£ 10,00 
£ 10,00 
£ .50 
£ 10,00 
£ 4.00 
£ 100.00 
£ 1.00 
t 6.00 
£ 40,00 
£ 4,0u 
! 10.00 

ELEMENT 

B 
Bl 
CE 

"̂"cs -
ER 
GO 
IN 
LI 
MN 

— m— 
p 
RB 
SI 
SR 
Tl _-_ _-

2N 

ELEMENT 

8 
Bl 
CE 

""CS 
ER 
SO 
IN 
Li 
MN 
NB 
P 
Re 
SI 
SR 
Tl 
V 
ZN 

DATEI 7-11-77 
PLATE NO, 77-050 

CONCENTRATION, PPM 

DATEI 7-11-TT 
^LATE NO, 77-080 

CONCENTRATION, PPN 

4.90 
2,00 

_80,00 
100,90 
6.00 
19,00 
l.OO 
1,00 
l.OO 
6.00 

100,00 
40.00 

200,00 
40.00 
40.00 
20,00 
20,00 

CONCFNTHATICN BASED ON ORGINAl SA»»PLE BEFORE DILUTION WITH OILUFNT 
> MEANS GREATER THAN 
4 MEANS LESS THAM THE SENSITIVITYOF THE SPECTROGRAPHIC PftOCEUOPF USED 
RESULTS ARE CORRECT wlTHIN A FACTOR OF 40* , (ONfc STANDARD OEVIaTION) 



TABLE 11-23 (Continued) 

LAB. NO. 46?44 
SAMPLEI 64e4-l40-Llll GRAPHITE 

REPORT TOl G FNGLE 
PROJFCT NO, 32241460055 OILUTIONI l.OOOO 

E L E K E N T 

AG 
BA 

<:_A 
CO 

EU 
HF 
K ' 

...LU, 
MO 
ND 
PS 

..S.B_, 

CONCENTRATION, PPM 

. 5 0 
2 0 . 0 0 

100,0_0 
4,01) 
L.OO 

SM 
_ . _ _ TA. 

k) 
_ " ZR 

T _ LA8 . NO. 462 *4^ 
— S " A M P L 1 I 6 4 8 4 - l « b - L 129" 

10 
20 
10 

i 
200 
6 
8 

.00 
00 
00 
50 
00 
00 
• 00 
00 

100.00 
40 ,00 
2 0 , 6 6 
40 ,00 

,50 

ELEMENT CONCENTRATION, PPM 

AL 
BE 
CO 
CH . 
DY « 
FE 
HO 
LA 
MS 

"̂ NA 
Nl 
PR < 
SC 
SN 
TB 
TM 
Y6 

40.00 
£ .50 
£ IP.00 
£ 10.00 
E 20,00 

200.00 
c 10.00 
£ 10.00 
I .50 
C 10,00 
B 4.00 
C 100.00 
E S.OO 
( 6,00 
t 40,00 
! 4.00 
E 10.00 

_ REPORT TOl 6 ENSLE 
PROJECT NO. 3224U6005S OILUTIONI 1.9000 

ELEMENT CONCEMTRAflON, pPM EtEMENT CONCENTRATION, PP(-> 

AG 
BA 
CA. 
CO 
CU 
EU 
HF 
K 
tU 
MO 
ND 
PS 
SB 
SM 
T« 
Tt 
w 
2R 

< ,50 
20,00 
100,00 

<! 4,00 
4 1.00 
< 10.00 
« 20,00 
4 10,00 
4 ,50 
4 1,00 
4 200,00 
< 6,00 
4 8,00 
4 100,00 
4 40.00 
4 ^20.00 ' 
< 40.00 
4 .50 

At 
8£ 
CD 
CR 
OY 
FE 
HO 
tA 
MG 
NA 
Nl 
BR 
SC 
SN 
TB 
TM 
YS 

20,00 
.50 

10,J)0 
io'.oo 
20.00 
200.00 
10.00 
10,00 
,50 

10,00 
4,00 

100.00 
1.00 
6,00 
40.no 
4,00 
10.00 

CONCENTRATION BASFD ON ORGINAL SAMPLE RFFORE DILUTION WITH DILUENT 
> MEANS "GREATER THAN 
< ^EANS LES5 THAN THE SEMSIT1VITYOF THE SPECr»06RAPhIC PROCEOURF USED 
RESULTS ARE CORRECT WITHIN A FACTOR OF 40« , (ONE STANO«KP D£VIATIO'>I) 

DATEI 7-11-77 
PLATE NO, 77-050 

ELEMENT CONCENTRATION, PPM 

B 
Bl 
CE 
CS 
ER 
60 
IN 
tl 
MN 
NB 
P 
RB 
SI 

" SR "" " 
T! 
V 
IN 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

" 
4 

6,00 
2,00 
80,00 
100.00 
6.09 
19.90 
1,00 
1,00 

60.00 
6,00 

100.00 
40.00 

200.09 
49,00 
40,00 
20,00 
20,00 

DATEI 7-1S-77 
PtAte NO. 77-010 

ELEMENT CdNCE"NTRATIW, P(*M 

3 
81 "" 4 
CE 4 
CS 4 
ER 4 
60 < 
IN < 
LI 4 
MN 4 
NU « 
p < 
RB 4 
SI 
SR 4 
Tl 

• • • » 

7N 4 

6,00 
2.00 
80.00 
SOO.OO 
6,99 
19,90 
1,00 
1,00 
1.00 
6,00 

100,00 
49,00 

200,00 
40,00 
40.00 
29.00 
20,00 

http://40.no


TABLE 11-24 

FATIQUf T%ST'̂  Ow H-451 GHAPHlTfc 

IW'^AulATEO I N CAPSi'U-S 0 « « » | | l^ A .̂n 3 

LOT "̂ .'01 2 6 ^ LU^ MUl ' i ^S l^a f l 
Ok | r» jTA| |UNj A<I«i. LOCATIOfJI MXnLfe*>î il M«.CE^!T€R 
TE-MPFf^ATUHEs y00.«9?0 C F L U E N C E S H,b«t"^f' '^b N/H»«ig 

CUNTWUL TFJ^'SILf f tSTS 

' E C l ' ^ E n 

F - O I A 
F - O i A 

i- " 0 ? A 
F - n 9 * 
F « ] l A 
F « U A 
F « | b A 
F - I ?& 
r » l 9 f l 

1 NU» 

••A^i^fit 

OFf-^SlTY 

,QO(j 

t 0 0 c 
« (5 0 0 
»uOU 
« 0 0 0 
9 u O u 

, ! ) o a 
«(iOU 
« 0 0 0 
« 0 0 u 

9 f > 0 U 

u | A » 
JMHI 

5 « 0 P 
5 * 0 6 
S»OT 

51.07 
5 » 0 8 
S „ O f l 
S»OB 
b , u f i 
5 , 0 6 
b „ 0 . 3 

FMACTUHE 
LOAD iKp) 

»3T 
«4<» 
t 3 T 
« * J 
8 * 6 
«* f t 
» 4 ^ 
®Jd 
»3T 
» 4 l 

MFL A N | 

T t N S I U t STHf .N6f ( - i 
? M P A ) 

i y » 4 
2 U H 
l « « S 
2 i » J 
? 2 # 6 
? ? « « 
?(>»B 
! 7 « 4 
l ^ t * ^ 
«?0»4 

? 0 * H M H A 

STIU iJtVI ^«««* STU. nEvi igV MFA 
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TABLE n-25 

PATXGUt TtSTS ON H«a5l GR&PHiTt 

IWR&UlATtO I^ CAPSULtS OG»U if A^O 3 

LOT NUi gfeb LUG NDl S«3SI-»̂ R 
r f^' I feNTATltiNi AXI41 LfJCATlUNf M l n t F NGjH^CtUTE R 
TfeMPERATU^Ei 900-970 C ^'lUtNCfi d«5*fXP?5 N/M**g 

S T « t s S WATItJj R ( H I N ^ STRtSS / ^kX^ S T R E S S H " K O 

.^^ 'ECl '^E '^ Mr 

» i > n 9 « 8 B ) 8 B O T f i V » ^ a 

F « O i B 
F » J 2 « 
F « o a H 
F«10>-
F » l f e B 
F « 2 0 H 
F « 1 0»^ 

F» ( )9B 
f » 0 6 B 
F wOaA 
F » o ^ p 
F « i J B 
F « I U 4 
F « i l o A 
F » 1 9 H 
F « O b * 
F » 1 S « 
F . i ^ & 
F » t a A 
F » t U B 
F - g l H 

F « 0 ^ « 
F « 0 » 4 

F » t l H 
F«.2l)6 
F » l / H 
F « i a A 
F « 2 J & 
F-OSR 

"» n t f ^ S l T v 
( M G / H * * 3 5 

»oou 
«ooo 
«v)00 
t u 0 0 
, 0 0 0 
, y 0 Q 
, 0 0 u 
« 0 0 n 
. ( t o o 
» uOO 
, 0 0 0 

«ooo 
»00U 
«CJOO 
»00 f j 
«aou 
tUOU 
i i^OU 
e '̂» 0 0 
. 0 0 0 
» 0 0 0 
, 0 f̂  0 
. 0 0 0 

a UOO 
, 0 0 0 
« 0 0 ( l 
. 9 0 0 
t a o o 
, U 0 0 

^ A ) ( , 
STRESS 
( H P & ) 

ul? 
1 « , 0 

l«J 
1^.1 
H . t 

u,l 
j u . a 

l ? , 5 
t f c , 0 
IhA 
1*^,1 
l « ? , t 
1 6 , 1 
l f e , 3 
5 ^ « « 
1 7 , ^ 
1 8 , 1 
| f * , l 

n,l 
i « . a 
IWa'J 
1 8 , 7 
!«? ,£ 
i « 3 , a 

i^,s 
1 9 , 5 
2 0 J 

2 0 , 1 
a n , 2 

>a>»aawas»«i8 

H I N , 
§ T « t S S 
CMPA3 

» 1 H , « 

» t « . a 
» ! « , ? 
- t " , l 
« H , 2 

- 1 3 « 7 
« 1 « , 6 
« 2 0 , 1 
" l b , ? 
" 1 5 , i i 
» ! 6 , 2 
» ! & , « 
» l f e , ? 
" 1 7 , ? 
- 1 7 , ? 
» 1 7 , 0 

« l « » 1 
» J 8 , 7 
« 1 8 , 1 
» t 7 , < S 
" • t ? , * ? 
« 2 0 , l ^ 
« i u , l 
« . j 9gQ 

«ao,i 
« 1 9 , U 

» l ^ , a 
« g 2 , 1 
" 2 0 , ? 

< 1 
8«? 

> ! 0 1 i O O 
> l ( } b ? U O 
> i n | i o o 
> 1 J 5 2 0 0 

58 

< ! 
> 1 1 3 3 0 0 

>H^aoyo 
> | 0 b 6 a o 

36 
>n J^i'o 
> l ? 3 0 0 o 

2 0 0 
5<?2P 

>10«?500 
SB? 

2a 
8 

JS 
< 1 
< 1 

5 
7S 

< 1 

a 
5 5 7 

7fc 

r n F& iLUK 'E 

CF IHST C Y C L t ) 

(PUMOUT) 
( « U N 0 U T ) 
(RUNOUT) 
(RUNOUT) 

( F I R S T C V C L t ) 
( R u ^ n u T ) 
(RUNOUT) 
(RUNOUT) 

(RUNOUT) 
f R U ^ n u T ) 

(RUNOUT) 

( F I R S T C Y C t t ) 
( F I R S T CVCLfc) 

( F I H S T C V C t E ) 
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TABLE 11-26 

FATlRUfc TESTS OM M"'45l GRAPHITL 

tOT NiJI iJOB 
H R I E N T A t l U N l W A O T A L 

LOG NQs SeSl-'^O 
lUCATIONi QUAf^TfeW-LtNGTH LOGL 

CUNT^^UL TtNSiLt Tf.,STS 

SPEc IH fcN K O , 

1 0 I A 
l O j A 
lOb& 
10 7 A 
I 0 9 A 

11 l A 
I 1 i A 
l ! 5 A 
l ! 7 A 
l i 9 A 
1 ^ | A 
l c ' 3A 
l 2 b A 
127A 
l ^ 9 A 
1 J i A 
133A 

l 5 b A 
1 J ? l 
l 3 9 A 
1 4 1 4 
i « i A 
l ^ S A 

H I A 
i a 9 A 
l 5 i A 
i S b A 
1 5 7 4 

l 5 9 A 

MEAN| 

0£ ' ^S1TY 

ft ese I S (SB 89 ^ n B» nn en es a , 
P (B» WR 'Rr BHF W " Se wS vSi wS S 

1 ,7a2 
l , / u 3 
1 « 7 i iU 
K 7 4 9 
I « 7 a « 
I « 7 <4 b 
K 7 '4 0 
! . 7 M | 

U 7 ? 2 
1 , fau 
K 7 a i 
U 7 5 J 
1 . 7U« 
U 7 a 7 
1 . 7 ^ 7 

i . 7 3 o 
1.7ao 
U 7 2 8 
U7t fe 
U 7 1 9 
1,73a 
1^736 
U73Q 
l«73*9 
U 7 32 
1.736 

u m 
1,789 
1.730 

U 7 « l 

DIA, 
( M M ) 

mm^m^mmm 

ii^lQ 
1 2 , 7 0 
1 2 , 7 . 3 

1 2 , 7 0 
! ^ , 7 0 
U , 7 0 
li.70 
1 ^ , 7 0 
i ia,7o 
1 «e, 7 0 
12,71 
li.T) 
M^b'i 
12,70 
12,fe3 
1^,71 
1^,70 
1^,70 
l^,fe5 
1 e\ 7 t 
1 2 , 7 0 
1 ^ , 7 0 

ia,7o 
12,70 
12,71 
12,71 
12,7a 
12,70 

F H A C T U R £ 

L l 'A f ) ( K N ) 

""^"IsT" 
l,8@ 
U 0 3 
U S 8 
U5fe 
1,50 
1,59 
1,55 
u^o 
1 , 8 0 
U 7 1 
1 , 0 9 

us t 
U a 7 
1 , 7 0 

us^ 
U@fe 
1,43 
1 , 7 0 
i t S ? 
1 , 7 6 

i.n 
1 , 8 5 
U4S8 
1 , 7 5 
2.afe 
2 , 1 8 
2 , 5 3 

2 , 2 8 

HEANf 

T tNvSILE STPt^^GTH 
( M P A ) 

"""'""in̂  ^ 
1«,8 
12,9 
12,5 
12 ,3 
U , 8 
12 ,d 
12,2 
15,0 
H , 2 
l i , 5 
1 3 , 3 
1 0 , 3 
U , 6 
13.<4 
1 5 , 1 
l « t 7 

l U J 
13,a 
i a , 6 
t ' ^ e U 
i a , o 
l & « © 

1 U 7 
13,8 
19,« 
17 ,2 
20 ,0 
18,0 

13,9 MPA 
C 2 0 2 U P S n 

STO, DEVI ,UU STD, DEVI 2,5 MPA 
C J35,PSn 
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TABLE 11-27 

FATiGUE TtST«! Of, H - ' J S I GR&PNITE 

LOT Hot auA 

ORIfc^TATIUNi KAUUL 

STRESS R A T I , ! , ft ( M ] N . STRE 

( M & / M * * ! ) STPg^SS 

O S H t 
« i B i 
3 5 H t 
2 ' j « 1 
! i H 1 
5^A I 
=^06 I 
| 6 A 1 
a9R 1 
a i » 1 
i^bA t 
t « H 1 

q 6 4 1 
Q•4^ I 

I I H 1 
3«i4 1 

3eA I 
5 9 H 1 
SelA 1 
a«4& 1 
37R I 
0«i4 1 

?SP 1 
ajTB 1 

a o 4 1 
17H 1 
a s H 1 
iOA 1 
S-sh 1 
3£A 1 
07B 1 
31R 1 
2>?B 1 
2 2 f i 1 
l i l A ! 
01F« 1 
t&A 1 
1 5 B 1 
a&A I 
08A 1 

. / « f e 
, 7 3 ^ 
,7-^'^ 
. 7 4 1 
. 7 ' ; ( . 
. 7 ^ 3 
. 7-i9 
.74 )7 
. 7 1 9 1 
, 7 a a 
. 7 j v 
, 7 ' J 7 1 
. 7 1 ? 1 
, 7 1 & ] 

, 7 ' ? 4 1 
. 7 ? S 1 
, 7 a u ^ 
. /?<5 i 
. 7 1 i 1 
, 7 ? a ] 
. 7 -?3 
. 7 < i « 
, 7S4 | 1 
. 7 « 1 1 
, 7 1 « ! 

. 7 ! i 
, 7 y Q 1 

, 7 5 5 
. 7 3 1 

. 7 ? 4 l 

.7<40 1 

. 7 ? 5 j 

. 7 4 6 
, 7 « 4 

. 7 4 7 
, 7 4 9 

, 7 S 3 
. 7 3 8 
, 7 a i 
. 7 ^ 3 

« . 6 
6 . 7 
*>.« 
P . H 

H . « 
f » , f 
P . f l 
H . 8 

r^ .J 
C . I 
C . 3 
0 . 1 

I ' . 3 
0 . 3 
o . ' J 
f^,*^ 
0 . 7 
1 . 2 
i . - ^ 

1 . ? 
M . ^ 
M . 2 

1 , H 
H . ^ 

1 . ^ 
l ? , « 
? , o 
J ' . o 
? . o 

l ? . t 

I ? . " 3 
? . « 

l ? , « 
?.«? 

l ? , « 
1 3 , 3 
13 . - ^ 
1 3 . 7 

l-'.y 
l i i . O 

LOG NQf I f cS I -SO 
L O r A T I U N ! QUARTfcR-LtNGTH EDGE 

SS / MAX. STPkSS) ! - t . O 

• ' I W , 
S t t ^ t S a 

- ^ , 7 
» 8 , 8 
- e , 7 
« f i , f j 

- e . p 
» f l , ^ 

» Q . O 
" ! 0 , 1 

- 1 0 . 5 
« .9 , t? 

« 1 0 . f t 
- 1 0 . 7 
" t 0 . 0 
» 5 0 , ^ 
- l u . a 
- t 3 , 7 

" l t . ^ 
- 1 1 . 3 
"U,? 
- 1 1 , ? 

. 0 
" 1 4 . 2 

" 1 1 . f * 

»u,» 
- U . t e 
«" J 2.1) 
- l ? . o 

« 1 ? , '> 
- 1 ; » . 0 
- ia,«» 
" t i ,<3 
- ! ? . « ? 
- t ? . ! ? 
- ! ? . « ? 
« 1 1 . 3 
" 1 3 . ' ? 
- 1 1 , 7 
- 1'-» , 0 
- l « , 0 

C Y C L f S TLi F A I L U R E 

> } 1 0 7 0 0 
^ 1 0 9 0 0 0 
> 1 0 7 8 0 0 

> iO(^%00 
"Sl-ioOOO 
> 1 ' ^ 7 7 ( i 0 
>10<^100 
> 1 0 u 1 0 0 
> 1 ' ) 1 ' ) U 0 

P l S O i l 
fcOO 

>10^ ' iO ' - , 
> I 0 1« 0 0 

?as 
^ t U 1 7 0 U 
^ 1 

M 7 7 0 0 
^ 1 0 7 1 0 0 
^ 1 I I ^ O O 
^ j O O l 0 0 

< 1 
€ 1 

i t s 
1 0 0 0 

IB 
Ml 
a 5 6 

>toaaoo 
> 1 0 7 9 0 0 

3 
< 1 

5 7 
17 

5 

1 
€ 1 

1 
1 
7 

(RUNOUT) 
(RU ' - i nuT ) 
( P U N H U T ) 
(RUt ' -OuT) 
(HU^ 'DUT) 
( k U N O U T ) 

( i ^ i i N L U T ) 
fRUNOUT) 
(H l lU r U T ) 
(SUf ' ^nuT) 

c^u ^nuT5 
fRUNOUT) 

f R U N f U T ) 
( F j i ^ s r c r c L t ^ 

(PUNOUT) 
(kUfviOUT) 
f W U N n u T ) 

( F I R S T C V C L E ) 
( F I R S T C V C L t ) 

(RUi^tOUT) 
(RiJMOUT) 

( F l f ^ S T C Y C L I ) 

( F I K S T C Y C L E ) 
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