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COMPUTER CODE ABSTRACT 

1. Codfi. PEBBLE, ORNL Version 1 (1980).1 

2. Problem. The two-dimensional (RZ) steady-state pebble bed reactor 

theraal hydraulics probI en. 

3. Method. A relatively straight forward accelerated Iterative procedure 
2 Is used to solve the coolant thermal hydraulics problen cast In 

the strean function form as a mesh-edgepoint finite-difference repre

sentation. 

4. Related Material. This code Is used in the local nodular code systen 

for reactor analysis providing Interfacing with the VENTURE diffusion 

theory neutronIcs code and associated capability for calculating 
4 reactor histories. 

5. Restrictions. With variably dimensioned data arrays, problen size Is 

only United to available computer memory without provision for data 

transfer during iteration; typically the thermal hydraulics problen 

requires less computer time than the neutron Ics problen but requires 

as much If not more computer memory. This code Is a member of a 

modular code system and cannot operate in a stand alone node. 

6. rvTp..+«r«_ IBM 360, 370, 303X series. 

7. Running Time. A 37 x 34 mesh point problem required 32K program and 

105K data (double precision), 137K short word total, and required 0.81 

minutes processor time, 2.6 minutes clock time on an IBM 3033 two-

processor muItl-tasking machine. 
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8. PrryraMing language. Fortran (sove service tasks done In assembly 

language). 

9. Qp«r»rHnfl Systa«. IBM OS 303X under HASP II Multitasking* compiler 
OS 37C Fortran H Extended (Enhanced), Version 1.3.0, Optimization 
Level 3. 

10. ifarhino rnQn11najm11 Typically 7 disc files are used and 150K short 
words memory, but the Memory requirement depends directly on the 
problem size (mesh points); the code system operates under a resident 
driver and Managing control Module. Codes do not read Input data froM 
the streaM but only process Interface data files admitting free ordering 
and loop structures. 

11. Author.. 0. R. Vondy 
Engineering Physics Division 

Box X, Oak Ridge, TN 
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13. Material Aval labia. The source program and this documenting report 

are to be placed In the DOE National Energy Software center with the 

other codes In this system for distribution. The code consists of 

about 6,0C0 source cards. 
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INTRODUCTION 

A reactor core thermal hydraulics calculation Is a key component of 

basic reactor analysis. It extends the assessment of power density peaking 

to assessment of temperature peaking* an essential enhancement for reliable 

analysts* for both comparative and absolute evaluation. Temperature 

feedback Is a further Increase In the level of sophistication that should 

Increase the reliability of usual analysis and enhance the capability to 

examine reactivity effects Important In stability and sensitivity effort. 

The two-dimensional thermal hydraul Ic code PEBBLE was written 

originally as a Dissertation at Colorado State University by K. R. Stroh 

of LANL. The effort came after that In Germany done to support development 

of the pebble bed reactor concept. The German effort at KFA by K. 
2 Petersen has yet to be formal ly documented and the code In use there Is 

not available. Additional effort under T. E. Mart by J. Jones and others 

at TE(T under ORM contract was done to Incorporate the PEBBLE code Into 
4 our local computation system for reactor core analysts* and to Incorporate 

the capability to calculate pebble temperature distributions with account 

of the effect of the temperature and the neutron exposure history on the 

thermal conductivity. 

The purpose of the effort reported here was to convert this program 

from an experimental one to a production tool that can be used routinely by 

the nuclear engineer having oniy casual Interest In the details* and to 

document the contents and the use requirements. This report Is the code 

documentation. Tfw local version of the code Is quite different from the 
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version received and will not operate In a stand alone mode. It Is now a 

module of the local computation system for reactor core analysis, obtaining 

data selectively from the Interface files Including instructions without 

acquiring data directly from the user Input data file* and generating a 

file of temperature data for temperature feedback, and also saving results 

that can be recovered. Complete revision of the calculatlonal procedures 

causes past experience with the code not to be applicable. 

5-13 The primary sources of the programmed equations are referenced. 

The basic formulation Involves finite-difference representations of the 

stream function form of the fluid flow differential equation, the bulk 

fluid temperature equation, the pebble surface temperature equation, and 

the pressure equation. These coupled equations are solved by an Iterative 

procecure. 

From available Information, namely results of calculations done at 

KFA, +here appeared to be serious doubt that accurate results could be 

produced with a coarse grid of mesh points. There are two possible sources 

of major discrepancies: the fluid flow modeling and the power density 

Information. The commitment was made In this effort to use the same 

geometric d I script Ion used by the neutron I cs code. Whereas one may 

typically use 5 radial zones and 12 axial zones tn the core for exposure 

(60 locations of different nuclide concentrations, although many more would 

be possible), a typical mesh may be 30 radial by 40 axial within the core 

(1200 locations of different power densities). Since the top and bottom 

and radial reflector can be eliminated for the hydraulIcs calculation, It 

always Involves fewer mesh points than the neutron Ics code and Is not 
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expected to cost any more to solve (being neither multi-group nor 

eigenvalue type, although the equations are somewhat wore complicated.) 

Thus the code obtains the geometric description from the same file 

used by the neutronlcs code. Fully compatible with this file Is the file 

of point power densities when made available, and this file Is used when 

available. For treating the general case of multiple pebble passes, a 

different power density file Is required for calculating pebble 

temperatures. The table below summarizes the use of power density data: 

Priority for Use 
Where Power Density — — — — — — — — — — -

File Name Written Contents Hydraulics Pebble Temperatures 

PWDINT Neutronlcs By Mesh point 1 2 

ZNPOWD Exposure8 By Zone/Subzone 2 1 
(Neutronlcs) (By Zone Only) 

*The neutronlcs code does not have power density data available on the 
subzone subscale (a zone contains one or more subzones) and the exposure 
code knows nothing of the mesh but does place volume fraction data In the 
power density file. 

The code uses vhe high energy neutron flux oxposure data generated by 

the exposure code for determining the effect on thermal conductivity (and 

temperature depen^snce). 

Instructions to the code are ful ly contained In a single record of 100 

numbers and 100 Integers In accordance with Hie computation system 

requirements, these Instructions being easily supplied and subject to 

revision along the course of e calculation, "ire code can be accessed one 

or more times along a calculatlcnal path. 
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The code generates r pebble temperature file (by zone and the subzone 
subscale) for feedback. 

The following basic enhancements were made In this effort: 

1. The code was reprogrammed. 

2. The difference equations were changed to enhance rel labll Ity. 

3. The Iterative solution process was thoroughly revised and 
acceleration procecures added. 

4. Flexibility was added regarding the use of power density data -
Instead of requiring both the point power density data and the zone and 
optionally the subzone average power densities (granted to be desirable), 
both May be used, or either. (Basically the hydraulics Is done using the 
point power density data and the pebble temperature calculations using 
averaged data on a different scale that admits treating multiple pebble 
passes.) 

5. A separate one-dimensional calculation was made compatible. 

6. Flexibility was added regarding the treatment of the dependence of 
thermal conductivity on the exposure, temperature history to either follow 
the pebble flow or to consider fixed fuel elements. 

?. Considerable effort went Into additions to make this a production 
code rather than a stand-alone research tool — for example, If at all 
possible a calculation Is done (If not, a reason Is given, and normal 

system termination should occur - not overflow, underflow, or blind exit). 
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and Major user difficulties were el Initiated. As an example, the code 
determines the core boundaries from the power density data without being 
told. 

8. Certain technical enhancements were added such as extending the 
solution to the problem boundaries. Improving the Inner wall boundary 
condition for the annular core problem, providing Improved problem 
Initial Izatlon, and reporting supplemental results such as the power 
weighted pebble average temperature. 

9. Some effort has been expended In making this code a true member of 
the modular computation system - It does not read Input data but does 
properly Interface with other modules, and carries out tasks In accordance 
with Instructions. 

10. Saving of results and subsequent recovery has enhanced the 
capabllIty. 

11. Override capability was Implemented to allow much of the built-in 
data to be changed by a user If so desired. 

12. Optional equations are Incorporated to support application to the 
prismatic core with coolant flow through holes. 

As received, the solution procedure closely followed the suggestions 
given In Ref. 5 from finite difference thermal hydraulic application 
experience of the early 1960s. It Is noted that during much of This effort 
the "forward-difference" equation option (for only the bulk temperature, 
not the other primary variables) was retained. Eventually It was decided 
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despite warnings regarding experience with non-convergence (programmed 
message and also In the above reference and In references In the latter), 
to drop this rather inferior form since It Is not as accurate as the 
"central difference" method. Actually a somewhat modified form of central 
difference formulation Is used. It does appear that recommendations from 
limited experience In the rather distant past have likely been followed In 
appl Icatlon efforts. Such bl Ind trust of course may we I I expedite effort, 
and this Is good. Every methods developer should no+ have to reinvent the 
wheel. The propagation cf techniques that are based on assumptions and 
limited test results Is, however, very unfortunate. Documentation of 
methods testing Is poor. 

IMPLEMENTATION NOTES 

Where does the time go In such effort? Much of It goes Into searching 
for a discrepancy or Inconsistency on one of the 6,000 Fortran source 
cards, especially those caused by revisions. But then, given that remote 
access to the computer has been available only about 50 percent of the time 
(new computers and operating systems and poor operation), that system 
messages leave much to be desired for error tracing (0C0 stop means 
Information access was attempted outside of the available memory, or any of 
several other things), and that another's programming Is alien (why did he 
decide to take this action at this point rather than other action 
elsewhere), the speed of the game Is naturally slow. 
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The objective of this effort was to make available a rel lable two-
dimensional thermal hydraulics capability In the loc&l reactor core 
analysis computation system. Of primary Interest was the treatment of the 
graphite moderated core containing spherical fuel pebbles In some degree of 
random packing and cooled by helium gas having vertical flow. User Input 
requirements were to be minimized to reduce errors; for example, the 
neutronIcs geometric description was to be used providing a mesh point 
layout avoiding the redundacy of a second description, and the code was to 
dete-mlne the boundaries of the active core to establish the exlent of the 
gas fiow. In this way a simple set of Input data Instructions would serve 
a wide variety of applications; survey calculations could be done at 
minimum user burden with a high reliability of problem description. 

A significant Impact on this effort came from the wide class of 
problems to be treated. Not only could there be more than one pebble type 
at any location (six for a simple model of the German THTR reactor with a 
reference fuel management scheme of pebble recycle, six passes without 
reprocessing), but the data available could take any of several forms. The 
Intent was to use the neutronIcs point power density distribution and 
geometric description that goes with It for the heat source, but also allow 
zone-averaged data to be used If that Is a11 that Is made available. 

The code Is used In load module form unavailable to the user In source 
deck form thereby effecting high quality assurance In application. 
However, for routine use of such a code It Is necessary to Invest 
considerable effort to overcome minor difficulties that can cause an abort 
or ridiculous results (although this Is of course always possible), to 



proof the coding* and to produce adequate Information to support 

application Including Input error debugging. Perhaps even more effort nay 

be required, however, for the code sponsor, guardian ot cognizant and 

responsible engineer to gain confidence In the contents of an alten code to 

consider any reported results to have a high level of quality assurance, 

especially results produced by the casual code system usei. Since 

originators of thermal hydraulics codes often build in data that can not be 

changed In serious application, revisions are necessary to allow extensive 

data substitution for effective use on a production basis without the 

Involvement of the originator or coding changes. 

This code presented a number of headaches. Storage requirements for 

containing realistic problems in memory are severe, especially In double 

precision, requiring compaction of the data storage and multiple use 

(double allocation). The use of many subroutines to perform trivial 

functions Is not efficient; the original 49 routines were reduced to 2\, 

The thermal hydraulics Iterative calculation was a morass of redundant 

operations that Invited thorough revision, yet this had to be done in 

pieces to avoid total disruption. Common practice in such engineering 

fields as thermal hydraulics Is the incorporation of da'.a In a program 

wherever needed. Throwing two programs together resulted In two sets of 

thermal hydraulics data that was worse than merely redundant, they were In 

disagreement* There were many trivial matters. For example, the edit 

routines could not handle more than 30 radial mesh points. 
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What can one say about modification effort on a computer code that 
leaves a product that requires the Inlet pressure to be given in 
ataospheres ana reports the calculated pressure drop In npa? Incomplete at 
best. 

One always wonders If It pay - to revise an al len code or start over 
from scratch. It Is difficult to say and depends somewhat on the 
situation. The author could not have produced the final product with the 
anount of effort expended starting from scratch. The likelihood of a 
Jlscrepancy In the coding would have been higher starting fro* scratch, 
although there Is some possibility of a defect In this proauct, ho^Vully a 
lower probability the more Important the aspect. 

The possibilities for a multiplicity of pebble type had a severe 
Impact on this code even without allowing variation In the pebble diameter 
(which may eventually be needed). One hopes that a procedure can be 
Implemented that calculates a local votd fraction consistent with the value 
used In the neutronlcs. However, since In the neutronlcs only the smeared 
nuclide density need be conserved* the specified volume fractions may range 
over several possibilities* some of which admit direct Interpretation* 
while others can not be used at all* Therefore* select ton must be made 
from among the posslbil Itles. Selection must be made of a procedure to 
determine an effective value of the high energy flux exposure (fluence) for 
estimating the local pebble thermal conductivity when more than one pebble 
type Is involved. 



10 

As received, the two-dimensional PEBBLE code and an original TEC a 

one-dteenstonal code had been paralleled and partially Interfaced for 

service In the local computation system for reactor analysis. It was found 

by TEC that all of the 'arms containing the stream function to be 

calculated In the finite-difference form were not on the left-hand sloe of 

the equation. Recasting the equation reportedly cured the poor convergence 

characteristics (also reportly done by 6A In their Implementation of the 

c.!glnsl code), but the behavior of a sample non-trivial problem Indicated 

further Improvements were necessary. 

As received, the code was a mixture of single precision (IBM half-

precision) and double precision. This was due to an Incomplete 

reprogrammlng of the code. Rather than return the code to single 

precision, the one-dlmenslonal routines and the pebble temperature and edit 

routines were placed In single precision wittle the thermal hydraulics 

calculation was retained In double precision In the hope that additional 

acceleration procedures to be Incorporated would Indeed prove most 

effective with regular rather than IBM half precision. Of course, the 

penalty Is double the data storage requirements. It was assumed that the 

problem* of Interest could be core contained and data transfer during 

Iteration thereby avoided and Indeed such capability was not programmed 

(although progra* and data overlay were done where practical) because local 

computer operation Is now In the virtual memory mode. 

The cod* as received employed an "equation solver1* routine that was 

used four times to calculate the stream function, the bulk fluid 

temperature, the pebble surface temperature, and the fluid pressure 

^Technology for Energy Corporation, Knoxvtlle, Tenn.ss»*. 
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Iterative I y In finite-difference form at each mesh point. This procedure 
appeared to be very Inefficient causing low computer utilization. The 
reprogramlng eliminates wasted effort and facilitates the use of a more 
effective Iteration scheme with enhanced acceleration to reduce the number 
of Iterations required to effect an acceptable level of convergence. The 
adoption of a documented procedure for solving equations In difference form 
can be very Ineffective. In this case the form of the equations disguised 
their nature and Inhibited the recasting of them Into a more effective fora 
— Indeed Inhibited the recognlzatlon that there was a better form. 

One of the difficulties with modeling RZ geometry In finite-difference 
form Is the large cross sectional area associated with the outer annul us. 
With 20 radial Intervals evenly spaced, a mesh point at the maximum radius 
has associated with It 100 [1-(19.5/20)23 - 5 percent of the coolant flow 
that Is ignored by setting the axial flow rate to zero at the point. The 
original coding forced reflective boundary temperature conditions by 
equating the outer temperatures to the values along the first Inner row at 
both zero radius and maximum radius. This was a rather coarse 
approximation effectively reducing the number of active points and 
compromising the results. It also prevented taking Into account the flow 
of heat to the reflector, of considerable Interest at low coolant flow 
rates, and low heat source conditions associated with an after-shutdown 
state, although such capability remains to be added. 

We talk about "foot-dregger's disease" when an equation of the form 

(a * b)x • cy + ez. 
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where x, y # and z are dependent variables, the others constants* Is solved 
by the procedure 

x n + 1 = I [cy n
+cz n-bx n ] , 

where n Is Iteration count, rather than by the scheme 

"̂  •(&)[«"•«"] • 
Stability and acceleration characteristics are quite different for the 
various fores. Generally, the latter Is the best provided (a+b) Is 
significant, either a or b night be negative. The dependence of x on y and 
z Is now direct, that Is, all of the variable to be calculated has been 
taken to left hand or solution side of the equation. 

The nunber of arithmetic operations done each Iterative sweep was 
reduced by perhaps a factor of four. The accessing of subroutines In the 
Inner-most loop was eliminated by Including the full expressions for each 
equation solved. This permitted extensive revisions to be made to the 
equations solved. Also, more of the expression for the steam function was 
moved from the right-hand side of the equation to the left, In addition to 
what had already been so moved at TEC, Further the bulk fluid and pebble 
surface temperatures were then obtained simultaneously rather than Iterated 
separately. All of this leads to more effective Iteration. Such 
Improvement Is essential for routine application for parameter studies of 
large (many mesh point) problems. 
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The original coding of this program seems to have been quite sound. 
Not effective, but sound. That Is, no major discrepancies were found, only 
minor. The coupling Into local Interface data files am! extended 
calculation of pebble tempera-ores was superficial at best; IT may have 
satisfied requirements In a specific application, but often It would not. 
A code should not be placed Into routine production use If It eltrer lacks 
adequate flexibility In application or would not routinely return converged 
solutions from an Iteration process. 

Late In this effort It was decided to change the bulk fluid and 
related surface temperature difference equations from a basic central 
difference formulation to an upstream difference form for the flow 
component of the bulk fluid heat balance and consistent heat source. The 
other terms were left unchanged, which Is a bit Inconsistent. The result 
Is better convergence characteristics (less underrelaxatlon required) but 
lower accuracy (higher finite-difference error). Quite noticeably 
different results were observed for a coarse mesh point arrangement with 
the two formulations, but the error has been noted to decrease as more mesh 
points are added. Most results displayed In this report were obtained 
prior to the change. (The original code contained an option on central 
difference/upstream difference, but this Involved only the stream function 
differences, not the heat balance equations.) The central difference form 
Is available on option. 

USE INFORMATION 

A large amount of data and many options on the calculatlonal flow path 
are set at default values. Hopefully most of these values are suitable. 
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Still, t̂»e user must carefully check over the requirements and determine 

what Is appropriate for his specific case. 

Primary Input data requirements are shown In Table 1. Information 

about the code Including Interface data file requirements Is shown In Table 

2. Special Interface data files are documented by the coding where they 

are generated; see the writing of the data for recovery, file TDATAS, for 

example. 

REMARKS ABOUT APPLICATION 

The partial differential equation of flow through a bed of fueled 

pebbles Is cast In the stream function form. A set of derived equations 

relate the dependent variables at neighboring discrete mesh points with 

finite difference approximations to the partial differential terms. 

Similarly, the fluid temperatures are approximated from a heat balance, the 

pebble surface temperatures from another heat balance, and another set of 

equations relates pressures. The solution Is obtained by an Iterative 

scheme. 

A number of approximations to a real situation are Inherent In the 

formulation. The reactor core Is assumed to have Isotropic properties and 

be packed uniformly with spherical pebbles In each discrete zone. There Is 

no consideration of wall effects on fluid flow nor entrance or exit losses. 

The outer radial surface Is assumed to be Insulated In that there Is no 

heat transmitted ecross this surface. 
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Table 1. Input Data Requirements 
c 
CB PEBBLE TBEBBAL HYDRAULICS HODOLE IBSTROCTIORS, FILE *COBTRL* 
C 
CB (TBEBBIL PEBBLE BED IB BZ OB Z GSOBETBY) 
C 
CB D1TB OF THESE USE IBSTRUCTIOWS, OCTOBER, 1980 — D VOBDY, OBBL 
C 
CL PBLIBS, (XX (T* ,100) , (IX(I) ,1*1, 100) 
C 
CB 101*HOLT • IOC 
C 
CD PBLIBS PEBBLE THBBB1L HYDRAULICS DATl IDEBTIPIBB (6HPBLIBS) 
C 
CB* & * IS PLACED IB COLUBB 3 TO IBDICAIE THAT THAI DATA HOST 
CB* BOBBALLT BE SOPPLIBD — BEBD BOTES ABD CHECK OLD DECKS 
CBX FLAG TO IBDICATE TBAT DATA IS USUALLY BBQDIBED FOB PLOB TBBO 
CBX BOLES IB A SOLID HATHIX 
CD 
CD XX (1) VOID 7BACTIOB IF TO BE COBSTABT 
CD (DEFAULT VALOB 0.39 LACKIBG CTHBB DATA - THE ZOBE 
CD PRACTIOBS HAT BE USED AS SOLID PBACTIOBS IF .02 <X< .98) 
CDX SPECIAL COBSIDEBATIOBS WITH FLOB THBOOGB BOLES 
CD* XX (2) IBLET TEBPBBATUBE OF COOLABT, DEG C (DEPAOLT 350.35) 
CD* XX (3) IBLET PBESSUBE OF COOLABT, ATB (DEFAOLT 40) 
CD XX(*) COOLABT BASS FLOB BATE FOB BBACTOB, KG/SIC, 
CD BOBBALLT CALCULATED GITEB IBLET ABD OUTLET TBHPS 
CD* XX(5) PEBBLE DIAHBTEB OB COOLABT BOLE DIABETES, Cfl 
CDB TBIS IS TBE CCOLABT FLOW CHARACTERISTIC DIABBTEB 
CD XX (6) BEFEREBCB BIGB EIERGT WEOTBOB FLUX FLUEHCE, B/CB**2 
CD APPLIED OBLY IP IX(3) < 0 
CD XX (7) RECOVERABLE EBEBGY FRACTIOR (DEFAOLT 1.0) 
CD XX (8) BEACTOB POWER LEYEL DESIRED, W-TH, 0SDALLY SO? SET 
CDX XX(9) EFFECTIVE DIABE7ER OF OBIT CELL ABOOT FOIL (IBSIDE 
CDX A SHELL OF BATERIAL OUTSIDE, LOCATIOB OF COOLABT PLOW),CH 
CDX SET EQUAL TO XX (5) IF 0 
CD* XX(10) RADIOS OF THE ZOBE PEBBLE BEAT OR BEAYY BETAL CORE 
CD (DEFAULT BALF OF PEBBLE DIABETES - BO SHELL) 
CD* XX (11) RADIUS OF THE SUBZOHE PEBBLE BEAT OB BBATT BBTAL CORE 
CD (DEFAULT HALF OF PEBBLE DIABETES - BO SHELL) 
CD XX (12) OUTLET TEBPERATORE OF COOLABT, DEG C (DEFAOLT 850.35 IF 
CD XX(»)*0) 
CD (RCT USED IF XX (4) IS BOB-ZERO) 
CD XX (13) PL'JEWCE MULTIPLIES OB DATA AVAILABLE (DEFAOLT 1.0) 
CD XX(1») RELATIVE PEBBLE GSAPHITE TBEBBAL COBDUCTIVITY, A 
CD MULTIPLIER OB BOILT IB DATA (DEFAULT 1.0) 
CD XX (15) XTERATIOW CORYEBGERCE CBITIBIA, BAXIHUB RELATIVE ITERATE 
CD CHARGE FOR TERHIRATIOB (DEFAULT 0.00005) 
CH THE OPTIOB OB BLOCKED FLOW AREA FOLLOWS, USE RITB CAOTIOB 
CD XX (16) IRSIDE RADIOS (HOST BE ZERO TO BE REALISTIC) 
CD 21(17) OOTSIDE RADIOS OF BLOCKAGE, CB 
CD XX (18) DXSTABCE BLOCKAGE STARTS FBOR COOLART ISLET, CH 
CD XX(19) HEIGHT OF BLOCKAGE, CH 
CD XX (20) SOLID BLOCKAGE FRACTIOR (DEFAULT 0.85 — USB LARGE VALUES 
CD WITH DISCRETIOR) 
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Table 1. (Continued) 

Cl THE OPTIOI 0 1 DEFIBIIG COBE BOOIDABIES FOLLOWS 
CI IITHOOT DATA, THE BOB-ZEHO P0IB8 DBISITT BXTBEBHS DEFIES COBB 
CD IX (21) I I S I D E RADIOS (IP IOI-ZBBO I I I L REQOIRE ADDIBG THE 
CD ABBOLAB IBTEBBAL SOLID B00ID1HT PLABB2D) 
CD XX (22) OUTSIDE RADIOS OP COBB, CH 
CD XX (23) DISTAICB PBOR STABT OP GBOHETBT, TTPICAUT PBOH TOP, CH 
CD XX (24) HEIGHT OP COBE, CH 
C 
CH ADDITIOBAL OPTIOIS AMD OTEBBIDB DATA TALOBS FOLLOW 
CD XX(25) LIHITIIG PBOCESSOB TIHB, SBCOIDS (DEPAOLT 120) 
C 
CH IBITIAL ACCELEBATIOI COEFFICIENTS ABE HADE PBOBLBR DEPEIDEHT 
CH AID HAT BE ALTBBED DORIHG THE PBOBLBH SOLOTIOI IP DEEHED TO BB 
CI DESIRABLE BT THE AOTOHATED HOIITOBIBG PROCED0HES 
C 
CI IT IS QOITE POSSIBLE THAT THE BOUGH ITEBATITE BEHATIOB EABLI I I 
CI THE HITTOBT BILL CAOSE IIITIAL COBPPICIBBTS TO BB DECREASED 
CI WHICH flOOLD REQOIRE IIP0T OP SOHEHBAT LARGER VALOIS THAI THOSE 
CI BXPBCTTO TO BE OPTIHOH ASTHPTOTICALLT 
C 
CD XX (26) STBEAH POBCTIOH 07EBBELAXATI0I COEFPICIBBT 
CD XX (27) BOLK TEHPEBATOBE, DITTO, SEE FOLLOW IS VCTE 
CI THIS COBPPICIBIT HAT BE OP OTHOST IHPOBTAHCE, AID A« EPPBCTITB 
CI TALOE SHOOLD BB SUPPLIED IP KIOBI (T*ST PBOTEI FOB AT LE1SI A 
CI SIULISR FBOBLEH) . TTPICALLT THE TALOB IS HDCH LESS THAI 1. 
CD XX (28) SOBPACE TEHPEBATOBE, DITTO 
CI IT IS DIPPICOLT TO SEE HOB A TALOE OTBEB THAI OUT I BOOLD BE 
CI BFPBCTITB HERE 
CD XX (29) PRESSURE, DITTO 
CD XX (30) SPECIFIC HEAT TALOB (5193.) 
C 
CB DATA FOB A SECOID AID THIBD CALCULATION FOLLOW (3 DATQH BACH) 
CD XX (31) IEH IILET COOLAIT TEHPERATOBB, I;EG C (DEFADLT XX(2)) 
CD XX (32) IE! OOTLET COOLAIT TEHPEBATUBl, DIG C (DEFADLT XX(12)) 
CD XX (33) BELATITE POHES 1ETEL FOB SOBSBQOF'ilT CALCOLATIOH 
CD XX (34) IBB IILET COOLAIT TEHPEBATOBE, DEG C (DEPAOLT XX (31)) 
CD XX (35) IEW OOTLET COOLAIT TBHPERATUBI, DEG C (DBFAOLT XX(32)) 
CD XX (36) BELATITE POHEB LETEL FOB THIBD CASE (DEFAOLT (XX(33)) 
C (RELATITE TO THAT FOB THE SBCOID CASE) 
C 
CD XX (31) HOLECOLAB HEIGHT (4.0026) 
CD XX (38) AZEBO (0.0216) 
CD XX (39) AGAS (0.4984 9) 
CD XX (40) B (0.) 
CD XX (41) C (40.) 
CD XX (42) BGAS (0.08206) 
CD 11(43) BZBBO (0.014) 
CD XX (44) PCOIA (17.) 
CD XX (45) PCOIB (20.5) 
CD XX (46) PCOIC (-15.37) 
CD XX (47) BETAK (0.95) 
CD XX (48) GAHHAK (2./3. SPHERE, PI/4. CTLIIDEB) 



17 

Table 1. (Continued) 

CD XI (49) FC (3 .67*E-07) 
CD 11(50) FD (0 .7 ) 
CD XX (51) FE ( 0 . 7 1 ) 
CD XX(52) FF (2 .682E-03) 
CD XX (53) FG (0 .0011379) 
CD XX(54) FH ( 1 . 4 3 8 9 E - 4 ) 
CD XX(55) AFRIC ( 4 . 1 6 6 6 ) HYDBAOLIC BQOATIOW, FIRST COEFFICIENT 
CDX HOT USED I F IX (13 ) > 0 
CD XX ( 5 6 ) BFRIC ( . 1 7 5 4 ) 
CDX ( 1 . 0 IF IX (13) > 0) 
CD XX(57) PI (2 .2679B-07) 
CD XX (58) P2 ( 3 . ) 
CD XX (59) P3 ( .1293) 
CO XX(60) P4 ( .3292) 
CD XX (61) P5 ( .277) 
CD XX (62) P6 ( .2426) 
CD XX(63) P7 ( . 2 6 ) 
CD XX (64) P8 ( .476) 
CD XX ( 6 5 ) P9 ( . 4 1 ) 
CD XX (66 ) P10 ( 1 . 1 7 6 8 - 0 4 ) 
CD XX (67) P11 ( 3 1 1 . ) 
CD XX ( 6 8 ) FOB O H E - D I H B R S I O I A L C A L C O L A T I O H S , BkVUL PU.K19G FACTOB 
CD FOB A U X I L I A R Y CALCOLATIOff (DEFAULT 1 . 2 ) 
CD XX (69) P13 ( .005) 
CD XX (70) P14 ( 2 . ) 
C XX(71) - XX (83) 5EF£BERCE THBHHAI COHDOCTITITT DATA 
C USED IF XX (71 ) . I B . 0 
CB AT I O E X P O S U R E , CORRESPOHDIBG TO TEBPEEATORES (R) ~ 
CM 3 0 0 . 3 5 0 . 4 0 0 . 5 0 0 . 6 0 0 . 7 0 0 . 8 0 0 . 9 0 0 . 1000 . 1100. 1200. 1300. 1600. 
C« RBPEREBCE POIRT C (2) AT T * 3 5 0 . I S 1 .05 WATTS/CH-DEG DELTA T 
CM TO COHTERT GH-CAL TO W A T T - S E C , H D T T I P i r B I 4 . 1 8 6 
CD XX (84) P15 (0 .1905) 
CD XX(85) P16 ( 2 . / 3 . ) 
CD XX (86) BOTH ( 0 . 1 * D P ) 
CD XX (87) EOFA ( 0 . 5 * D P ) 
CD X X ( 8 8 ) - X X ( 1 0 0 ) RESERVED 
C 
CD IX (1) OPTIOR OH COOLART FLOW 
CD -1 RO GRATITT TRRH 
CD 0- DOBISARO FLOf 
CD 1- UPWARD FLOB 
C 
CR I T BAT B E OSEFOL TO CORSIDBR THAT A S TEE PROBLEBS ARE D E S C B I B B D 
CR FOR THE H E O T R O B I C S , FLOW I S FROR T H E TCP TO THE BOTTOfl 
CR (LEFT TO RIGHT I F ORB DIHERSIORAL) 
CR AMD THE COOLART FLOW HOST BE XH T H I S D I B E C T I O R , REASORABLE I T 
CR SEERS TOR DOWR FLOB OF COOLAHT AMD P B B E L S S , BUT I F TBE COOLART I S 
CR TO FLOW O P ARD TBE P E B B L E S DOWR, THEE TBE PBOBLEH HOST BE SET OP 
CR Q U I T E D I F F E R E R T L T | Z O R S ROBBERS ROR OP I R S T E A D OF DOWR) 
C 
CD IX (2) OPTIOR OR PRESSORS DROP ARO FILH COEFFICIERT 
CD 0 - GERHAR 
CD 1 - OS CORRELATORS (OLD) 
CD IX (3) OPTIOR OR PLUERCE, < 0 - DOHT READ DATA \ZIB XX ( 6 ) ) 
CD 0 , 1 - CFHIST FILE, COR1IOOOS FOELIRG 
CR ROTE THAT T H I S FLAG HOST B E S E T FOR F I X E D FOEL EXPOSORE 
CD 2 - EXPOBT F I L E . F I X E D FOEL EXPOSOBE 
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Table 1. (Continued) 

CD IX(«) PLOEBCE SBLRCTLIOB, 0,1- OSE M B ST BAHGE IP ATAILABLE 
CD 2- USE SBCCBD BARGE IP AVAILABLE 
CD 3- OSE TOTAL IP IT IS ATAILABLE 
C» IP DESIRED DATA IS EOT ATAILABLB, BO DATA IS OSED 
CD IX (5) HBHORT ATAILABLE FOR DATA IV 1000 WORDS 
CD (DEPAOLT 20000 ADDED TO BBCOBD •DBTIBS* COBTBIT 
CD VBICH IS TBE BOBBER SUPPLIED TO THE COBTROL RODOLE) 
CD OBDBB TI8TOAL HEHORT, ASSOBE PULL CCSE COBTAIBBD 
CD AMD ALLOCATE SPACE ACCOBDIBGLT 
CD IX (6) TBEBHAL COIDOCTITITT TBEATBBBT (FOB GBOSS HEAT TBAfSFBB 
CD ACROSS CORE), OPTIOBS 
CD <0- BO SOLID PBASE BEAT TBABSPBB 
CD 0- OSB ZOBB BXPOSOBE DATA AKD SOBPACE TEBPEBATOBE 
CD 1- OSE SOBZOBE EIPOSORE DATA AID SOBPACE TEHPEBATOBB 
CD 2- DITTO, BOT TOLORE PBACTIOB WIGHT IISTEAO OP ATEBAGE 
CD 3' DSE BOILT IB AXIAL POBCTIOB 
CD IX (7) DEBUG EDIT LEVEL (0,1,2,3) 
CD IX (8) EDIT LETEL OP BESOXTS (-1,0,1,2) 
CD EDIT LETEL IS IVDBXED OP IP BES0LT5 SEER OBOSOAL 
CD IX&} BEAT BEROTAL OPTIOBS 
CD 0- IOBBAL 
CD 1- EXCLDDE SOLID COBDOCTIOB 
CD IX (10) POEL BLEHFIT GEOHETBT (GBAPBITE, BOB OSED OBLT FOR TBE 
CD TERPEBATOBZ CALCOLATIOB IB TBE ELERBRT ABD AT TBE 
CD SOBPACE, BOT FOR FLOW) 
CD 0- SPHERICAL 
CDX 1* CYLIVDBICAL (IBFIHITE LBBGTH) 
CD* IX (11) ITERATIOH COOVT TERHIBATIOB (DEPAOLT ESTIBATED BT CODE) 
CD -BO ITEBATIOI IP <0 
CDX IX (12) OPTIOB TO ELIBIBATE BADIAL (CBOSS) FLOB 
CD 0- BOBHAL (IBCLODB) 
CD 1- EXCLODZ 
CD 2- EXCLODE, ABD FIX THE AXIAL PLOf BATE PBOPOBTIOBAL 
CD TO TRE AXIAL HEAT LOAD (IDEAL ORIPICIBG) 
Ci> 3- SARI AS 2 BOT ORIFICE AT IBLET IBSTBAD OP OOTLET 
CB fcOTI THAT TRE ABOTE BOB-ZERO OPTIOBS APPLT TO FIXED TBATBBSB 
CB COOLART FLOW REQOIBIBG ADJOSTRZBT IB TBI DEFAULT COEPPICIEBTS 
CDX IX (13) OPTIOB POR PLOW THROUGH ROLES IB SOLID IP > 0 
CD IF 0, THE OPBIBD DIFFERBBCE IS OSED FOB THE BULK 
CD TEBPERATDBB PLOB COHPOBEBT, CXBTRAL DIFPSBZBCE IF <0. 
CD IX (1«) ITERATIOB PBOCEDORE OPTIOB, 
CD - 1 - DO BOT IBCBZASE OTEBRELAXATIOB COEFPICIEBTS 
CD 0- ADJOST OTEBBELAXATIOB COIFPIEIEBTS DOBIBG ITEBATIOB 
CD 1- DO BOT IBCBEASE BOB DECBEAS1 COBPFICIEBTS 
CD IX (15) EQOATIOB SWEEP ORDER, 
CD 0- SIGHA-1 (ODD POIBTS, THER ETEB POIBTS) 
CD 1- VOBRAL CBDESBD (ORE POIBT APTXB THE OTHER, Z THBB B) 
CD IE (16) ASTRPTOTIC EXTBAPOLATIOB PROCEDURE OFTIOP, 
CD 0- BORHAL (ALICV) 
CD 1- DO HOT ALLOB 
CD >1- HIHIHOB CTCLE DELAY 
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Table 1. (Continued) 

CD IX (17) OPTIOE OB AST9PTOTIC BXTBAPOL1TIOB, DATA LBTBL 
CD 0- STBBAH FOBCTIOB, TEHPEBATORBS, PRBSSOBB 
CD 1- STREAB FOBCTIOB, PRESSORS 
CD 2- PRESSOR! 
CD IX(1R) OPTIOB OB THE CALCDLATIOB OF THE LOCAL TOID FRACTIOB 
CD (OTEBBIDDBB BT XX (1) , APPLICABLE OBIT VHBB TBBBE ABB SQBZOBBS) 
CD 0- SOBS ZOBB ABD SOBZOBE TOLOHE FBACTIOBS 
CD 1- OSES OBLT ZOBB TCLOBS FBACTIOI 
CD 2- SOBS OBLT SOBZOBE YOLOHB FRACTIOBS 
CD IX(19) IBITIA1IZATIOM OPTIOBS 
CD -1 OBLT FOB S08SEQ0EBT CASE THE SOLOTIOB IS KEPT 
CD 0- AOTOBATED PBOCBDORE (AXIAL FLOID HEATI16) 
CD 1- SOHETHIBG DIFFEBBHT FOB BE 1BO HAS TBX1D ETEBTTBIBG 
CD IX (20) BBITE ZOBB TEBP6BAT0BB FILE 'ZBTEHP* OPTIOBS 
CD -1- BO 
CD 0,1- WRITE OTEB EXISTIBG 01B IF CUE EXISTS 
CD OT.1EBBISE BBITE BEW OWE 
CD 2- BBITE OTEB BEIT TO LATEST TSBSIG5 IF IT EXISTS, 
CD OTHERWISE BBITE BEV ORE 
CD 3- GEHEBATE BEH FILE 
CD IX (21) SATE DATA OB IB IBTEBFACE FIIE FOB BECOTEBT 
CD -1 SATE DATA IF COBTEBGEBCE CRITERIA IS BOT SATISFIED 
CD 0 DO BOT SATE DATA 
CD 1 SATE THE THEBHAL HTDBAOLICS DATA FOB BECOTBBT 
CD 2 ALSO SATE TBE PEBBLE THEBRAL COBDOCTITITT DATA 
CB DATA IS SATED FOB OBLT THE FIBST PROBLEB SOLTED IB A CODB ACCBSS 
CD IX (22) RECOTEB DATA FBOH AB IBTERFACE FILE TO COBTIBOE ITEBAIIOB 
CD C TO IBITIALIZE WITH (PBOBLBR BOST BI SIHILIAR) 
CD 1- RECOTEB ALL DATA (BO B3PLACEHBHT) 
CD 2- DO BOT OSE TOID FBAC1IOB, POBBB DEBSXTT, BOS 
CD EXPOSrBE DATA FBOH FILE (OSE HER DATA) 
CD IX (23) OPTIOB TO BECOTER THE PEBBLE THEBHAL COBDOCTITITT DATA 
CD 0- DO BOT 
CD 1 - BECOTEB ABD OSB THE IRBADIATIOB TEBPERATOBB ABD 
CD BEOTBOB FLOX EXPOSURE FORCTIOB DATA 
CD (THIS OPTIOB BEQOIBEw TO OBTAIB O U T EFFECTS OF 
CD SHORT TIflE TEHPERATORE CHARGES) 
CD 2 - RECOTEB AMD OSB DIRECTLT THE TBBBBAL COBDOCTITITT 
CB PEBBLE THERRAL DATA HAT BE SATED OR RECOVERED, BOT BOT BOTB. 
CB DEFAOLT PROCEDURES GITE PBEFERERCE TO DATA RECOVER! OTEB SATIBG 
CB (OSED FIRST PROBLEH CRLT) 
CD IX ( 2 » ) - I X ( 1 0 0 ) RESERTED 
C 



20 

Table 2. Irfonnation About the ORNL Version of the Pebble Program 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
CI 
c 
c 
CJ 
CI 
C I 
CI 
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 

IITBBFACE DATA FILE OSAGE 

FILE DATA OSE 

GEODST 
PWDIR 
ZBPOVD 

GEOHETBY DESCRIPTION 9ESBPOIIT AID ZOIE LOCATIOIS 
P01ER DBISITY DATA BT BESBPOIBT 
POIBB DEISITT (FOB PEBBLE TEHPS), VOLOBB FBACTIOIS 

DBFAOLT USB I F FILE P I D I R I S IOT AVAILABLE 
•BOTROI PLOT EXPOSURE, COBTIIOOOS FOELIIG, OB 
EEUTBOI FLOX EXPOSURE. FIXED FUEL 
SAVE THERMAL BTDBAOLICS BESOLTS FOB BECOVBBT 

— O U T A SIIGIE VEBSIOI I S PEKBITTED TO EXIST 
IrfTBBP TEHPEBA'DRB BBSOLTS FOB SDBSEQDEIT OSE I I OTBBB CODRS 

CFHIST 
EXPORT 
TDATAS 

OILT OIE VEBSIOI OF THE FILE TDATAS I S ADRITTED, SO DATA ChW 
IOT BE SAVED AMD OSED SIBDLTAHEOOSLY FOk OIE PBOBLBB. 
BOTE THE OBDEB ABOVE OF THE f B I T I I G OF THE LAST TIO FILES, 
AID TBEBEFOBE IOBBAL IICBEASIIG OBIT IUHBEBS 

BOOTHS BABE PBIRABT BOLE 

RAIB HAII BOOTHS DOES SOHE I I I T I A L CHECKIIG 
I I I L :,ILE HEADER READIIG, CHECK IDSTBUCTIOBS, DATA 
TIBER LOCAL ACCESS OF COHPUTBB T H E , ETC. 
SEEK DATA FIEL BAIAGEHEIT SERVICE BOOTHS 
BITE DATA TBAISFEB SERVICE BOOTHS 
REED DATA BEADIIG PROCEDURE, EBTRT P O U T I I BITE 
GETCOB BEHOBT SPACE ACCESS FOB DATA ABBATS 
FRECOR HEBORT SPACE RELEASE 
STRT LIRE BOOTIBE THAT COIVBTS DATA ARBAT SPACE 
GTOA ALLOCATION OF SPACE FOB DATA ABBATS 
GEOD ACCESS DATA FROf! GBORETBT IITBBFACB DATA FILE 
PDBD ACCESS OF DATA FROH IITBBFACE FILES 
PBST SELECTS CALCOLATIOB PATH, 1 OR 2 DIBEISIOIAL 

OSEB OVEBBIDE OF PBIHART DEFAULT DATA VALOES 
HPBL DIRECTS THE 2 DIREISIOIAL CALCOLATIOI 
BLOC DATA PROCBSSIIG, HEAT SOURCE, VOID FBACTIOIS, DELIAS 
IBIT INITIALIZES THE 2 DIHEISIOIAL PROBLEB 
TRAC SPECIAL EDIT FOE CHECKIIG DETAILS 
PDBX ITERATIOB DRIVER WITH ACCELEBATIOI PROCEDURES 
IDER CALC0?,ATIOWS OVER THE BESBPOHTS, I TEH ATI 0 1 
RFLO PRODUCES AU XI LI ART HFORHATIOI DURIIG ITBRATIOI 
PO0T THERHAL HTDRAOLICS PRIITOOT, 2 DIBEISIOBS 
CITE PEBBLE TEHPSBATORB CALCOLATIOB, 2 DIBEBSIOIAL 
TBAB BARAGER ROOTHB TO CALCULATE PEBBLE TBBPERATCRES 
GRAC ESTHATIOR OF THE THERHAL CORDOCTIVITT 
XOUT WRITES THE TEBPERATORE INTERFACE DATA FILE 
PBL1 FLUID FLOW FOR 1 DHBISIOR 
CALT PEBBLE TEHPBRATORE CALCOLATIOI, 1 JIBEHSION 
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Table 2. (Continued) 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

OTBBLIT LETBL 

& 
I 
B 
B 
C 
C 
c 
B 

BOTCHES 

IBIL 
PBST 
GTD»,GBOD,PDHD 
•PBt/BPLO 
B10C,IBIT,TB1C 
PDEX 
PODT,CLTB 
PBL1,C1I.T 

PBOGB10 STOBKGE BEQOIBEBBBTS 

9SB SHORT BOBOS 

PBOGB1B 
SISTBS BOQTIBE3 
BIBIROB D1T* 1BB1TS 
TOTIL 

17 ,000 (33 ,000 WITHOUT OTBBLIT) 
6 ,000 

2 0 , 0 0 0 

03,000 
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Noraally the heat source Is the power density data file generated by 

the VENTURE neutrontcs code In this computation system. Power density data 

for the calculation of pebble temperature distribution Is produced by the 

exposure code BURNER. This code also generates the neutron flux exposure 

(Fluence) data required for the prediction of pebble thermal 

conductivities. Tenperature data generated by the PEBBLE thermal 

hydraulics code may be used by the other codes to account for the 

dependence of nuclear microscopic cross sections (temperature feedback). A 

single geometry description and mesh point arrangement Is used by the 

codes. 

In a typical calculation, the steady state continuous fueling reactor 

core problem Is solved by an Iterative process that establishes the neutron 

flux distribution, the nuclide atom density distributions, and the required 

fuel feed rate to the reactor. This calculation Is done In (RZ) geometry 

assuming azlmuthal symmetry of the cylindrical core. The results are used 

by the thermal hydraulics code PEBBLE to establish the gas coolant flow 

distribution* The calculated temperatures are then available for 

assessment and feedback If desired. Subsequent calculations may then be 

done for such auxiliary results as predicting the effect on the neutron 

multFpllcatlon rate of a power level change (the power coefficient of 

reactivity). 

With this system of codes, the neution flux level In the reactor core 

Is normalized such that the desired power level Is obtained given the 

energy per fission and capture reactions. This desired power level may be 

given for a whole reactor while the problem treated Is not for the whole 
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core, so a fraction Is specified. In one-dlawnstonal axial traverse 
problems, the appropriate fraction Is the reciprocal of the reactor cross 
seer tonal area. With (RZ) geometry the full reactor Is represented, The 
integrals done Cor the (2nrdr) volume element (full 6 ) . Often the energy 
data supplied to the neutronIcs problem represents Ideal recovery, so e 
fractional recovery number Is specified, usually smaller the smaller the 
core. The thermal power Is Increased above the desired value to allow for 
losses. When power densities are calculated, this loss Is not Included, so 
an Integral of the power density data yields the reactor (actually problem) 
power before unrecoverable losses. Such a degree of freedom Itkely causes 
more confusion than It Is worth, but then the recoverable fraction Is 
usual ly quite large unless plant requirements are taken out for a small 
plant. 

Given the file of point power density data, this data Is used. If 
this data »s not available, available zone, subzone average power density 
data will be distributed uniformly. Data availability Is determined by the 
presence of the associated data file name In the Interface data file 
tables. Note also that zone, subzone average power density data Is used 
for the calculation of pebble tonperatures. Lacking this data file, zone 
averages are calculated from the point power density file, but subzone data 
can not be produced nor void fractions extracted. Pebble temperatures are 
calculated for reference conditions, then for a ten percent reduction In 
thermal conductivity, and then for apparent near worst case conditions* In 
the latter, the peak power density data (If available) and the local peak 
surface temperature are used as calculated for the average power density. 
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Note that this Is not the sane thing as taking all worst conditions. 

Combining conditions that Individually are the worst Is probably acre 

reasonable for heat removal assessment (although not grossly conservative 

as might be desired for safety analysis). 

In calculating the pebble temperature dts1r!butlon, a correlation Is 

applied that approximates the effect of exposure to the neutron flux 

(fluence) at a reference temperature on the thermal conductivity. With 

pebbles moving through the reactor, there Is a drastic change In the 

exposure temperature and an accumulation of fluence that reduces the 

conductivity. Further the conductivity at any time depends on the current 

temperature. This calculation accounts for variation across the pebble at 

the average zone conditions. 

Perturbations present an analysis challenge. Let us assume that an 

effect of flow rate change Is to be determined. If this change Is to apply 

over the history, then a fulI recalculation must be done. If the 

perturbation to apply currently, then proper account must be taken of the 

effect on the* ma I conductivity and Indeed data must be saved after ft\e 

reference calculation for use In a subsequent calculation. 

Consider that the effect on the core multiplication (reactivity) Is to 

be determined for a power level change to support core control, stability 

analysis. A calculation would be done for reference conditions with 

temperature feedback accounted for In the core neutron Ics problem. Then 

the power level would be changed (at least enough to be significant), and 

likely the coolant flow rate also altered (as by retaining average core 
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Inlet and outlet coolant temperatures). The calculations would then be 

redone for the perturbed conditions with account for temperature feedback 

(but fixed pebble management and compositions). This calculation would be 

correct only If account were taken of the effect of the current temperature 

on the pebble thermal conductivity but not a change In the temperature, 

exposure history effect, requiring data storage and recovery. 

Some perturbations are simple to make, but often the thermal 

hydraulics problem must be solved over again. It Is quite generally cost 

effective In solving such problems and also those Involving global 

Iteration loops to save results and recover them for problem 

Initialization. 

The flow of gas coolant Is In a fixed direction relative to the 

coordinate system, from top to bottom In the sense that the Inlet Is at I. 

and the outlet at I-, U > • «• Since the neutonlc/exposure model of pebble 

flow Is by Increasing zone number, the pebble and gas move In the same 

direction, down, If the mesh Indexing increases for the Increasing zone 

numbers along each path. To model upflow of the gas and downflow of the 

pebbles would require that the mesh Indexing of the zones decrease, and, of 

course, special considerations about the Inlet (bottom Instead of top) and 

outlet (top Instead of bottom) be accounted for In the neutron!cs problem 

description that includes the geometric arrangement and material 

assignments. 

At any location there may be only one "zone" material representing a 

fpeclfIc pebble type and composition and having an associated power 
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density. A second type of pebble may be considered at the same location 
(In the sense of homogenlzatfon of randomly arranged pebbles) with the 
"subxone" material. Indeed a zone may contain one or none "zone" material 
pebbles and any number of "subzone" material pebbles. A typical model of 
the THTR reactor Involves six subzone pebble materials at each location 
representing different exposure stages (six passes) but no zone material 
pebbles. Two types of pebbles may be Involved, as when one Is to be loaded 
with more fertile material and perhaps less fuel than the other, or when 
recycle and fresh fuel are to be kept separate for recycle and discard 
considerations. Typically one pebble would be modeled as zone material and 
the other as subzone material. It Is quite unlIkely that conslstent 
calculatlons will be done for complicated situations unless much care Is 
taken to study the requirements and to eliminate discrepancies. Volume 
fractions are Involved and votd fractions may be calculated from 
zone/subzone data (must be If they vary In space), so what may well be 
adequate for the neutronlcs calculal. .1 may not be adequate for the thermal 
hydraulics. Check the requirements. Proof the Input data. Check the 
results. 

Remarks are offered about major changes within the problem. It Is the 
author's view that considering the equations applied In difference form, 
the effects of large variations will be but approximated and perhaps not 
very well. Stall local mesh spaclngs are deemed undesirable at best, 
large changes In the void fraction are apt to produce unrealistic results. 
The user should be aware of the nature of the formulation: first and 
second order derivatives are approximated directly. Accuracy depends to 
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some extent on these derivatives changing slowly. A case Inviting special 
concern Is that of the programed blockage calculation. Seldom will a ring 
of blockage about the reactor be of Interest. This leaves only blockage at 
the centerllne as being of significant Interest. Full blockage would 
no fluid flow, no heat removal except by secondary mechanisms, and extr« 
temperaturs likely better calculated by more direct means. Do not expect 
accurate results by assigning blockage to a single mesh Interval. 

Given converged results, the only reliability checks available to the 
user regarding the representation of a specific situation with the 
programmed equations are reducing the mesh spacfngs and performing 
calculations for perturbed conditions. The Informed user will have gained 
experience and confidence by solving a series of simple problems admitting 
Interpretation of the results as being realistic or not. 

Shown below are results for a reference case Illustrating the effects 
on solution and on solving a few-zone problem of varying the number of mesh 
points: 

Prtssurt 
Drop 

(At*) 
Error In the Overall 

Heat Balance (Percent) 

Tenperatures (*C) 

Core 
Heshpolnts 

(RxZ) 

Prtssurt 
Drop 

(At*) 
Error In the Overall 

Heat Balance (Percent) 

Peak Exit 
Coolant 

(8S0 mean) 

Peak Pebble Surface 

Zone 
Local Average 

Fuel (Hr>vy Natal) 

Zone Local 
Average Peak Extra* 

8 x 4 0.6896 -0.049 9S7.9 987.4 923.2 672.2 977.0 982.6 

16 x 8 0.6918 -0.U30 90S .8 927.3 881.6 672.2 931.2 957.8 

32 x 16 0.6939 0.002 932.9 951.1 858.4 672.2 906.3 970.7 

64 x 32 0.6943 0.002 959.8 977.5 851.6 672.2 898.9 1000.2 

128 x 64 0.6940 -0.064 970.5 978.8 848.0 672.1 894.2 1016.7 

Extrapolate (-) 0.694 974. 979. 847. f72. 894. 1020. 
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A better resolution of pebble temperatures would be obtained* of 

course. If the problem were subdivided Into nore zones. It should be noted 

that the power density data produced by the neutron I cs code depend on the 

mesh. The calculation Is for a period of exposure at a uniform loading 

possibly representative of a start up state for a situation where there Is 

considerable void fraction variation. The Increasing peaking Indicated 

with reduced •eshspaclng Is a local effect near the reflector. With higher 

resolution cows a acre accurate distribution of the power density. 

However, a large void fraction Is associated with the edge of a bed of 

pebbles In the containment vessel. Likely higher flow occurs here and some 

mitigation of the peaking. Note the attempt to extrapolate the results to 

estimate the result free of finite-difference error. Additional 

Information about the computer use Is shown below: 

NeutronIcs Preble* Thermal Hydraulics Problem 

Core 
Mesh Points 

(Rx2) 

IBM-3093 
Memory 
(Short 
Words) kmf* 

Iterations 
(Inner times 

outer) 

Computer 
Processor 

Time 
(mln) Iterations 

Computer 
Processor 

Time 
(mln) 

8 x 4 4,000 1.0143 33 0.04 79 0.05 

16 x 8 6,900 1.01 ;>/ 88 0.11 44 0.08 

32 x 16 22,900 1.0167 149 0.47 59 0.37 

64 y 32 86,100 1.0170 302 2.92 122 2.79 

128 x 6 4 334,000 1.0171 463 19.48 284 25.28 
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It Is noted that the thermal hydraulics problem has roughly the 

computation burden as the neutron fcs problem. The latter had a four group 

energy structure and the problems were solved In the space-stored mode 

(Inner Iteration done at each energy with data transferred once). 

Information about the radial flow component Is shown below: 

Maximum Relative Axial/Radial Location 
Mesh Points Coolant Flow Rate. (fraction of 

(RZ) Radial Component overall dimension) 

8 x 4 + 0.00747 0.500/0-625 

16 x 8 + 0.00425 0.500/0.500 

32 x 16 - 0.00274 0.312/0.938 

64 x 32 - 0.00325 0.281/0.938 

128 x 64 + 0.00461 0.500/0.562 

Relative to the coolant Inlet mass flow rate. 

A local peak of the radial component of the flow rate occurs at 

location (0.219/0.938) and has a value of -0.00329 from the finer wiesh 

case. Thus the resolution of tne radial flow component ts poor with a 

coarse mesh. Further data presented below for clarification shows the 

values of the radial component of the flow rate at specific locations as 

dependent on the mesh: 
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Mesh Points 
(RZ) 0.25/0.25 

Location, Axlal/Radlal 

0.75/0.25 0.5/0.5 0.25/0.75 0.75/0.75 

8 x 4 0.00227 0.00363 0.00741 0.00300 0.00488 

16 x 8 0.00218 0.00199 0.00425 0.00209 0.00201 

32 x 16 0.00131 0.00109 0.00200 0.00023 0.00043 

64 x 32 0.00115 0.00095 0.00204 -0.00017 0.00020 

128 x 64 0.00149 0.00202 0.00446 -0.00003 0.00088 

These results leave one with serious doubt about the accuracy of any 
result when the radial flow rate Makes a significant contribution. 
Apparently a very fine mesh point spacing Is necessary to effect high 
resolution of the radial flow rate. There may be no serious difficulty 
when there Is but modest variation In the properties such as void fraction 
and In the heat source, and especially when such changes occur only 
gradual ly. It Is not clear that the stream function approach Is adequate 
to properly account for radical changes and dlscontlnutles. 

Results obtained for a situation of flat radial power density 
distribution are shown below (coarse zone allocation, only two along each 
axial traverse): 

Peak Temperature <°K) Temperatures (°K) 
at 5/6 from top 

Cool ant Surface 
Axial 

Intervals 
Bulk 

Coolant 
Pebble 
Surface 

Fuel 
Center 

Temperatures (°K) 
at 5/6 from top 

Cool ant Surface 
Pressure 

Drop 
(Atm) 

6 1123.9 1137.8 1189.2 1090.6 1115.6 0.6635 

12 1123.2 1130.7 1191.6 1089.6 1115.7 0.6551 

24 1123.3 1128.6 1190.9 1089.8 1116.1 0.6573 

36 1122.9 1128.9 1191.1 1089.9 1116.2 0.6554 

48 1122.8 1128.9 1191.1 1089.9 1116.2 0.6551 
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Note that even the 12 Interval results are relatively good, generally 
adequate for most any purpose. Integral results are quite stall tar. For 
example an effective fuel temperature of 948.6 °k was obtained by weighting 
with the power density In each case (four slgnlffcant figures). The 
calculated pressure drop shown for the 24 axial Intervals Just happens to 
be poorly converged due to less effective asymptotic extrapolation of the 
Iterate pressure results In this case. 

The dependence of the pressure drop on the equation coefficients Is 
shown below over a range of Reynolds number: 

Barthels (1972) Achenbach (1980) Ergun (1952) 

R « 
204 . 5.7i 
R R 0.095 

22ft . 6 
R RJ).1 

ft A 

10 30+4.588-34.59 32+4.766-36.77 31.75 

100 3+3.687-6.687 3.2+3.786-6.986 4.75 

1,000 0.3+2.962-3.262 0.32+3.007-3.327 2.05 

10,000 0.03+2.380-2.410 0.032+2.389-2.421 1.78 

100,000 0.003+1.913-1.916 0.003+1.897-1.901 1.753 

Thus the German data Indicates a significantly higher pressure drop 
than the old Ergun correlation, the more recent Achenback correlation 
yielding slightly higher values than the Bartnel correlation, but not 
significantly different at the high R values of primary Interest. 
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ON STORAGE, WORD LENGTH, AND DATA TRANSFER 

As received, the code was written mostly In IBM double precision. The 

primary Iteration calculation was left In double precision to enhance 

acceleration procedures, significantly better solutions not expected. 

Mixed precision Is rather difficult to work with, especially when storage 

for data arrays I9 allocated as needed and overlapped as possible to reduce 

the total requirement, and usually compiled programs execute less 

efficiently than If all In double precision and of course slower than If 

alt single precision. For a problem of size IxJ, storage Involves 

8(lxJ) primary data arrays 

3(lxJ) arrays for extrapolation 

12(lxJ) secondary data arrays 

The original code had 11 primary arrays and none for extrapolation; 

with all In double precision, the storage requirement was 46<lxJ) short 

words. Using IBM single precision for the secondary data arrays reduces 

this to 34(lxJ), a reduction of 26 percent. 

A problem from routine core analysis effort had l*J » 38*55 « 2,090 

mesh points requiring primary storage of 71,060 short words (actual total 

data storage 79,013 compared with the original requirement of over 

100,000). 

No data transfer from auxiliary storage Is programmed within the 

Iteration procedure, all required data and results are stored. With the 

recent change In operation of the local computers to virtual memory, such 
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transfer Is handled by the operating system when the data exceeds the 

memory size. Likely a representative problem can be contained, so data 

transfer Is necessary only for the larger problems, and the amount of data 

to be transferred would usually be modest so that the virtual memory type 

of operation should be fairly efficient. 

It became evident early In this effort ttot saving the Iterative 

results In one computer run and recovering them later would be a needed 

capability. In the event that an adequate level of convergence Is not 

achieved, saving and recovering the data later would avoid the complete 

loss of the Initial Investment In computer time. The programmed procedure 

with default values of the coefficients and choices between the 

alternatives could prove quite Ineffective in a specific application. Of 

course such restart capability Is likely of little utility If the attempt 

Is being made to use the results In additional calculations, as for 

temperature feedback Into the nuclear properties. On the other hand. If a 

series of similar problems are being solved such as In an Iteration loop to 

completely resolve the temperature feedback problem, then starting with the 

results of a previous calculation may well be the most efficient procedure 

and significantly reduce computation costs. 

Adding restart capability required about throe days work plus one day 

validation and one day documentation, along with other effort over a two 

week period. Considerable thought went Into the requirements over recent 

months, how It should be done and where. This time of Implementation was 

minimized by a thorough understanding of what was needed and how this 

capability could be made available. Intimate familiarity with the code and 
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with the requirements for Making data files satisfy the nodular code systen 
requirements. Only by a concentrated effort was an effective procedure 
Inplenented with relatively straight forward logic. Quite different 
procedures were required for the one- and two-dimensional routines, and 
recovery of the pebble thermal data presented quite a challenge. Saving 
data on a disc is of course trivial; the recovery within a data management 
system In a flexible and very useful way takes time and so does careful 
documentation. 

About two months went Into modifications for treating the prismatic 
core* flow through holes. 

ACCELERATION OF THE ITERATIVE PROCESS 

The attempt to accelerate the Iterative process was quite frustrating 
and tine consuming. Lacking an applicable theoretical treatment In any 
detail, error vector analysis, It Is not possible to outline an effective 
procedure. Thus a straight forward formulation could not be given to a 
programmer for Implementation nor even be Implemented by this originator. 
It was not known how much of the original programming would have to be 
redone until well Into the effort. Experimentation was necessary and the 
success of such was rather hampered by the attempt to rush the process 
causing extensive testing of procedures that should obviously have been 
Identified as Inferior or contained flaws. 

No doubt a superior acceleration procedure can be found for a specific 
problem with account of Its behavior under a preferred scheme of Iteration. 
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The attempt, however, was to Implement a procedure that showed good 
performance for a variety of problem types. Extensive and primary testing 
was done of course with small problems. Only limited experience could be 
gained with the larger problems to be expected In application due to the 
high computer cost. The test problem available from the originator 
contained 22 radial and 25 axial mesh points while the reference case, 
chosen as representative of application, contained 38 radial and 55 axial 
points, nearly four times as large. Special cases for testing Included one 
with a uniform distribution of the power density radially, for which the 
core diameter was varied (to change the height to diameter ratio), the bare 
reactor core which has an extreme radial power density distribution, and an 
annular core with nearly a flat radla! power distribution. 

It Is beyond the coverage of this document to present the full details 
of the Iteration procedure available In a Fortran source program listing. 
At the time this report Is being written, the procedures are yet being 
modified In detail and are subject to major changes should significant 
Improvement be found possible. Involved are constraining the calculated 
changes In the variables, under/over relaxation to dampen or drive the 
Iterate estimates, and adjustment of the coefficients In a attempt to move 
toward the optimum, and asymptotic extrapolation. 

Each Iteration new values of the four primary dependent variables are 
calculated from difference equations for the discrete mesh approximating 
the differential equations. These variables are the stream function, the 
fluid bulk temperature, the pebble surface temperature, and the coolant 
pressure: ty, (T., T ), P, where the temperatures are grouped to Indicate a 
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very close dependence. The equations are quite nodi fled from the original 

torn, for example the two equations for T. and T take the form of two 

equations for two unknowns and hence are solved simultaneously If the 

coefficients have numerical significance. So we can consider T calculated 
s 

from the latest estimate of T., and there being three primary variables ty, 

T. and P. It was found that given a reasonable approximation for the 

special variation In P, that <1> and T. have little dependence on changes In 

P but do depend on each other. Specific aspects of .he procedures for 

acceleration are now discussed. It should be noted that new values of the 

four primary variables are all obtained at each mesh point In a single 

sweep loop rather than as done separately over the mesh In the original 

code. 

CONSTRAINTS 

Since the axial and radial coolant flow rates are first derivatives of 

the stream function y, a large local change In i|> causes a severe perturbation 

in the flew rate locally. Various schemes were tried to dampen out such 

perturbations of most concern In the early Iterative history. Good Initiali

zation, restraining changes in <y, dampening calculations of the derivative, 

Oj sweep order discussed below, and restraining asymptotic extrapolation 

have all been used. Generally a "mlt of 10 percent Increase or decrease In 

any new Iterate estimate was Imposed, and a limit of a 50 percent change In 

the coolant density (after the initial estimate Is made) was Imposed. A 

relatively accurate Initial es+Imate Is made of the coolant pressure and a 

reasonable approximation of the axial coolant flow rate with neglect of axial 

variation In the radial component. 



EQUATION SOLVING ANO SWEEP ORDER 

Genera! Sy we expect the use of newly calculated values of the primary 
variables to accelerate the rate of convergence cttw use of old values. 
With a noma I ordered sweep, one starts calculating at the first point and 
proceeds along the first row In order or atematlvely along the first 
column, etc. The result of such a procedure Is skewing of the error 
content Into a corner. Also It Is not clear whether the required 
derivatives should be estimated fro* the past Iterate values or using the 
latest values. With acceleration, one finds that a front of discontinuity 
moves back across the problem that would appear to cause havoc with 
est I nates of the derivatives. So we expect that flow rate est I nates from 
derivatives of the stream function should be based on the previous Iterate 
set of lvalues and that Q. ordering will generally be superior for rapid 
elimination of the error vectors that dominate In the early history. 

. X Consider the sketch of a group of mesh points 
. X . X In a regular two-dimensional array. Alternate 
X . X . X points are shown as X. With only nearest neighbor 
. X . X coupling a point marked * Is surrounded by points 

.X marked X. With a sweep ordering, new Iterate 
estimates of the primary variables are obtained at 

all points marked • In one sweep and then the same Is done for r.\ I points 
marked X In a second sweep. Roughly half as many Iterations are required 
by this procedure for full propogatlon of all boundary conditions as are 
necessary with normal sweeps (each mesh point senses even the morf remote 
boundary). This leaves some question regarding the optimum estimation of 
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derivatives. Flow ratas ara estimated using only tha previous Itarate sat 
of • values* but otherwise latest values are used. 

Given J radial and I axial points, prorogation of the reaote boundary 
occurs after l+J Iterations with nornal ordered sweeps and roughly half 
that with a. ordering.8 An acceptable level of convergence can be expected 
only after a few such propogatlng sweeps. Note the data below: 

l»J ILLLU 
4 (afntM*) 12 

40 120 
400 1200 

Thus we expect the nuaber of Iterations required to effect an 
acceptable level of convergence to Increase as the nuaber of a*sh points 
Increase. 

UNDER/OVER RELAXATION 

61 van Iterate estlaates of a variable x at location I and Iteration n, 
the equation applled Is 

xj - xj" 1 + B n(x) [xj* - xj- 1] 

n* Where xj Is the newly calculated value and 3 R(x) Is the coefficient for 
n* n-1 this variable and this Iteration. Note that xj - xj Is the change In 

the value of the variable at a location for Iteration n, and If $> 1, the 
chang* I* Increased as an acceleration while If 6< 1, the change Is 
decreased as a deepening technique. 
aL lei ted testing however Jld not Indicate a general gain fro* a. ordering 
over noma! ordered sweeps along the flow direction. 

t W * * 4 *•.*•'- * 
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Initial values of the coefficients are selected that reflect the 
expectation that the larger the problem the acre difficult It will be to 
solve. Typical values are: 

Variable 

Upwind difference 
Central difference 

Value of B 

Upwind difference 
Central difference 

12 

1.125 
0.0932 
0.233 
1.0 
1.275 

50 

* 
T 

T 
P 

Upwind difference 
Central difference 

12 

1.125 
0.0932 
0.233 
1.0 
1.275 

1.3489 
0.4666 
1.167 
1.0 
1.4989 

Thus the largest coefficient Is used for the pressure* next for the 
stream function, the surface temperature estimate Is used as calculated, 
and dampening Is done to the bulk temperature. Much stronger 
underrelaxatlon Is done with central difference than with the upwind 
difference formulation. Modest changes are made In these coefficients (5 
percent) If deemed desirable free the Iterative behavior. 

The primary measure of behavior Is the maximum relative Iterate change 

In a variable. 

but 

e n (x ) » |max te1) 
For e convergent process we expect 

relax this and require 

is<»»i«iW>i' 
where currently m-3 Is used, but 2 and even 1 are often used, the situation 
depending on the stability or lack there of, and on the effect I verwss of 
the Initialization procedure. The coefficient Is decreased If the above 
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criterion fs not sattsfled Indicating Instability on a cycle of Iteration 

count limiting changes to $. A special Indication of overacce I ©ration Is 

Judged to be continuing change In sign, 

e n(x) en_.,(x). < 0 . 
i 

One might expect that the core pressure drop would converge to a 

value. Use of the relative Iterate change In the core pressure drop has 

not proven useful In Judging the behavior; It may Increase during a 

convergent process. (An overall heat balance has proven even less useful. ( 

With an axial flow rate balance forced It Is not available as a variable 

local ly across the core nor at the exit.) 

The coefficients are Increased If a dominant single error vector 

appears to establIsh as discussed below. If one Is reduced, a maximum 

value Is set (at half the sum of the old and new values) as an upper limit 

for subsequent Increases replacing extreme upper limits set Initially. 

An attempt Is made using maximum relative changes to Identify which of 

the variables (and Its coefficient) Is driving non-convergent behavior. An 

automatic Iteration count delay Is used between Iterations when the 

coefficients are changed. Also the coefficients are set smaller for the 

first few Iterations In an attempt to stabilize the Initial behavior. 

ASYMPTOTIC EXTRAPOLATION 
» 

It Is assumed that with continuing iteration a dominant error vector 

will become evident and can be removed, for Iteration n, mesh point I and 

error vector contribution J, 

I 
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xj = xT + I X?(x) A, .(x) 

= x~+X n(x) A^x) 

as n Increases because X -*0 for X< 1. Thus at each point we expect 
asymptotically from the recursion relationship 

x^-x?-1 

A ( x ) * „n-l V* • 
xi " x1 

and 

'I-H^K*?-'?'1) • 
If contamination (error In the Iterate estimate) Is from a single error 
vector, this can be extracted leaving a clean solution. Judgement must be 
made regarding whether or not such a state exists and an accurate estimate 
of the error vector eigenvalue X Is necessary. It may be noted that often 
the values of A. . associated with the largest eigenvalue max X. are quite 
small so that It may surface only late In the Iterative history, another 
surfacing early. Thus estimates of max X tend to change from small to 
large. If max X is 0.9, the Iterative process Is rapidly convergent, the 
error contribution decreasing by 0.9 each Iteration. If It Is 0.99, the 
process Is slow. The number of Iterations required to reduce the error 
contribution by a factor of Y Is given by 

X N - Y, 

N m -
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Thus for Y of only 0.01, If A- 0.9, N - 44, while If A- 0.99, N * 458. 
Thus It Is Important to suppress error vectors having large eigenvalues. 
Iflth effective single error mode extrapolation the error decay goes 
essentially as the next to largest error vector eigenvalue. 

Note that for extrapolation as formulated the latest Iterate change Is 
multiplied by A/d-A), sensitive to l-A as A approaches unity. Thus a 
reasonable test of convergence of Iterate estimates of A (and Indication 
that a single error vector dominates) Is 

A^l-A"' 1) 
K C A A ^ d - A 0 ) 

where n refers to Iteration (not an exponent) 

The L. norm estimate Is used, 

A"(x)«! Z Ixf^xpl 

Typically some dampening Is applied, 

x;(x)-[x n (x)x'- , (x)] , / 2 . 
Expecting (ji and T. to have a common behavior, 

Aj(*.Tb) • [*"(•) M T b ) ] 1 / 2 , 

And this effective value Is given preference (not for pressure). 

Note that previous Iterate values are required for the variables to be 
extrapolated. A number of simplifications and approximations may be made 
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to avoid using extra storage. However, the final scheme In use require* 
storage for the previous Iterate values of •, TV and P. Initially T was 
not extrapolated, but finally the scheme used vas 

T ; - T J + AT . 

apparently effective. 

It should be noted that It Is possible for a staple error vector to 
establish only If the same thing Is done each Iteration. The procedure 
must not be changed nor the coefficients. A delay time In Iteration count 
Is used after any change Is mede before allowing another extrapolation or 
adjusting the under/over relaxation coefficients. When the criteria for 
the presence of a single error vector are satisfied, the under/over 
relaxation coefficients for <l>, T., and P are Increased Individually If 
extrapolation Is done for that variable. Thus the assumption has been made 
that If the problem Is driven hard enough, a simple error vector will not 
exist, although this Is not necessary for the procedure to be effective. 

The extrapolation process Is constrained. Knowing the maximum 
relative flux change, negative values of the variables can be avoided, and 
a simple upper bound Is also used, 

for x - x n + F„ <x n - x " " 1 ) , n 
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The routine that contains the primary Iteration In this code ranged 

around 10 pages of Fortran listing* over 500 statements plus comments. The 

local compiler handles this using the default memory size of 27OK bytes 

(69,000 short words). Note that shorter routines could bo wore efficient 

with tight loop structures* but could not be viewed as desirable (might or 

might not make the logic easier to follow). It became a continuous chore 

as changes were made to tighten this routine to avoid exceeding the 

compiler capacity (limit In table storage). Actually such tightening was 

probably good* a desirable exercise that Is often not done. It took only 

about six times for the rather obscure system error message to be printed 

out Indicating capacity exceeded before the author learned to recognize It. 

Finally the routine was split Into two. 

CONVERGENCE LEVEL 

The Iterative process Is assumed to be adequately converged If 

e c • max | e ^ ) , e n(T b), e n(T s), e n(P), 0.1 e n(AP)| 

Is less than the specified or default convergence criteria* where &P refers 

to the pressure drop across the core. 

It may be noted that If there were a single error vector present* an 

absolute error estimate of any point variable would be available* 

[*'£" W ' 
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and such Is reported as a convergence estimate. Unfortunately the nearer 

x Is to unity, the smaller c needs to be to effect the same absolute error 

convergence level. 

EQUATIONS 

A loss of energy Is associated with coolant flow through a packed bed 

causing a pressure drop. The variable cross sectional area Is a dominating 

feature. The selected differential equation for the steady state 

condition Is 
VP = -G9 + pg (1) 

where the last terra Is due to gravity (vertical flow), 

P Is the pressure 

G Is the mass flow rate 

p Is the density, 

g Is the gravitational constant, and 

£ p D h 

/3.65x10" \ ° " 
V R e / 

2Ape . /3 .65x1 
B D h V R e 

095 
(2) 

where A and B ore constants, 

V Is the fluid dynamic viscosity, 

e is the void fraction, 

1). Is the effective hydaullc diameter. 

-i\T^) • (3) 

where D_ Is the pebble diameter. P 
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It may be noted that the Reynolds number 

or an effective value 

Is not simply Involved (In the f i rs t term). The above formulation Is used 

to correlate recent German pressure drop measurements. For the older US 

data, the term In Eq. (2) Involving the R to a smal I power Is dropped and 

a larger value of B Is used causing the pressure drop to be estimated to be 

about 50 percent more than with the German correlation. Typical ly the 

value of 6 depends primarily on the second term In the brackets of Eq. ( 2 ) , 

the InertiaI term. 

A test was made to see the effect of varying the value of the 

hydraulics equation coefficient A while coefficient B was assigned a fixed 

value of 0.1754 and the term Involving the relative Reynold's Number raised 

to the 0.095 was Included (revision from original code): 

Peak Temperature ( C) 
Pressure Outlet Heavy 

Value of A Drop (Atm) Coolant Metal 

4.1666 0.6597 1150.1 1121.1 
24.5 0.6768 1153.9 1120.6 

Thus the linear term (and the associated coefficient A) plays but a small 

role, although the effect of I ts variation on the coolant outlet 

temperature Is larger than was expected and Indicates the magnitude of one 

source of uncertainty. 



The continuity of mess equation In (RZ) coordinates Is 

h<r 6r> * ft < V * ° ' 
where G Is the radial coaponent of the mass flow rate, and 

6 is the axial coaponent; 

|6| - [6 r • G * ] 1 ' 2 . ( 6 ) 

Consideration of the continuity equation leads to the street function ty, 

fonmilated as 
G r - - f | * . (7) 

G 2 . l | * . (8) 

where a Is the ratio of bed radius to height making the coordinate 
references relative. 

In this applIcatIon, the equations are to be applied to an upright 
cylinder with flow from the top or tho bottom. Operating on Eq. (1) with 
the divergence operator leads to the following pressure balance equation: 

• ^ • ^ • " i M - s J M - • * • « . (9» 3 2P J 3 P , a 23 2P 
3r 

where the sign of the last term depends on the flow direction. 

The VA operation on Eq. (1) eliminates the pressure term and yields a 
differential equation for the stream function. 

a2 (Hit*«ii*M&-*)&'«£-0 • "<" 
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A heat balance on the fluid yields a equation Involving the bulk fluid 
temperature, 

n f r . 9M +„*>_/< 9Tt>\ 
r s r ^ r V 5r~ / ' 3z ISz Sz -^ 

where IC Is the effective radial bulk thermal conductivity coefficient, 
K. Is the same axially, 
H Is the bulk film coefficient, 
T. Is the bulk fluid temperature, and 
T Is the pebble surface temperature, 

and the film coefficient on the basis of volume rather than surface area Is 
correlated through a Nusselt/Reynolds number correlation. 

A heat balance on the solid phase (In a gross sense neglecting local 
temperatures tn*t would affect the gross transport of heat In the sol Id 
phase) yields 

•1i (K

e w) * I? («S ST) + WrV + <*< • »• < 1 2 » 

where K Is the effective solid phase thermal conductivity and q is the 
heat source per unit volume. 

These equations are cast In a somewhat different form than as 
programmed In the code as received. For example, use was made of the 
relationship 
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3 /. 3B\ _ 3A9B + a 3 2 B 

3z V* 3z / ~ 3z 3z M 3P 

to recast the equations Into what would appear to be a more accurate and 
effective form. 

Equations (9-12) are four second order, non-linear equations coupled 
through the dependent variables. The primary dependent variables are the 
pressure P, the stream function ty, the bulk fluid temperature T., and the 
pebble surface temperature T . The mass flow rate and Its radial and axial 
components are given by the auxiliary Eqs. (6-8). Note thof the stream 
function i/> appears explicitly only in Eq. (10), the equation used for Its 
solution. Derivatives of the stream function divided by the radius are 
used directly for the axtal and radial components of the mass flow rate. 

Each of these four equations is recast In a finite-difference form 
which In turn Is recast to yield an Iterate estimate of the value of the 
variable at a mesh location based on current estimates of the values of the 
other variables and their derfvates. 

Somewhat involved difference equation forms are Involved. It Is 
assumed that usually adjacent mesh spaclngs will be similar. Otherwise 
reliable forms to estimate derivatives are not assured. Generally these 
equations reduce to simple forms with a grid of mesh points that tends to 

2 assign equal elemental areas to mesh points (equal A(r ) Intervals Instead 
of Ar, equal axial Intervals). For mesh location 1 axial and J radial, 

2* dz 
x.,., t - x 

U z1+l " zi-l 
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3 2x 
3Z 7 

/ X 1 + l t j ' X i - j \ _ / X 1 , j - X 1 - 1 , j \ 

And so on. Thus the Iterate form for the Iteration n estimate of variable 

x for a solution of the one~d(menstonal equation 

^ + C ^ + S « 0 

with uniform mesh spacing A would be 

-h) <? ' £ j(»?t,<])(^fe) + S' 

where superscripts refer to Iterate estimates (not exponentials), and use 
of the latest Iterate estimate Is considered with a sweep along Increasing 
Inoex. 

Certain global requirements are known. Thus Incorporated Into the 
procedures was the accounting to renormal (ze the axial mass flow rate at 
each row of points each Iteration such that the radial Integral equaled the 
total Inlet. Similarly the values of the outlet pressure are set equal to 
the Integral (rdr Integral) average each Iteration. Attempts to force a 
global heat balance proved unsuccessful (redundant constraints prevent 
convergence) so that the results contain an error due to the fInlte-
dIf ference representation. 

It should be noted that the formulation Ignores the effect on the flow 
distribution of the containing surface. Clearly the value of the radial 
component of the mass flow Is zero at the values of r-0 and r-R, 

0 , 11* r 3r r»R 
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and also 

I -* - 0 . 
' 3 r r=0 

although the latter Is a bit difficult to enforce directly. Evidently 3*/3r 
approaches zero more rap Id Iv than r approaches zero. It Is Informative 
to examine the case of uniform conditions, 6 * constant, 6 * 0 . 

G -If* z r 3r 

*(r 2) • / r'Gz dr' = *(r x) + j (r|-rf) G 2 (13) 

Thus we expect u>(0)-0 and where r*R, ^(1)>1/2. 

It Is noted that the void fraction at the edge of the bed tends to be 
large due to the edge effect on packing. Thus the amount of flow near the 
outside of the bed may Indeed be high and heat removal efficiency low 
(rather than the flow be low due to the effect of the surface of the 
containment). The effect nay be appreciable due to the large area Involved 
(the cross sectional area goes as rdr). Experimental measurements are of 
considerable importance, and Indeed special surface conditioning may be 
desirable, for coolant and pebble flow. It could be found to be practical 
to pass smai ler pebbles near the containment to prevent a high coolant flow 
tate here. These pebbles could be loaded heavily with fertile material to 
effect blanketing and also provide shielding of the radial reflector from 
high energy neutrons to reduce damage. 
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The point to be made here Is that only l imited Infornatlo-i can be 

produced about flow conditions near the cortafnmert vessel »Itt* tMs code 

without further development. 

Blockage calculat ions can be made, but only par t ia l blockage and only 

about the location r-0 makes any sense within the model (an annular block 

about the core over a range of r <r<r_ Is not Interest ing, and the model" Is 

Inadequate* for t reat ing the locai flow condition of zero) . For an accurate 

representation, central blocking must extend t o at least the second radial 

mesh point because of the way derivat ives are calculated. 

The code was modified to admit solutions for the annular core. 

Unfortunately the stream function formulation may iImply be Inadequate. 

Setting the values of <J/«0 at r»0 and ; s 0 . 5 at rB\ Is nice for the 

cyl indr ical problem, while enforcing derivat ive conditions was not found to 
2 

be simple. For the annular problem, vl i s set equal to ( 1 / 2 ) r . . 
r1 ' 

Although this makes sense considering the limits as r.-O and as r.-*\, It Is 

not clear that the results wilI generally be realIstlc, so more effort 

would be required to study the situation and to reformulate the problem If 

necessary to produce accurate solutions. 

Key auxiliary equations are shown here. For the effective fluid 

conductivity, 

br g r p p' 

bz g z p p' 

where tho radial and axial coefficients are quite different (typically 0.1 

radial, 0.5 axial). 
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The effective fluid heat transfer coefficient It approximated by 

< « . ( V * th 0 J • Sibil 
e {_ g r. pj ±_ f 1_ 

(16) 

'$ ^VVVs) 
where K Is the solid thermal conductivity with account taken of the 

temperature and exposure to the neutron flux. 

where 

' ^ - L P H ^ J 

•I = Ps ft)" • and 

$ 2 = p. ft)" • but 

(17) 

if € < P 7, $ = $ 2 . 

if e > P e, d> = *] 

The equations used to account for radiation effects 

h r s - p, 
( * ) 

P2 

and 

Pi T« ? 2 

" { I + 5^7 

(18) 

09) 
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where naturally P 2 Is defaulted to a value of 3, but these coefficients way 

be altered with Input data} 

c m * P9 • P10 ( T s - p n ) • (20) 

The heat transfer coefficient for the file Is approximated by 

j ^ * ( % 0 - 5 • ' »« - ) (¥ ) ) 
where 

GDr 

for the German data, or for the US data 

Pis K f Re

 P , e 

H = r 2D p e 1 

Lsn^rj 
(22) 

where 

(zx\ GDP p 

The German correlation for the fluid thermal conductivity of the film 

( f e - f h P ) 
K g * f f ( l . + f g P ) T f

 e h 

where coefficients f are shown that nay be altered with Input data, and for 

the viscosity of the film, 

U - f c T f 

where locally 

Vj'VV • 
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The fluid tensity Is calculated tree ttia aquations 

where 

V - 9 b 

V • V , + AV ; n n-1 n * 

A , ( l " - p , n t W V n * 6 J , n ^ l , n t O , n . 

done recursively with termination at AV /V„ < 10 , or n • 20 aax 
n n 

* • B, - A0 - B 2 / V 

y « B 3 Tb • B4 - B 5 / y 

« • B 6 / T b 2 

For the pebble tenperature distribution* 

a(T r) « 1.055 - O.0OO57*Tr, a > 0. 

H(T) * [ 1 . - 8.45 x 10"*T(420. + 1.65T)], 

6(T r) » 1.116 0.000269?r, 8 > 0. 

F * 8.8a(T r)H(T)[l - expl8(T r) x 10""S}] f 
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Kp(e.T) = RK(1); 
K > 0.105 (0.1 times the second value in the string) 

z = K(T)/Kp(e,T), 

(R-l.) 
G = fi.8a(Tr)H(t)K(T)"LC(fr)6(t) + {1. - C(TrJ|A(t)J 

S = ~ 1 ° 2 1 1 ^ | 0

)

( 1 - 6 ) • ^ (26) 

where additional exposure to the neutron flux Is shown as being added 

directly to S (flux-time, n/cm 2), and K(T), A(T>, 6(T) and C(T p) are 

obtained by linear Interpolation In data strings, T being the estimate for 

the local temperature and T being the Irradiation temperature estimate. 

The steady state heat transport (by conduction) Is solved assuming a 

uniform source within the meat part or the pebble. 

3F ( r 2 K 3?) ' -« r 2 • (27) 

where K Is the thermal conductivity and Q the heat source per unit volume. 

The solutions are cast In a difference form of the differential equations 

and Integrals are then done numerically, as to calculate the meat 

temperature. 

Selecting data In use at the time this Is written, for T«T »1000 K, 

S-0.7746, O0.7, A-0.4354, and K-0.5905; 

a = 0.485 

H ' 0.400 

B - 0.847 

F * 3.521 (1 - expj-0.847 S x 1 0 T 2 1 } ) , 
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R = _ _ L _ 
K 1. + 0.3973F • 

K = 0.62R 

-M 
G = 0.715 (Q-l.) 
S = -1.18 x 1 0 2 1 log 1 0 (l.-G) • AS 

and so the dependence on exposure In this case Is as follows for a Initial 
condition with Initial exposure but no further accumulation (with annealing): 

S o F o K S 1 F 1 K P . I 

0 0 0.62 0 0 0.62 

t o 2 0 0.286 0.557 4.32 x 1 0 1 9 0.126 0.590 

10 2 1 2.012 0.345 4.32 x 1 0 2 0 1.080 0.433 

1 0 2 2 3.520 0.258 ( fa l l s * ) 0.258 

3.521 0.258 ( fa l ls ) 0.258 

•Code action Is to leave S unaltered so usually S Increases and R 
takes on the value associated with s-*». 

Transport of energy within the pebble Is of concern because of the 
associated temperatures and the dependence of these on the power density 
and the thermal conductivity that degrades with exposure to the neutron 
flux. Consider the rate of heat transport at the surface of the fueled 
portion of the pebble. 

Q * q fV f = -KAf £ | ^ 
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where the heat balace equates the total generation rate, source density 

times volume to the tansport rate which Is proportional to the area and the 

temperature gradient at the surface, the coefficient being the thermal 

conductivity. Considering that the heat source within the fuel may be 

related to the average In space of the power density (more apt to be 

known)* 
3 - M 

Vf3 ' « fc"/ 
where r Is the pebble outside radius and f y Is the f i l l fraction of 

pebbles (one minus the void fraction), 

*rf / r s V , long cylinder. 

Thus for a power density of 5.5 watts/cm3, spherical pebble r «3 cm, 

r f - 2 . 5 cm, f y - 0 . 6 1 , and a thermal conductivity of 0.072 caI/cm-°C-sec, 

0.301 watt/cm-°C, T/ r » -43.1 °C/cm. Since this gradient Is Inversely 

proportional to the thermal conductivity, reducing I t In this case to 2/3 

the value Increases 3T/3r In magnitude to -64 .7 . 

HO CROSS FLOW, FLOW THROUGH HOLES 

There Is provision In the code to solve a problem on option without 

radial cross flow, Note that this solution generally places an upper bound 

on the temperatures because the effect cf cross flow Is to reduce the 

temperature peaking of the coolant. 
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Also* special equations have been programmed for flow of coolant 

through cylindrical holes In a solid natrlx. As programed, the option for 

eliminating cross flow nust also be exercised, usually with the assumption 

of Ideal TrlfIcing at the inlet or outlet. For flow through holes* the 

void fraction Is used to detemlne how nay holes there are per unit cross-

sectional area, and the hydraulic dlaneter Is that of the typical hole. 

For a collecTion of different sized holes, this dlaneter would be an 

effective weighted value (the square of the flow rate Is proportional to 

the hole dlaneter). The equations programed are: 

Equation 2 becomes 

" £ * ™ 
where d. Is the hole dlaneter and B Is set to 1.0 unless specified 

differently. Given, 

Re " ne • 

the Fanning friction factor Is obtained by Iterative solution of the 

correlating equation 

2 
f = max 16 I ! t 

R e • |41og(Re/r)-0.4) 
(29) 

and the fI In coefficient Is obtained from the equation replacing Eq. 21, 

H*p"[\]" $rYlh (30 
(except that the last term Is set constant at 0.87 for one-dlmenslonal 

problems). The surface for heat removal Is given p^r unit volume by 

« 9 •% • " " 



60 

Also the heat removal mechanisms available to the fluid phase are 

limited to only axial fluid flow. 

In solving these equations for flow through holes It was found that 

the normal central difference equations for the bulk coolant temperature 

were so unstable that acceptable results could not be obtained. Upwind 

temperature difference and heat source were found to effect stability and 

produce adequate results. 

REMARKS ABOUT THE PRINTED RESULTS 

The Input option on edit level determines the primary arrays that are 

printed. Generally the axial flow and the bulk fluid and surface 

temperatures are printed (unless surpressed), but not the radial flow nor 

the pressure. If the maximum radial flow rate seems high, then the array 

of radial flow Is printed. Higher edit levels produce the array of power 

density, and the stream function and a flow parameter (6) printouts. 

Debug levels of edit produce elaborate printouts. Even during the 

Iteration process, all calculated properties and thermal hydraulic results 

at two locations may be obtained. The data associated with coolant 

properties and heat transfer characteristics are edited on termination of 

the Iteration process. The equation coefficients are printed and key 

Information about the calculation of the local eel I temperature 

distribution. 

The normal edit Includes the primary Input control data (options), a 

line of edit for each Iteration on the thermal hydraulic problem, the key 
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results from the thermal hydraulics problem and also those from the local 

cell temperature distribution calculations Including average and peak fuel 

temperatures. A summary table for the thermal hydraulics problem shows 

primary results Including peak and mean coolant outlet temperatures, 

pressure drop data, and flow balance and heat balance Information. 

(Incorporating an axial flow balance In the equations solved eliminated any 

discrepancy In the flow balance as examined.) Special calculations are 

made to approximate the axial pressure drop at R/3 end 2R/3 locations as a 

reliability check. In the event that the option to prevent radial "cross" 

flow Is exercised, then the "apparent extreme pressure drop" Is of special 

Interest, and Indeed the only meaningful pressure drop data when or If Icing 

at the Inlet or outlet are opted. 

Information Is printed each Iteration. Following the Iteration number 

are the maximum relative changes In the point values of the stream 

function, the bulk fluid temperature, the surface temperature, and the 

pressure. Then the value of the overrelaxatlon coefficient In current use 

for the stream function Is printed followed by the pressure drop at one 

core traverse In atmospheres, and then the relative fractional error In the 

overall heat balance (Indicating the accuracy of the Integral of the outlet 

coolant flow rate times its temperature). Then five values of dominant 

Iterate error vector eigenvalues are printed, primarily L. norm estimates, 

but the concerned reader Is referred to the program source listing for the 

current procedure. 
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ON RELIABILITY OF APPARENT SOLUTIONS 

It vas found that a much tighter convergence level must be satisfied 

than recent Investigators have Indicated If the absolute error In local 

values Is to be reduced adequately to admit the claim of reliability. The 

difficulty lies In uncertainty about the absolute error and possible large 

error that may be associated with a false mode of flow or temperature 

distribution. It was found to be essential to start with a reasonable 

Initialization of problem to produce reliable results within a reasonable 

Investment In computation time. The equations that are solved are 

nonlinear. In some cases they may be nearly linear while In others there 

are highly nonlinear effects as for strong temperature dependence In heat 

removal properties. A scheme that works well In one situation may fall In 

another. The key aspects of reliability are addressed below. 

Expect reasonable results. For example, the radial flow distribution 

should form a reasonable pattern, not one sign change after another along a 

coordinate. 

Uniqu«n«sg. Uniqueness of a solution can not be assured, especially 

with strong nonilnearlty contributions. Under the conditions of reasonable 

power level and coolant flow rate, a unique solution seems to exist. 

Uniqueness has been tested by both starting a problem from more than one 

InlTlal condition and effecting tight convergence of the Iterative process. 

Such testing Is highly recommended In the event of any doubt about the 

apparent solution. 
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Fluid Flow R»gi»» «n«« stuhiii+y. At low coolant f low rates, the 

coolant temperature Increases along a path of high heat deposition reducing 

the flow rate. In three-dimensions there would be local recirculation not 

realistically In two dimensions. The point where recirculation occurs has 

not been simple to Identify for a particular situation. In soma cases 

Instability seems to occur well below 10 percent design power level and 

coolant flow, while In others well above 10 percent. Evidently the larger 

the heat source variation over a core and the greater the effect of 

temperature rise on the flow, the higher the flow rate at which undesirable 

recirculation could occur. Similarly for reference power generation 

conditions, t*te more uniform the flow and the lower Its sensitivity to 

local conditions, the less likelihood of two or more possible flow regimes 

for a set of conditions. 

On Limitations. With the stream function approach, the flow rate, 

radla! or axial, Is the derivative of the stream function which Is solved 

as a continuous function. Evidently radical changes In the flow rate are 

not admitted, certainly not discontinuities. It would make little. If any 

sense to try to represent a blocked region that did not extend to zero 

radius (an azimuthaI ring). Indeed, only coarse Information nay be 

produced about blocking at the center-line. 

Definitive Information about a low power level and low flow rates may 

not be produced. Expect eddies to develop as the flow rate decreases that 

are three-dimensional In nature. So below some low flow rate for a low 

heat source, a stable two-dimensional solution should not be expected but 

this may or may not represent requirements for after cooling. Caution Is 

In order. 
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flrawarQftncft. One troubling aspect of converging the Iterative process 

Is the nature of the function being solved. The flow rate Is the 

derivative of the stream function. To converge the Iterate solution of the 

flow rate means converging this derivative. It can be argued that a 

convergence test should be performed on the derivative. Since none Is, a 

tighter convergence of the local values of the function may be necessary 

than might be expected. He assume that when the Iterative process Is 

convergent as Indicated by successive values of the function being nearly 

the same, the derivative of the function as approximated by differences at 

neighboring points Is also converging. This may not be true when large 

changes occur from Iteration. Note that an Iterate change of 0.2 percent 
o o of 1000 Is 2 , and If the error eigenvalue Is 0.9, we expect the absolute 

error to be 2(0.9)/(1.-0.9)=18°, probably significant. 

The analyst should become familiar with convergence level requirements 

for reliable solutions to the class of problems he Is solving for the 

specific solution method applied. 

Numerical Instability. At some risk In compromising solution 

capability, the upstream finite-difference equations were discarded In 

favor of recast central difference equations, generally more accurate but 

often less stable. Overrelaxatlon Is used to accelerate the rate of 

convergence and underrelaxatlon to effect stabllIty where needed. Decrease 

the coefficients If necessary. 

It Is not unusual to find a problem that oscillates. Temperatures at 

adjacent points may take on values that Indicate they have exchanged 
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locations. If the process Is convergent, then fine. The more rapid the 

rate of convergence, the stronger the dampening, the better. 

It should be recognized that strong underrelaxatlon, as found to be 

necessary In calculating the bulk coolant and the pebble surface 

temperatures. Is done only with some concern. If new Iterate values that 

are obtained as solutions to the flow and heat balance equations before 

altering are not better than the old values, then the confidence with which 

one accepts the Iterate solution as being adequately converged must be low. 

Reliable results nay or may not be produced. The analyst should take 

extreme care In terminating the Iterative process and accepting results. 

Finite-Difference Error. There Is a finite-difference error, but 

given a reasonable arrangement of mesh points (40x40, not 20x20), and no 

large, sharp discontinuities, as In properties or void fraction or the heat 

source, the results should be adequate. Use more mesh points In the 

neighborhood vi large changes or derivatives. 

A troublesome discrepancy has not gone away: there may be appreciable 

error In the overall heat balance. Why In some situations the average 

coolant exit temprature Is off by a fraction of a percent or more Is not 

known. This discrepancy Is deemed to have but low Importance. Recognize 

It as a distortion that can't be removed. A uniform axial mesh point 

spacing has produced the smallest discrepancy In testing.8 

Fluid and surface temperatures are arbitrarily adjusted on termination to 
elImfnate the overa11 heat balance error. 
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If there Is concern that the finite-difference error nay be serious In 

a specific situation, a second solution should be obtained, preferably vlth 

•any more aesh points reducing the spacing. 

Hrvt»iinQ tw»r«-iir«f»y_ Every sltuatlor will not be eodeled accurately 

vlrh this code. For example, the conditions near a containment surface 

will not be determined accurately: the flow equations are for a bed of 

pebbles (not randoa packed but rather the effective parameters of a bed are 

used), the edge effects of Increased volu and surface effects are not 

considered nor power density peaking in the neighborhood of a Moderator 

contalnoent. So there should be reservation regarding accurate Mode11ng, 

while one expects the node IIng to be adequate for primary effects. 

Coding Frrnr. This code Is qualified for routine application to a 

limited class of problems. Yet errors are possible, either mistakes in 

solving the equations as Intended or In taking action not expected by the 

user. An unreasonable solution should not be accepted without testing. 

SAMPLE PROBLEM 

The sample problems are used to guide the user and serve as validation 

tools for Implementation at other sites. Table 3 presents an Input data 

listing for a selected problem and selected edit of the results. Mote that 

Information Is generated for the thermal hydraulics code by other modules, 

and extensive testing is than dona by Multiple accesses of the thermal 

hydraulics coda. Not only Is the thermal hydraulic problem solved several 

ways but the data saving and selected recovery procedures are used. 
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Table 3. Sample Problem. 
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0.0 1.000000-04 •.020100-04 
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2.0*3*40-10 7.*41«20-00 •.•7*0)1-10 
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I . I » M » » - » 7 I . I I 7 W 1 I . I I I i.*n7»»«-m 
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5 .u*2* i - *« a.a i.**o*ai-a* 
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2.4*1211-1* 1.1757*1-0* 2.511111-0* 
1.105441-0* I.515M1-1J 1.511771-*? 
U*1***t-0* S.»7*15l-0? 1.541211-a* 
4.42*221-81 2.4)2341-47 1.111111-11 
».«?025i-*7 5.0*4441-** 7.111271-34 
i . n t n i - n 2.aat27t-a* 1.47*1*1-07 
a.a i.ooooet-o* 1.0*5421-0? 
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u)«2*st-a« 2.2?2«it-ea i . m u t - u 
1.122*51-1* 1.441711-07 2.017541-3* 
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4.12*741-04 2.474441-44 1-*»01*l-»» 
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1. 701521-47 I.11S1U-I1 1.1*5*01.-04 
5.072101-0* 2. U3374-05 1.3*2001-3* 
4.2*04*t-11 5.41S5S1-OT l.*5«l)C-9? 
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2.5240*1-3* 4 .4*1*1*-** t.541511-0* 
l.***]St-07 2.2*2511-0* 4.12501I-0? 
1 . 7 M 1 I - M 1.21*2*1-0* *.4»*0)t-0* 
l .»*l»n-04 l.*530U-OI 0.37*401-02 
1.7247*1-** I . 20*0Tt-41 2.1*0541-0* 
2.3*7*71-4} 1.1420*1-04 4.752011-3* 
S.M244I-0* *.1225le-07 l.«*7*II-00 
4.224**(-07 5.«**4)t-0* 1.470411-;. 
4.74*511-0* 1.274434-0* 5.1*0201-0* 
2.2304)1-0* 1.7447*1-07 *.412111-0* 
*.7275*1-10 1.12)2*1-00 1.*«*72*-a* 
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4.1*5*41-07 •.4444*1-04 1.101*510* 
1 .2)*»t -«t k l l V M I - f l 1.241521-0* 
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2.4***51-0* 1.250401-04 1,451071-0* 
7.4111M-10 *.554*41-11 1,57*001-07 
1.44I52I-1* 7.45122I-07 4,447141-0* 
1.2*512f-47 1.0*4*21-07 ? 21**71-11 
1.21*251-04 1.412251-07 1,313771-01 
2.343*51-** 5,)3**2(-01 1,244**1-07 
* . * 1.3O0W-O* ) . 14*541-1)1 
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*. 5*0*11-0* *.)7*40(-02 1.34(5(1-10 
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5.1*0201-0* 0.0 l.OOO**(-0* 
* .*74**l-0* 1.207451-07 1.214*11-44 
1.5*4*51-** 1.2*1271-04 I.M544*-** 
* .17*Mt- l0 W»545*t-t0 1.41)711-07 
1.21M4I-01 7.1****t-*7 5.413411-4* 
1.05*421-07 1.07*421-*? * . I72** I -1 I 
1.054771-04 1.2*1*71-07 1.**515(-07 
1.444441-0* 1.045*21-0* 2.*O*l4I-07 
0.* 1.000001-0* 2.25*711-*? 
1.(25)71-04 2.420011-04 2.057751-44 
I.275541-04 1.7*72*1-4* l. l*»»l*-»» 
*.724*»1-11 1.441221-07 I.*((1CI-*1 
7.1)1511-07 *.0«]**t-04 2.5*) t l l - *5 
3.0421*1-07 1.771221-11 * .2 * * * * * -»* 
l.**75*l-*7 1.1*7571-0? *.4*755*-*7 
(.572*11-0* 3.00*0)1-07 * .*4***«-*1 
1.009001-0* 2.*75751-07 2.220*71-4« 
2.220*51-04 2.4*75*1-0* 7.727*5*-!* 
1.711111-00 1.321741-04 1.7517*1-01 
1.4224*1-07 1.24M5*-** 1.151»l»-4* 
4.1*0211-04 2.739521-35 1.1424a(-0* 
2.*221*t-11 4.5*77*1-0* «.**5**f-47 
1.2(3321-07 4.421431-37 4.7l545f-0( 
3.1*5*01-07 4.*l*5W-0* 1.027)21-07 
2.44lt*(-*7 2.21)2*1-0* 5.1*****-*7 
2.121*11-04 4.12)521-1* I.12444I-M 
1.272701-00 * .« I* I5 I -41 4.17*4*1-41 
1.02(35(-O1 l.eoi**f-0* 1.557I2(-K 
2.*«751(-05 1.142001-0* *.*4)77t-*4 
4,7)50)1-01 4.545)21-07 7.4*l*2*-0* 
7.011111-07 1.07*151-01 2.135((l-(( 
4.1(1*51-0* 1.0*0571-07 5.K0201-4* 
2.20**71-0* 4.3(0**(-0? 5.**421I-«« 
• .(51441-10 1.1*1*51-** 2.*42121-*1 
1.I2507»-0» •.371*91-82 2.44712I-I* 
1.011*71-01 7.270*41-1* ».*5»?ll-10 
1.142001-34 (.7511*1-4* 1.2*1*21-07 
».411121-07 S.***10t-0* 1.2*»*5l-** 
7.)4*4*l-0( 2.224501-04 ).4**»**-0* 
1.0*41*1-07 5.I4020*-** 0.0 
1.1*1271-07 5.11)2*1-** l.21***l-4« 
1.**M4(-0* >. 1741*1-0* 1.21441*-** 
•.17*401-02 2.1141OO-10 7.40*211-11 
5.52*111-10 *.327*11-10 7.4772)l-*7 
».027»7»-0« 1.11*5*1-01 2.*415**-*? 
•.415541-3* 1.27*141-04 1.407*51-07 
2.2**021-** 2.5112**-** 1.14?«*t-*t 
5.M030I-0* 0.0 1.000**1-0* 
5.1514H-04 1.342*11-04 1,5154*1-04 
l . )4* l«f -0* 1.221l*l-*4 1.55515*-** 
1.4*5(51-10 7.1*1*71-11 1.41*54l-«7 
7.(544«l-10 7.*7*451-47 7.157741-44 
1.311011-07 2.12»**l-*7 1.11*7*1-11 
1.2*11*1-04 1.4*05*1-0? l.4l4*?t-*7 
2.552501-0* 2.45M21-0* l . ) * ( ) * l -«7 
0.0 1.000001-4* 2.*745*l-*7 
1.2*1*01-0* 1.**0l«l-0* J . M M M - M 
1.22*711-0* 1.5)40*1-0* 1.147121-0* 
4.4*1571-11 1.1122M-4? * . 2 * * (5 ( -1 * 
7.»71)»*-07 7.24)121-04 1.11*5*1-05 
2.111121-07 l.»4*1**-12 7.112*0(-»* 
l.*?r»51-0? 1.*Ml51-07 7,«2M4*-0T 
2.1151**-** ).*1»7)*-0? 7.05*S)(-0< 
1.00*001-0* 1.014151-07 2. 1*225t>0« 
1.1*})*l-04 2.*54441-04 l . * )?«*(-1* 
1.522»7(-0* 1.151*31-0* (.«07*l(-0* 
1.1**101-07 3.3*1(51-10 7.2574*1-1* 
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0.0920 
0 . 9 I 2 * 
0.0020 
0 .001* 
0.0*12 

.000* 

.0003 

.0*02 

.0700 

.0707 
,0703 
.070) 

0.0701 
0.07*0 
0.«7*7 
0.07*6 
*.*7»5 
0 .01* ) 

O.*001 
0.00*0 
0.0«*« 
0 .1* *0 
0 .0*7* 
0.00*7 
0 .00*1 
O.*03* 
O.***0 
0 .00* ) 
0 . 0 * ) * 
0.003* 
0.0*20 
0.002* 
0 .**22 
0.0010 
0 . 0 * 1 * 
0.0013 
0.0011 
0.00*1 
0 .0*0* 
* . 1 0 » * 
0.0*02 
0.0001 
0.0109 
0.0700 
0.0707 

http://ih.it
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Table 3. CONTINUED 
0.7500 
0.TT7* 
*.oos« 
( .0333 
0.0(11 
0 .0M4 
0.5»«7 
0 .» * *1 
0.4722 
1. 

1.470* 
0.4702 
0.4701 
o.r»oo 
•.5*4* 
9.4*44 
1.4*11 
0.4*44 
* . * * • • > 

4.4*47 

4. «7o* 
4.4700 
0.470* 
4.41W 
0.4105 
0.*70* 
8.1703 
4.4703 
o.*-03 
3. "702 

0.4715 
0 .471* 
0.4713 
0.4712 
0.4711 
0.4710 
* . i " 1 » 
0.470* 
0,*704 
t .470* 

e.nn 
0.4122 
t .4721 
0.4720 
••4714 
0.4710 
• • • P I * 
e.4717 
0.4717 
C.4717 

0.4-24 
0.4727 
* .4T2* 
9.4*25 
».47.>« 
0.47:3 
* .7»_J 
0.4722 
0.*»22 
0.4722 

0.4733 
0.4733 
0 .4-31 
0.4724 
0.4-24 
0.47 2* 
• . 4121 
0.4727 
0.472* 
0 .472* 

• .4737 
0.473* 
* . *735 
0.473* 
0.473U 
0.4732 
0.«''3> 
0.4731 
0.4731 
0.4731 

0.4-43 
0.47*1 
0.4-41 
0.57*0 
0.5-3* 
0.5730 
».*73« 
0.5737 
0.473' 
0.4737 

0.4-12 
0.4751 
0 . « - V 
0.47*4 
0.47*0 
0.47*7 
0 . *7 *« 
0.47«« * . * - •« 
0 . 4 7 * * 

0 ."" f2 
* . * " * 1 
0 . * - * 0 
0.475* 
0.«-5* 
0.4757 
».»757 
0.475* 
« . *7«* 
* . * 7 » 

• . • 7 - 2 
0.4771 
0.4770 
0.4770 
0.*7«4 
0.47(0 
• . • 7 * 7 
0.47*7 
0 . *7*7 
0 . *7*7 

0.4702 
0.4701 
0.4700 
0.4700 
0.477* 
0.4770 
».*17*. 
0.4777 
0.4777 
0.4777 

0.474* 
0.4745 
0.474* 
0.4743 
0.4742 
0.4741 
» . «4t« 
0.47*1 
* . 47 *» 
0.4-40 

I t O t l l 
i n t i 
o.o 
0.027* 
0.055* 
0.0033 
1.1111 
0.1304 
0.10*7 
0. 14M 
0.2222 
0.2500 
* .2TT* 
0.3O5* 
0.3333 
0 .3 (11 
0.3*09 
0 . *1 (7 * , * « • * 
* . * 7 2 2 
0.5000 
0 .527* 
0.555* 
0.5033 
• . • 1 1 1 
* . * 3 0 * 
* . * * ( 7 * .***» 
0.7222 
0.7500 
0.7770 
0.005* 
0.0333 
0 . M 1 1 
0.0004 
0.41*7 
«.4*«« 
* .»722 
1.0000 

H i l l 
0.0 
0.0270 
0.055* 
• .0033 
0.1111 

130* 
1 M 7 
14** 
2232 
2500 
277* 

0.305* 
0.3331 
0.3*11 
0.3004 
l . « H * (.*••« 
0.*T32 
0.50OO 
0.5270 
0.555* 
0.5033 
• . • 1 1 1 
0 . « » 5 
* . * * « 7 *.*•»« 
0.7222 
0.7500 
0.777* 
O.MS* 
0.0333 
0 . M 1 1 
0.0004 
0.0107 
0 . 4 * * * 
0.4722 
1.0000 

•n.»TiTT. *iss fio* i t t ; , c 
( .5«0( O.«130 0 . (1 (5 0. (150 0 . 1 H 5 0.70*0 0.7325 0.7«<0 0.7000 0.4101 0 . 1 M 2 * .07*7 0.4012 

(.4404 0 . * * 1 * 0.4*37 0.4*57 0.4474 1.0000 1.0023 1.00** 1 .00-* 1.0702 1.0130 1.0152 1.0170 
( .44*3 0.4*14 0 .4 *3* 0.1457 0.44-4 1.0000 1.0023 1.00*7 1.0074 1.410* 1.4111 1.015* 1.0172 
( .4*00 0 . * * 1 * 0.4*32 0.4153 0.*475 0 . *44* 1.0*20 LOOM 1.007? 1.0-0* 1.013* 1.0154 1.0101 
(.4045 0.440* 0 .4*2* 0.«*»7 0 .44** * . 4 * * 0 1.0071 1.05*0 1.0071 1.0105 1.513* 1.01(7 1.0143 
0 . 4 * M o,**e2 0.4*14 0 .1W0 0.44(2 0 .440* 1.00 Id 1.0036 1.40(0 i .o ies 1.41 C2 1.017* 1.0205 
( .4*0? 0.1(4* 0.4*12 0.1433 0.4455 0.4477 1.0005 1.0031 1.00(5 1.0101 1 . 0 1 * * 1.0101 1.021* 
».4*-» 0.4000 0.4*04 0.4127 0.44*0 0 .4*71 1.0000 1.0027 1.00*3 1.010- 1.01*4 1.0107 l . *22 ( 
*.40«4 5.4*01 0.4*4* 0.«421 * .44*3 0 .44*1 0.5*45 1.002* 1.00(1 1.0107 1.0143 1.0142 1.0235 
» . * * * • 3.4*15 * . * * * 2 0 .M15 0.4437 * . * * « 1 0.4441 1.0020 1.0054 1.010* 1.015* 1.0147 L*2»3 
«.4*5* 0.41-0 0.4»*7 0.4410 0.4433 0.4457 0.4400 1.001* 1.5CS0 1.0104 1.0154 1.0307 1.0250 
• .4*53 0 . ' M 5 0 .4**2 0.4400 0.4424 0.4*13 0.4405 1.0415 1 .001* 1.010* 1.01(1 1.020* 1.025* 
« . ***4 0 .4* (1 O.*#70 O.*402 5.4425 0.4450 0.4402 1.0013 1.005* 1.0110 1.01*1 1.0210 1.02(2 
* . 4 * * 1 0.4*57 0.4«7» 0.4044 0.4*22 0 .4 -Ht 0.4100 i . o e i : 1.0014 1.0111 i . e i * s 1. 0211 1.02(7 
4.40*1 0 . * * * J 0.4*71 0.4445 0.4*20 0.44*5 0.4470 1.0011 1.0055 1.0111 1.51*7 1.0217 1.0272 
( . 5 * ] - 0.4*50 0.40(4 t .4452 0.4417 * . 4 * * 3 0 . *47* 1.0010 1.4055 1.0M2 1.01*4 1.0220 1.0270 
0.403* 0.4*»7 0.4**4 0.4*40 0.4415 0 .44*2 0.4475 1.0004 1.0055 1.0113 1.4171 1.0231 1.0200 
* . « * 3 1 <).4*»* 0.4**3 ( .4 (44 0.1513 *.**•* 0.447* 1.000* 1.MS5 i . e m 1.0173 1.022* 1.020* 
• . 4 * 2 * 0.40*2 0 .4M1 0 . 1 1 * * 4.4*12 0.4434 0.4173 1.050* 1.005* 1.011* 1.4175 1.0334 1.0207 
* .4«2t 0.4»] 4 0.4*44 0 .1 (0* O.*410 * . * * 3 * 0.*S72 1.000* 1.005* LC115 1.017* 1.0231 1.0240 
0.4413 0.1*37 0 .4*5 - e.4**2 0.4404 0 . 4 4 J ' 0.4571 LOOM 1.0057 1.011* 1.0170 1.023* 1.0242 
• . 4 * 2 1 0.443* 0.7455 0.4(01 0.4400 0.443* 0.4171 1.000* 1 .005 ' 1.011* 1.017* 1.023* 1.0245 
• .4*14 0.4* 3* 0.445* C.K74 0.4407 0.443* 0.4170 I.OOOf 1.0050 1.01 W 1.4141 1.0230 1.0247 
4.4011 0.4(32 0.4453 0.1(70 0.440* 0.4431 0.4470 1.000* 1.004" 1.C11* 1.41*2 1.02*0 ' . 02 *4 
• . 4 0 1 * 0.*«31 o.4or i 0.4(77 0.4405 0.4435 0.4470 1.0001 1.5054 1.0120 1.010* 1.02*2 1.0301 
«.441« 0.4*30 0.4*10 C . i tT* 0.4405 0.*43» 0.4470 LOO** 1.40(0 1.012* 1.01*5 1.02*3 1 .O02 
0.4411 0.4*2* 0.4*«0 0.4*75 0.440* 0 .443* 0.44*4 1.000* 1.40(0 1.0121 1.41(( 1.03*5 1.030* 
0.4412 0 . *«2* 0.4**4 (.4475 0.4*0* 0 .4 *3 * 0.45*4 1.000* 1.41(1 1.C122 1.0107 1.02** L * 3 * 5 
0.4*11 0.1(27 0.*» »• * . *»7» 0.4403 0 , * 4 3 * 0.44*4 1.0004 1.00(2 1.0121 1.010* 1.02*7 1.030* 
• . 4 4 1 * 0 .4 (2* 0 . * *»7 0.1173 0.4403 * . * 4 3 * • . • 1 * 1 1.0M0 I .OCi l t . C ' l l 1.0104 1.02*5 1.0301 
0.4004 0.4*25 0.4»*7 C.447J 0.4403 0.4*33 0.14*4 1.0010 1.00*3 1.0125 1.01*0 1.0250 1.0300 
0.400* 0.4*2* 0 . 4 M * C.1172 0.4403 0 . * *33 * . * 1 7 0 1.0010 1.40** ' .0125 1.0141 1.0251 1.0300 
».4*C7 0.4(2* 0.44 » i 0.4*72 0.4*02 0.4431 0.4570 1.0011 1.00** 1.C12* 1.0142 1.0251 1.0304 
4.4007 0.* (23 * .4«*4 0.1*72 0.4)02 • • •433 0.4170 1.0011 1.00(5 1.C12* 1.0142 1.0252 1.03*4 
0.4*01 0.1*23 0 .4 * *1 0.4*71 0.4402 0.4433 0.4170 1.0011 1.00(1 1 0121 1.01*3 1.0252 1.0304 
* .4»0* 0.«»22 0 . 7 4 M e . « 7 i 0.4402 0 . * *?3 0.1570 1.0011 LOOM 1.0*27 1.01*3 1.0253 1.0310 
0.4*05 0.4(22 0.44** 0.1(71 • . 4 *01 0.4433 0.1170 1.0012 1.00*4 i . e i 2 * 1.414* 1.0251 1.0110 
0. *405 0.1*22 0 . 4 * * * 0.4471 0.4402 0.4433 0.4170 1.0512 1 .40( ( 1.112* 1.414* 1.0251 1.0110 

•-11TI7? riSS 1M» 1 1 1 ! , C 

».«« — —— _—~. .»«..«. » . — . . . . » . *2 -1 0.4510 0.1754 1.0000 

1.01-4 
1.01*1 
1.0143 
1.0204 
1.0225 
1.02*1 
1.0255 
1.02*( 
1.02-4 
1.0240 
1.02*( 
1.0300 
1.0311 
1.0114 
1.0325 
*.wj*r7 
1.033* 
1.0337 
1.03*0 
1.03*3 
1.03(5 
1.03*0 
1.03*4 
1.0351 
1.0352 
1.0353 
1.0154 
1.0155 
1.0351 
1.035* 
1.015* 
1.035* 
1.035* 
1.0350 
1.015* 
1.0350 
1.035* 

1.0170 
1.0H3 
1.01(3 
1.0147 
1.021* 
1.0111 
1.02*-
1.01(3 
1.0277 
1.11(4 
1.0301 
1.1311 
1.4320 
1.5324 
1.011* 
1.SM2 
1.01*7 
1.4152 
1.0157 
1.03*0 
1.031* 
L O I V 
1.01(4 
1.0J71 
1.0171 
1.0175 
1.017* 
1.0177 
1.017* 
1.017* 
1.03(0 
1.01*0 
L O I N 
1.0N1 
1.0M1 
1.03(1 
1.0311 

1.011* 
1.011* 
1.01*1 
1.9157 
1.01*4 
1.01*1 
1.0200 
1.021* 
1.0212 
1.02** 
1.02*4 
1.0271 
1.0215 
1.024* 
1.030* 
1.63 « 
1.0323 
1.0331 
1.0330 
1.01*1 
1.03*4 
1.035* 
1.0354 
1.03*3 
1.03** 
1.0370 
1.0373 
1.0375 
1.0370 
1.0300 

0127 
5130 
0124 
0132 
• 1*1 
115* 
01*4 

1.0145 
1.0201 
1.0317 
1.0212 
1.021* 
1.«2*0 
1.0212 
1.0241 
1.01U 
1.01O* 
1.0313 
1.0331 
1.0324 
1.033* 
1.03*2 
1.03*0 
1.9353 
1.0350 

0302 
0303 

1.0305 
030* 
0307 
03*0 
0304 

0J«2 
43*0 

1.03*4 
1.0373 
1.437* 
L«370 
1.0301 
1.01(3 
1.9345 
1.011* 
1.0100 
1.0114 
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Table 3. CONTINUED 
Mill coi-rentr or i m : m M M no* tirr., n 

• M i l l 
u t u *.* 

0 . 0 0.0*03 0 .1*0* 0.2*10 0.2733 0 .39* * 0.3399 0 .3*»* o.*e9« *.*.*** 0.«745 0.50*6 0.5)37 • M i l l 
u t u *.* 0.5700 0.3732 0.9750 t.5037 0.9(12 0.9(19 0.5125 0 . ' *3« 0.54*9 0.5*55 C5047 0.4470 0.9531 
0.0270 0.5-»t» 0.9309 * . *73S C.500* 0 . 5 ) 0 * 0 . * * 1 * 0.1123 0.1931 0.50*1 e . **33 0 . * * *5 0.907* 0 . *5*9 
0.055* 0.57*3 • . « 7 - « 0.3793 0.9*02 3.5000 0 . 9 * 1 * 0.9I2O 0.5*23 0.5539 0.5F30 0.9O42 0.9073 0 .9 *0 * 
0.0*33 o.r-0* 0.5705 0.3790 •.3755 0.5005 0.*011 0.«*17 0.5*2* 0.543S o.***« 0 .9 *5 * 0.99*7 0.9990 
0.1111 0.577* 0.97O1 0.97(7 0.5755 a. M a i 0.9007 0.1(12 0.1015 0.5030 0 . * * * 1 0.9(51 0.19*0 0 .9*7* 
0.13*5 0.5772 0.3777 0.57») 1.3731 ••5757 0.9**3 0.MC0 0 . 5 * 1 * 4 . * » 2 * 0 .9*3* 0 . * *»3 0 . * 3 « * 0.9057 
0.1*47 o.n«o 0.3773 0.5779 * .37*7 0.57*3 0.9755 0.1*03 0.5400 o . *a i< o.*e30 0 . * * *9 9.99*7 0 . * *«1 
0.155* 0 . 5 7 M 0.57*5 0.9*75 «.57*J 0.570( 0 . * -5» 0.1159 0.5-33 1.9913 0.*»23 0.9*32 0 .99*1 0 . *05* 
0.2222 0,373* 0.57*3 0.5770 0.577* 0.57W 0.5750 0.5753 0.5790 0 .9 *0 * 0 . 9 * 1 * 0.9*27 0.9033 0.5»»9 
0.2SO0 0.375S 0.5700 0.3744 «.577» 4.5700 0 . «7(5 0.1700 0.3*9? 0 .9*0* 0 . * * 1 * 0 .*»21 0.9929 0.95*3 
0.277 J • .3751 0.373* 0.37(2 0.5770 0 . 5 * * * 0.9*01 0.11(3 0.57»» 0.77«( o.**o* 4.W17 0.992* 0.<010 
• . M M 0.57*7 * . 3-732 0.57*4* « . 5 7 H 0.5---1 0.5777 0.1775 0.5*9* ».«*9» o.*»o* 0 . *» ' 2 0.9*20 0 . * *3« 
0.1)33 0.5703 0 .3T** 0.57-i* 0.57*2 0.*7«7 0.5^73 0.1773 0 .5*7* 0.9750 0.5*40 0.**09 0.5)11* 0.«»29 
0.3*11 0.*»35 l . * 1 M 0.5750 C.5734 0 .971* o .9 *« * 0.1171 o .?* - * o.«*-« 0 . *7* f 0 . *»4* 0.9912 0.992* 
0 . 3 M * 0.573S 0.57*1 0.57*7 0.575* 9.97*0 0.57*3 0.17*7 0.5772 0.97*2 0.9**3 0.5*09 0.9*00 0.««22 
0 . *1*7 0.5732 • .3737 0.*7»3 0.5751 0 .5- i i * 0.97*2 0.1149 0 .5 * * * 5.«*7» o.*-«« 0.*7*7 0.9505 0.9519 
* . *»** 0.5725 0.3730 0.57*0 C.579- 0.5753 5.575* 0.11(1 0.5*55 9.9775 0.5*0* 0 . * * * * 0.9002 9 . 4 * 1 * 
* . *T22 0 .57} * 0.5731 0.5*37 t.57«5 0.5750 0.*755 0.175S 0.5**2 o . * * * ; *•.•"»* 0.«1*1 0.*7*»* * . * 4 ' 3 
• . M M 0.5723 0.3725 0.573-, 0.57*2 0.57*7 0.5752 0.11*5 0.3*«0 0.97«9 0.«**4 0 . * * * * 0.9757 0.«*11 
0 . S 2 M 0.5720 v . r *2S 0 .9*31 t .5735 9 . 5 7 M 0 . *7*« 0.17i2 0 .5*5* 0 . * * * * 0,*-*7* 0 . * * * * 0.9T95 0 .1 *0 * 
o.»»s* 0.5717 •'.3723 0.972* 0.97)7 0 .5**2 0.9'JO o . i iso 0.573« 0 . 9 * * * 0.977*; 9 .**»« 0.9793 0.9*0« 
0.SOJ3 0.5715 0.5720 0.5724 • .373* 0.573* 0 .*7*» 0.17*7 0.5*53 >.*7«2 0 . * * * 2 0.«*»2 0 . *7 *1 0.550* 
0.4111 0.5713 0 9 7 1 0 0.572* 0.9732 0.97)7 0 .97« i 0.17*3 0.5*31 0.97*0 0.5*79 0.*7R0 0.97*9 0.5902 
0.»305 0.5-»11 0.«71» 0.5722 ••9730 0.9733 0.97*0 0.51*3 0 .5*»* 9 . * *4» 0 . * * * * 4 . * * 7 * 0.97*7 0.9*01 
I .4447 0.5705 0 .371* 0.5720 *.972» 0.5733 0.97*0 0.17*1 0 .57** 0.975* 0 . * * * * 4 . * *7» O.*70« 5.4*99 
*.«»*• «.57»7 0.3712 0.5710 • 972* 0.5731 0.9734 0.11*0 0.5*95 * . « *5« *."*«« 0.*T*5 0.97*5 0.91*9 
0.7222 0.3705 0.3710 0 .571* e.97j5 0.5730 0.*73» 0.1130 0 .1 *w 0.97V) 0 .*7*» 4 . * * * * O.»*03 0.9*97 
• .75*0 0 .5 '0« 0.9T«9 0.9*15 0.9723 0.572* 0.3733 • r.yi 0.3*»3 0.9752 C.**«2 0.*>*7* 0.9702 0.979* 
3.TTT0 0.5702 0.3700 0 . 5 7 1 * 0.9722 0.5727 0.9732 0.113* 0 .5**1 0.97*1 0 . * *«1 4 .« * *1 0.4701 0.97*4 
3.0034 0.5701 o.»-»o* 0.5713 0.9721 0.572* 0.*731 0.*133 0.5**1 » . * *30 o. * *« o.***o 0.9700 0.979* 
0 .03)3 • .5700 0.3705 0.5712 0.5720 0.97;? 0.9729 0.573* 0.5*90 0.97»« 0 . * 7 « 0.**70 0.9700 0.9793 
0.0*11 0.5*55 0.5703 ».571t ••5719 0.572* 0.«72« 0.5733 0.5*3* * . * *« • 0.**5» 0 . * * * * 0.9779 0.9*92 
o.ooo* 0.5*95 0.370* 0 ."7 io -.5710 0.5723 0.972* 0.1732 0.5739 0.97*> 0 . *73* 0 . * *»1 0.977* 0.9791 
0.51*7 0.5*30 0.«703 0.9*10 0.3710 0.5723 0.«727 0.*732 0.5*3* o.**«« 0 . * * 4 * «.•*«* 0.97-»0 0.9*91 
•.*•*« 0.5C30 0.9703 0.9*09 0.3717 0.5722 r.9727 0.1731 0.5737 0.9794 0.*75* 4 .**»7 0.9777 0 . *79 i 
0.5722 0.3*37 0.9703 ••9709 • - •717 9.5722 0.«*2« 0.17J1 0 .1 *3 ' o.**«* 0 . * * 5 * 9. • * * 7 0 . *7*7 0.9*90 
LOOM 0.5*57 0.3702 C9709 0.3717 0.5722 0.*72« 0.1731 0.5*3* 0.97*4 0.«*5« 0.«*«7 5.9771 0.9*90 

m i l coof-oot-rt or a m i m »s; 
0.3*00 0.5003 0 . *1*5 0.**50 

1 n o * « I T * : , ex 

0.7325 0.1990 0 . 7 H * 0.»1*« o.a*a2 0.07*7 • i n n 
ran 
0.0 

m i l coof-oot-rt or a m i m »s; 
0.3*00 0.5003 0 . *1*5 0.**50 0.*7*» 0.70*0 0.7325 0.1990 0 . 7 H * 0.»1*« o.a*a2 0.07*7 0.5012 • i n n 

ran 
0.0 0 .3 *0 * 0.5515 0.5"?7 0.9957 0 .99** 1.0000 1.0023 1.00** 1.507* i . e i o * 1.0130 1.0132 1.0170 
0.O270 0.9903 0 . 3 5 1 * 0 .5 *3 * 0 .95V 0.99*9 1.0000 1.0023 1.00*7 1.0075 1.010* 1.01)1 1.015* 1.5172 
• • • S i * 0.3*00 0.<7*1» 0.3532 «.9*«3 0.9973 0.9*9* 1.0020 1.009* 1.0073 i . s - « * 1.013* 1.015* 1.4101 
0 . M U 0.0055 0.5300 0.592* 0.99*7 9.99*9 0.9*90 1.0013 1.00*0 1.0011 1.O104 1.013* 1 . 0 1 * * 1.0153 
0.1111 0 .5 *5* 0.3501 0 . 9 5 1 * ( .459* 0.1562 0.«59* 1.0010 1.0T3* 1 .00** 1.010* 1.01*2 1.017* 1.0205 
0.130* 0 .9M3 0.505* 0 .3*11 0.593) 0.9555 0.9977 1.000* 1.0031 1.0««3 1.4105 1.41*4 1.0101 1 .021* 
0 . 1 M 7 0.5*75 0.5007 o.**o* C.5M7 0.5««* 0.99*1 1.0000 1.0*2* 1 .00** 1.01c* 1.01*9 1.01*1 1.022* 
*.*••* 0 . 3 M 5 0.5*01 0.905* • - •531 0.55*3 0 .99** 0.5555 1.0023 1.44*0 1.010* 1.4151 1.0192 1.0233 
0.2222 (.*•*» 0.5075 0.3052 •.5915 0.5937 * . * * * 1 0.5551 1.0024 1.005* 1 . * *0* 1.0155 1.01*7 1.02*3 
0.2900 0.4O5I 9.90*0 0.9W07 C.5510 0.5933 0.«957 0.550* 1.001* 1.0057 1.0105 1.0143 1.0202 1.0230 
0.2T»0 0.5033 0.50*3 0.5503 0.550* 0.5525 4.*«53 «.*5*5 1.001' 1.005* 1.010* 1.01*1 1.020* 1.023* 
I . 3 0 M 0 . M * 5 0.*0«1 0.5«7» 0.5*02 0.9925 0.5*50 0.55*2 1.0013 1.903* 1.0110 1.01*3 1.0210 1.02*2 
0.3)33 0. *3»» 0. 505* 0 .9 *7* • .595* 0.9922 0.55»» 0,5400 1.0(12 1.0053 1 .011 ' 1.41*5 1.0213 1.0**7 
0 . M 1 1 0 . * * * 1 0.9033 0.5071 0.5*53 0.9520 0.55*5 0.5570 1.0911 1.0053 1.4111 1.91*7 1.0217 1.0272 
• . 3 0 * 5 0 .343- 0.9*30 0 .50 * * •.5952 0.5517 0.55*3 0.«57* 1.001* 1.0*33 1.0112 1.01*3 1.0220 1.427* 
* . * 1 « 7 1.5011 0 . * * * 7 0 .5**3 0.5950 0.5513 0.*5*2 0.5*73 1.000* 1.0055 1.0111 1.4171 1.9223 1.0204 
*.**•• * . * * 3 1 0 . • • • « 0. 70*3 0.1443 9.551) 0 . * * *0 • . " 5 7 * 1.000* 1.0C53 1.011* 1.-173 1.022* . .024* 
0 . O 2 2 0.5521 0.5*)*2 0 .5 * *1 0.5003 0.5512 0.9*39 0.9573 1.0000 1.4C54 1.011* 1.017* 1.0229 1.0207 
O.M00 0 . 5 * 2 * 9 . 9*35 0.5*35 t .599* 0.5510 0.*930 (.9572 1.000* 1.004* 1.0115 1.417* 1.0231 1.4230 
0.3250 0.3023 0 . 9*37 0.50-7 0.59(2 0.5505 0.9*37 0.5571 1.0008 1.4055 1.011* 1.4170 1.02J* 1.02*2 
0.35S* 0. 5521 0 . *03* 0.5*35 ».5»»1 0 .99M 0.9*34 • . •171 1.000* 1.0037 1.011* 1.0175 1.023* 1.0293 
0 . M 3 3 0 . 0 0 1 * 3.*43» 0 . 7 * *» 0.5*75 0.990* 0.993* 0.5170 1.0000 1.055* 1.011* 1.41*1 1.023* 1.0297 
0.0111 « . * * U 0.5032 M « ! 3 e . i«7* 0. 5*0* 0.5*33 •.5510 1.000* 1.405* 1.011* 1.01*2 1.02*0 1.029* 
1.4305 0 .501* 0 . * 0 ) 1 0 . * *41 0.5*77 0.5*03 0.5535 0.5570 1.040* 1.0033 1.0120 1.0109 1.02*3 1.0301 
».«««7 0 .551* 0 . 503* 0.5*50 * .5(74 0.5505 9.553* *.«570 1.004* 1.00*0 1.0121 1.4155 1.02*3 1.0302 
*.*•** 0.301) 0.9025 0.5*30 0.5(75 4.550* 0 . *«3* 0.55*5 1.0909 1.00(4 1.0121 1.01«« 1.02*3 1.030* 
0.7222 0 . * *12 0 . **2» 0 . 7 * * * •.1913 0.940* C.»53» ( .55*5 1.000* 1.00*1 1.C123 1.0191 1.02*4 1.0)03 
0.7900 0.3011 0.9027 0 .90 * * 0 .5*7* 0.5503 0 .55 ) * «.55*5 1.0009 1.00(2 1.012? 1.41*4 1.42*7 1.030* 
i . m i 3 . 9 * 1 * 0 . * « 2 * 0 .90*7 0 . 1 ( 1 ! 0.5503 0 .«*3* ( .59*5 1.0010 1.40*2 1 .0 '2* 1.01*5 1.02*9 1.0307 
0 . M 9 * 0.500* • .9033 0.90*7 0.5*7) 0.9503 J .99)3 0.55*5 1.0910 1.0**3 1.0*23 1.01*0 1.0230 1.030* 
0,0333 0.300* 0.902* 0 .99 * * 0.5*72 0.9*03 0 .55 ) ) - .5570 1.0010 1 .00O 1.012" 1.51*1 1.0231 1 .0 )0* 
0 . M 1 1 0.3*37 0 , 502* 0.9«*« C.9072 0.9902 0 . * * ) 3 ».5'10 1.0011 1.40*9 I .C'26 1.01*2 1.0231 1 .0)01 
• . • • 0 5 3.900* • • • 0 2 3 0.50*3 0.3*72 0.9902 0.**33 (.5570 1.0411 1.04*5 1.012« 1.01*2 1.0252 1.0303 
«.»1«7 0 .3 *0 * 0.*033 0.50*3 • .3«71 0.9902 0.5*33 1.5570 1.001' 1.00*3 1 .0 '2 * 1.01*3 1.0232 1.0)09 
*.*••« 0 .30M 0.9*22 0 . * * * * 0.5071 0.9902 0 . * * 3 ) O.5»70 1.0011 1.44«« 1.012' 1.9151 1.0233 1.0)10 
0.0722 0.4909 0 .9*22 0 . 3 9 M ••1*11 0.9901 0.55)3 1.5570 1.0012 1 .00** 1.012* 1.419* 1.0253 1.0310 
l .0#00 0.3*05 0.9022 0 . * * * * 0.5*71 0.9942 0.9933 1.5570 1.0012 I .OOM 1.012* 1.414* 1.0243 1.0310 

u x i i c-mt-oimf or r m i i r t • • » no* • 1 T I , 01 

•10111 
• n i l *.* 

0.3277 0 .931* 0.5755 1.0040 •10111 
• n i l *.* 1.0175 1.0170 1.010* 1.0127 
• . • 2 7 0 1.01*1 1.017) 1 .01M 1.01)0 
0.099* 1.0133 1.010) 1.01*5 1.013* 
• • • • 3 ) 1.0205 1.0197 1.0117 1.4132 
0.1111 1.0225 1 .421* 1.01*5 1.0101 
0 . 1 3 M 1.02*1 1.0231 1.01«« 1 .11* * 
». 14*7 1.023) 1.02*7 1.0200 1.01*5 
f. too* r .o j«» 1 . • } « ) 1 .021* 1.*1*3 
0.2222 1.0273 1.0277 1.02)3 1.5201 
0 .2*0* 1.02*5 1.02*9 1.02** 1.0217 
* .2T»« 1.0250 1.9)01 1.02*0 1.3212 
« . M 9 4 1 .0 )0* 1.0311 1.0273 1.03-., 
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Table 3. CONTINUED 

0.3333 1.0313 1.0320 1.02(5 1.52*0 
• . 3 * 1 1 1.031* 1.0320 1.02«« 1.0212 
D . 3 M I 1.0325 1.033* 1.030* 1.1203 
* .«1«7 1.032* 1.03*2 1.0315 1.03*4 
*.*«•« 1.033* 1.03*7 1.0323 1.130* 
0.*722 1.033' 1.0352 1.0331 1.0313 
0.5*00 1.03*0 1.0351 1.0330 1.9321 
J.527* 1.0303 1.03*0 1.03«« 1.032* 
• -5JS* 1.03*5 1-03** 1.03*4 1.0330 
O.aMJ 1.0300 ' .0J»7 1.035* 1.(3*2 
* .«111 1.03*4 • . 03 * * 1.035* 1.03*0 
0.0300 1.0351 1.0J71 1.03*3 1.0353 
0.OM7 1.0352 1.0373 1.03M 1.035* 
t . M M 1.0353 1.0315 1.0370 1.03*2 
0.7322 1.035* 1.031* 1.0373 1.03*4 
0.7500 1.0355 1.0311 1.031* 1.03** 
O . T T I * 1.0355 1.0310 1.0370 1.0313 
o.oost 1.035* 1.031* 1.03*0 1.031* 
0.03JJ 1.035* 1.03*0 1.03*2 1.0310 
0 . M 1 1 1.035* 1."3*« 1.03(3 1.0301 
O.M09 1.035* 1.0300 1.0305 1.0303 
0.4101 1.035* 1.0301 1 . (30* 1.0345 
0 .4 * * * 1.035* 1.0301 1.03(1 1.030* 
* . *722 1.035* 1.03*1 1.03M 1.030* 
1.0000 1.035* 1.0301 1.0304 1.9304 

O I l l T I T t COOLUT ngsson. » 
— • i — — • — — .—*..--»——. H D H 1 

1 I U L 
0.0 

0 . 0 0.0003 0 .1 (0 * 0.2*10 0.2731 0 .30* * 0.3340 * . 3 ' » ' : . * 0 4 * o.***« 0.0745 0 . M 4 * • .5337 H D H 1 
1 I U L 
0.0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.5000 1.0000 1.0040 i.ooec 
0.0370 0.4447 • .4447 0.4441 0.1441 0 . * 9 * l 0 .44*1 0 .4*41 0 a *4«7 0.1*47 0 . * M - > • • * * « 7 0 . * *47 » . * *41 
0.055* O.f*** 0 . * * * * 0.444* 0.444* 0.444* 0.444* 0.4444 9.»49* 0.449* C.991* 0.444* 0 .9*4* ».*4»» 
0.0033 0.4440 0 . * * *0 0.4*40 0.4440 0.4**0 0 . *4*0 0.49*0 0.444O 0 . * * *0 0 .**40 • • *44» 0.9*90 • .4440 
0.1111 0.**07 0.44*7 • . • •4*1 0.44*1 0.44*7 0 .44 (1 0.45(7 0.14O' O.**07 0.9*07 0 .4 * *1 0.9*07 0 .44*1 
0.130* 0.4443 0.0**3 0. *113 ( .14(3 0 . 4 * « 0.44*3 0.11*3 0.4483 0.44*3 0.44*3 ».«4*3 0.99*3 • .4193 
0.1**7 0.»»1» 0.*47* 0.4414 0.441* ».*974 0.4414 0 . * *79 0.4419 0 . 4 * ' * 0.4*74 0.447* 0.4974 0.4414 
0.100* 0.«*75 0.0*75 0 . « T 5 0.*«75 0.4475 0.*415 0.4*75 (.4*7? 0.**15 0.**75 • - • • ' I 0.9975 0.4415 
0.2222 0.1*71 0 . * *11 0.4*11 0 .44H 0.4*71 C.4471 0.*571 0 . 4 4 H 0.4571 0.9*71 0 . * 4 H 0.9971 0 . .471 
0.2500 * . * 4 « ' e . * « « i 0 .44*1 ( . 44 *1 0 . * * * 7 0 .44*1 0 .4* *7 0.44*7 0 . 4 4 * ' 0 . * * * ' 0 . 4 * * * 0 .44** 0 .140* 
0.2T70 0.**«2 0 . * * ( 2 0.4*12 0.4**3 0.44*2 0 .*4*2 0 . * *«2 0.44«2 0.44*3 0.44*3 0.94*2 0.99*2 0.4402 
0.305* o.**so 0.445* 0.4*^0 ( .415* 0.4450 0.445* 0.455* * . 4 * 5 * 0.445* 0 . * * 5 * 0 . * * 5 * 0.4950 0.445* 
0.3333 0.»»53 0.1*53 0.445.' '..--,i1 0.4*53 0.4453 0.4*53 0.4153 0.4153 0.*153 0.4*53 0.9953 • •4*53 
0.3(11 0.44*4 0 . * * * * 0.44*0 ( . 4 1 * * 0 . * * * ( o.**»» 0.41*0 * . 44»* 0.44*4 * . * • « » 0 . * * * 4 ( .99*0 0 .44** 
0 .3 *0 * o.***o 0 .4 * * * 0.44*0 0.4 « * 0.44»» 0.44»» 0 . 4 1 * * 0.44** 0.4400 0 .4*0* *.***• O.*40* 0.440* 
0.01*1 0. * * 3 * 0. 4*39 0.4434 0.1434 0.4*34 0.*434 C 4*3* * .4*3« 0.**34 0 . *43 * 0.*434 9.4939 • . 4 4 3 * 
O.OOM 0.9*3* 0.443* 0.443* C.413* 0.*43« 0.443* 0.443* 0.1*3* 0 . *43* 0 . * * 3 * 0.443* 0.993* 0.443* 
0.0722 0 . * * 2 * 0.«*24 0.4*24 0.412* 0 . * * 2 * 0.44J4 0.*124 9.4*24 9 .1 *2* 0 . 4 * 2 * 0 .4*24 ( . 4 * 2 * ••4424 
0.5000 0.*52* 0.442* 0 .5*2* O.*420 0 . *42* 0.442* 0.442* 9.442* 0.442* 0 . * *2« 0.*12» 9 .4 *2* 0.4420 
0.5270 0 . * * 1 * 0.4414 0.4414 0.4414 0.*»14 0.4414 0.111V 0.941*) 0.**14 *.*•*• • - • • 1 4 9.9*14 0.4414 
0.555* O.**10 0 .441* 0 .441* C.441* 0 .441* 0 .441* 0.1410 0.411* 0 .441* 0 . **1» 0 . * * t * 9 . 4 * ' * 0 . 4 4 1 * 
0.5033 0. * * 0 * O.**0* 0.440* C.4404 0 .4 *0 * 0.4*04 0.1404 • . I ' O * 1.44*4 0 .4 *0 * O.*40* 0 . * * « * • •44*9 
0.0111 0.7*0* 0.410* 0.440* C.110* 9. •?<!• 0.440* 0 .4*0* 0.S1O* 0.44C* 0.*40» 0 .**0« 9.990* 0.940* 
o.uo* 4 .9 .41 o.«««* * . 4 ( * 4 • ••.144 0. * ( * * t. 4*4* 0 .4*9* 0.5*4* 0 .14** * . * * 4 * « . **44 ( . • • 9 9 • •9»»* 
0 .0**7 0 . * * * * 0.404* 0 .4(4* 4.4*4* ' . « 0 I « O.S14* 0 .4 *9* 0.1*4* 0.4(14 0.4*4* O.***" - 1 . * • * • 0 .9 *4* 
0 .0**« 0. 1*(4 0.4004 0.4»(4 e.*((4 0 . * ( 0 * 0.4*.-4 0.4*09 *.!»•• 9.4**4 * . * • » • 0.44*9 0 .4«»* 0.44*4 
0.7222 ».**•» 0.4(0* 0 .4*0* 0 .41M 0.400* 0 .4 ( (« 0 . 1 * * * 0.1*0* 9 .4 *0* 0 .4*0* 0 .40** O . M M 0.440* 
0.1500 0.0010 0.4*70 0 . 4 * 1 * 0 .1*7* 0 . * * i » 0 . 9 * 1 * 0 .1 (7 * ».1*7» 0 . * » ' ( 0.4*7» 0 . * * 7 * * . *«7« 0 .4 *7 * 
0.7770 0.1073 0.4013 0.4*13 0.4(13 0.*»13 0.4(13 0.1*73 9.1*73 9.4*13 0.4*71 0.*»13 0.4*73 • •4 *1J 
0.005* 0.*f)*0 0 .40(1 0 . 4 ( « ( 0.11(0 •.***( o.**«» 0.1(«0 *.!•*• 0.4**0 ».«*«4 • . • 0 * 4 ( . * M ( » . 4 H * 
0.0333 0.4**3 0.40*3 0.40*3 0.1**3 0.1**3 0.4«(3 0 .4* *3 9.1W3 0.4**3 0 . * * *3 0.44(3 • . 4 H ] 0 . *»*3 
0.0*11 0.**57 0.4*51 0 .4(51 ( .4 (57 0.4(57 0 .4(51 0.1*57 4 .1 *5 ' 0 . * 1 5 ' * . * » 5 ' 0 . * *51 * . * * 1 7 • .9157 
0.0000 0.9*52 0.4052 0.4(52 0.1*52 0.4(52 0.4(53 0.4(52 9.1*52 9.4(52 0 .**«2 0.4052 9.**52 • . 9 * 5 2 
0.11(7 0.*0«7 0 .4 (01 0 .1 * *1 e.uoi 0 . 4 M 1 0 .4 * *1 0 .1 * *1 ( . I * * ' 4 ."*»1 0 . * * * ' 0 . 4 * * ' 0.4*07 • . 1 * * 7 
O . M M 0.70*1 0.4*01 0.40*1 0.1**1 0.40*2 0 .1**3 0.41*2 9.14*2 0.4**2 C.***2 0 .9M2 0.4**2 0 . * * * 2 
0.1722 0 .1 *3* 0.403* 0 . 4 ( 3 * e.413* 0 . 4 ( 3 * 0 .1 (3 * 0 .1 (3 * 0.1W* 0 . * * 3 * o .4* ;« 0 . * * 3 * 0 .4*3* 0 .443* 
1.0000 0 .W31 0.4(31 0.4*31 9.4(31 9 .4 (31 0.4*31 0.1(31 9.1131 9.4(31 0.4*31 0 . * *31 0.4*31 0.4*31 

I I I 17171 i coot**? n t i s o n , * 
• 1 0 I I L «. «** 0.5(00 e . * i « 5 g . i i n 9.(745 0.19*0 0.7325 * . i ; * « O. 'OI * 0 . (1*5 0 .**«2 9 . (7*7 0.4012 

m i l —.- ——*«̂ > ***-._» — —»-•.»_« --»---». * ~ « a _ . . — — V — ~ « - * . . « • . . . - • . — • . .....__ — -..«««« .——««««- - « « ^ * - v • * • > • > • > « • • * > • > * • — » — 

0 . 0 1.0000 1.0000 1.0000 1.0004 1.0000 1.0000 1.0000 1.0000 1.9100 1.0500 1.0005 1.0000 1.000* 
0.0270 0.9997 0.4441 0.4441 0.1117 ».**»' 0. * * *7 ••.1117 0.1**7 0.«*91 0 . * * 4 ' v . * * 4 1 0.4*97 0 . 4 * * 1 
0.055* * . *47« 0.4441 0.444* 9.414* 0.44** 0 . * * * * 0.1444 0.444* 0.9994 0 .44** 0.4**0 0 .4*9* 0.44*0 
5.0133 0. *««0 0.*'«0 * . * « * * o. i * *o 0. <•**& 0.44*0 • .«•* «.*"« * . ' • * « * * . < * * 6 0 .— >0 0.44*4) • . 4 * » * 
0.1111 0 . * * * 1 0.4401 0.44*1 0.44*7 O.Vif 0.44(7 0.4407 9.14*7 0.44*1 0 . * *»7 0.C401 0.94*7 0.44*7 
0.130* 0. 9**3 0.4403 0 .4* (3 C.4H3 0.44*3 0 . * 4 « • • • 1 ( 3 0.4*1? 9.4*43 J . * *»3 0.4**3 9.4903 * . 4 « * J 
0.1*07 0 . *»7* 0.*474 0.4*74 1.447* 9.447* 0.4*79 0.4111 9.1174 0.4474 0.4*14 0 . * * 1 * 0 .4*7* 0.4479 
0 .1*0* * . 4 4 ' 5 0.4415 0.4*75 0.1175 0.4415 0.447* 0.4175 0.*17? 9.**',5 * . * * 7 1 0 . * * ' 5 0.9*75 ••9475 
0.2222 0 . ^ 7 1 0.4471 0.4*11 0.*«71 0.4471 0.4471 0.1471 0.1171 9.*171 ) . *411 5.**11 0.*971 • .9971 
0.25*0 0. 4*«« 0 . *4 (« 0 . * * «« c u t * 0.44** 0 . *4*» 0 . *1«* 0.4*M 0 . * * * * 0 . * * * f 0 . *4«* *.**«« 0.94*« 
0.2710 0.44*2 4.*4«2 0.4*«3 0.*4»2 0.44(2 0 . *4 (J 0.11*2 0.44*2 9.41*3 0 . * * *3 0.49*2 4.4*02 0.44*2 
3.305* 0.445* 0. *4S« 0 .4*5* 9.415* 0.445* 0 . *«5* * . *157 0 . 9 * 1 ' 9 .445 ' * . * * 5 ' * . * * 5 7 ••4957 • .4457 
0.3333 0.4453 0.4453 0.**53 0.4153 0.445" 0.4413 0.11*3 0.1453 9.4453 0.4*53 0.4453 0.1*53 »,44"3 
0.3*11 o.**o* 0. •••<* 0 . 4 *0 * ( , 4 4 * ( 0.444* 0 .44M 0 . * 1 « * * . 4 H * 9 . * * * * o.***» * . 4 * * 1 *.**•• • . 4 4 ( * 
0.300* o.**oo 0. >«*o 0.44*0 C.44** 0 .44** 0.440* 0 .11M 0.140O 0.110* 0 . * *«3 0.4443 0.44X3 «.94«J 
0.01*7 0 . * * 1 * 0.*134 «.443* C.1134 0.4434 0.4434 • .4134 0.4*3* 0.**34 0 . * * 3 * 0 . * * 3 * 0.9*39 • • 4 9 3 * 
0.000* 0.443* 0.4*30 0.4430 9.443* 0.443* 0.»*3* 0 .4*3* 0 . H 3 * 9.413* 0 . * * 3 * 0-4«3* 0.9*3* 0 .9 *3* 
0.0722 0 .4 *2 * 0.4424 0.»*24 0 . M 2 1 0.4424 0.*424 • . 4 4 2 * 0.442* 9.4*24 0 . * * 2 * 0.4431 0 . 4 * 2 * * . * 4 2 * 
0.5000 0 .0*2* 0 .441* 0 .4 *2 * 0.4121 0 .44}* 0.442* 0 . 1 * 3 * 0.412* 0.443* 0 . 4 * 2 * 0 .9 *2 * 0 .4*2* 0.94J* 
2.5270 «-.4*14 0 . 4 * 1 * 0 .441* e.ni4 0 .441* 0 . * * 1 * a . t i l * 0 .441* 9 .441* * . * * 1 * * . * 4 i 4 *.*»!* 0.9414 
0.555* 0 .441* 0.»*1'l 0 . 4 * 1 * 3.441* 0 .441* 0.*410 0.4110 0.411* 0 .441* 0 . 4 * 1 * 0 . 4 * 1 * 0 .991* 0 .441* 
0.5033 0 , 4 * * * 0.44(4 O.MO* e.«i04 0.4404 9.9494 ••11»» 0,740* 0.**04 o.**o* 0.44*4 • .4909 • . 4 9 0 * 
0.0111 0.9*0* 0.440* 0 . * * 0 * C.̂ -400 0.4«C« 9.4490 0.140* 0.44O4 0.440* 0 .4*0* 0.440* 0.990* • .4 *00 
«.«30* 0.4*44 0 . * * * * 0.4*44 0.4114 0.4(44 9 . 4 * * * 0 . 1 * * * 0,1*4* 1.4*4* * . * » « • * . * * 4 4 0.4*44 0.4*44 
0 . * *«1 o.*o*» 0.4(40 0 .4(4* 0.4*4* 0.4*4* 9 .4*4* 0 .4 (4* 0.1*4* 0.4*4* o.***« 0.4*44 0,4*4* 4.409* 
*.(*** 0. *»»* 0 . • * • * 0 .4**4 0 .1**1 0.4**4 0 .4(*4 0 . * < ( * 9 . 1 * * * * . • * » • •.**(• 0. *»*4 0. * • • * * . * * * • 
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T a b l e 3 . CONTINUED 
0 . T 2 2 2 

• . 7 T ? i 
I . M S I 
• • • 3 1 1 
I . M U 
0 . 0 * 0 4 
0 . 1 1 * 1 
o.o*u 
• - 0 T 2 2 
I . N N 

g . « u 
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