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ABSTRACT 

The ORNL version of PEBBLE, the (RZ) pebble bed thermal hydraulics code, has 
been extended for application to a prismatic gas cooled reactor core. The supplemental 
treatment is of one-dimensional coolant flow in up to a three-dimensional core description. 
Power density data from a neutronks and exposure calculation are used as the basic infor­
mation for the thermal hydraulics calculation of beat removal. Two-dimenskmal neutron-
ics results may be expanded for a three-dimensional hydraulics calculation. The geometric 
description for the hydraulics problem is the same as used by the neutronics code. A two-
dimensional thennal cell modd is used to predict temperatures in the fud channel The 
capability is available in the local BOLD VENTURE computation system for reactor core 
analysis with capability to account for the effect of temperature feedback by nuclear cross 
section correlation. Some enhancements have also been added to the original code to add 
pebble bed modeling flexibility and to generate useful auxiliary results. For example, an 
estimate is made of the distribution of fud temperatures based on average and extreme 
conditions regularly calculated at a number of locations. 
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COMPUTER CODE ABSTRACT 

1. Code. THR-TH Thermal Hydraulics Code Version 1 (1983).' 

2. Problem. Steady-state high-temperature gas-cooled reactor core heat removal and 
fuel temperature calculation: one-dimensional flow in a three-dimensioi. . model for 
prismatic fuel elements,1 one- or two-dimensional (RZ) for the pebble bed core,2 plus 
the local thermal cell mode! of heat transport from the fuel fission source site to the 
coolant. 

3. Method. A relatively straightforward accelerated iterative procedure is used to solve 
the thermal hydraulics problem cast in the stream function form as a mesh-edgepoint 
finite-difference representation for the pebble bed core.1 For the prismatic core the 
multiple one-dimensional coolant flow problem is solved with adjustable orifice block­
ing by iteration. Then the coolant-hole fuel-channel thermal cell problems are cast in 
a two-dimensional model and the heat transport difference equations are solved by 
iteration. The reactor core description used by the neutronics code and the power 
density data generated fom the neutronics solution are used directly by this code, 
minimizing the user inpi.t data requirements, and temperature feedback capability is 
implemented. 

4. Related Material. This code is used in the local modular code system4 for reactor 
analysis providing interfacing with the VENTURE aiffusion theory ncutronics code 
and associated capability for calculating reactor histories. 

5. Restrictions. With variably dimensioned data arrays, problem size is limited only by 
available computer memory, without provision for data transfer during iteration; typi­
cally the pebble bed thermal hydraulics problem requires less computer time than the 
neutronics problem but may require more computer memory for large problems, while 
the prismatic core problem requires but little computer time. Virtual memory com­
puter operation mode is assumed to be available for large problems. This code is a 
member of a modular code system and cannot operate in a standalone mode. 

6. Computers. IBM 360, 370, 303X series. 

7. Running Time. A 37 x 54 mesh point pebble bed problem required 32K program and 
105K data (double precision), 137K short word total, and required 0.81 minutes pro­
cessor time, 2.6 minutes clock time on an IBM 3033 two-processor multitasking 
machine. A 7,200 meshpoint two-dimensional triangular grid neutronics problem 
takes 2.0 minutes 1BM-3033 t<me and an exposure step for 4S0 depleting zones takes 
0.4 minutes; the associated full core hydraulics problem treating 2,700 coolant chan­
nels and 12 axial nodes (31,752 coolant iocations) required 1.4 min processor time, 
and the 2,700 thermal cell problems each solved twice took 2.5 min time. 

8. Programming Language. Fortran 1966 (some service tasks done in assembly 
language). 

9. Operating System. IBM OS 303X under HASP II multitasking, compiler OS 370 
Fortran H Extended (Enhanced), Version 1.3.0, Optimisation Level 3. 
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10. Machine Requirements. Typically 7 disc files are used and 350K. 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 such as this that are true members of the computation system do not 
read input data from the stream, but only process interface data files, admitting free 
ordering and loop structures. 

11. Author. D. R. Vondy, Engineering Physics and Mathematics Division, Box X, Oak 
Ridge, Tennessee. 

12. References. 

1. D. R. Vondy, THR-TH: A High Temperature Gas Cooled Nuclear Reactor 
Thermal Hydraulics Code," ORNL-5951 < 1984). 

2. D. R. Vondy. "PEBBLE: A Two-Dimensionai Steady-State Pebble Bed Reac­
tor Thermal Hydraulics Code," ORNL-5698 (September 1981). 

3. K. R. Stroh, Thermal-Hydraulic Analysis Techniques for Axisymmetric Peb­
ble Bed Nuclear Reactor Cores," Dissertation, Meet Eng. CSU (LANSL 
report in progress, 1978). 

4. D. R. Vondy et al., "A Computation System for Nuclear Reactor Core 
Analysis," DOE Report, ORNL-5158 (April 1977). 

13. Material Available. The source program and the documenting reports (refs. 1 and 2) 
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 8,000 source cards. 
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1. INTRODUCTION 

Continuing local evaluation effort on aralyses of thermal high-temperature reactors has 
been deficient because of the lack of a thermal hydraulics analysis capability for a 
prismatic graphite fuel dement core. The route chosen to provide the required capability 
was enhancement of the local pebbk; bed thermal hydraulics code already in routine use.1 

Only modest changes had to be made in its computation system interfacing capability, the 
major one being the extension from one- and two-dimensional (RZ) problem descriptions 
to allow general use in three dimensions. The original capability was kept, and paralkl 
capability was added for the calculation of one-dimensional coolant flow through holes in a 
core containing solid fud dements described in up to three dimensions. Cross and bypass 
flows are neglected. This report documents the extension and contains basic user informa­
tion. The earlier report should be referenced for the details of the pebble bed thermal 
hydraulics treatment 

The calculational procedures that were implemented for the prismatic core are rela­
tively simple. An iterative process is used to solve the problem of one-dimensional flow in 
parallel channels. Given the coolant flow distribution, the fuel temperatures are estimated 
with thermal cell calculations. Thus the basic information to support performance evalua­
tion and comparative evaluation is generated. Aspects that are not considered would 
require further investigation to support design and to qualify analytic effort. The quantita­
tive effect on the fuel temperature distribution of cross flow if the coolant might be antici­
pated, but the net effect on the results of a comparison of two situations could be less obvi­
ous. The intent of this effort was to implement a realistic treatment of the situation, a 
best estimate, avoiding the distorting effect of one after another assumptions of worst con­
ditions that lead to conservative but often not the most useful data. Routine use is in a 
fully modular sense in the computation system.2 

The author discussed the a.... lysis effort and methods with engineers at GA Technolo­
gies, Inc. and is familiar with such implemented capability as the proprietary code POKE.3 

A good discussion of the general subject with some detail is presented by A. Shenoy and 
B. Shamasundar in Ref. 4. 

A few modest changes have recently been made to the procedures for the pebble bed 
reactor analysis capability. These were largely to eliminate some surprises regarding the 
modeling, effecting what might be more apt to be expected. The accounting for the void 
fraction was altered due to certain inconsistencies associated with unanticipated and 
unusual modeling. The void fraction becomes a relatively indirect quantity when there is a 
mixture of zones and the finer scale subzones. Only when zone and <ubzone volume frac­
tions that are consistent with an evident void fraction are made available Cb.n the data be 
simply interpreted to allow spacial variation in the void (coolant) fraction. 

It is important to observe that this analysis capability has been developed for applica­
tion to reactor core performance at power at steady state. Although useful application 
may be made to some other situation, such as overpower or the emergency shutdown state, 
such analysis would be expected to involve considerations excluded in this development. 
Therefore th' modeling may or may not be adequate and the results must be used care­
fully. 
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2. PRISMATIC CORE HYDRAULICS 

In a typical application, the heat source distribution is supplied for a three-dimensional 
mesh point arrangement that was used for the finite difference core ncutronks problem. 
The core inlet and outlet coolant temperatures are specified, thereby establishing the 
coolant flow rate required for removal of the total amount of heat A single coolant chan­
nel (hole) is associated with each mesh point interval normal to the coolant flow direction, 
typically on a triangular (hexagonal) arrangement of points. An initial estimate of the 
coolant flow rates through each of these channels is moved iteratively to an acceptable 
solution, considering the associated pressure drop and blocked orificing conditions at the 
inlet or exit Note that the amount of heat removed by the coolant along each channel is 
determined from the local power density at the finite-difference level of the neutronics cal­
culation and the coolant hole density. The axial beat source disiribution is made available 
from three-dimensional neutronics calculations, or some two-dimensional situations (RZ), 
or it may be supplied by the user if only a two-dimensional neutronics problem is treated 
normal to the coolant flow direction. Note that halving the neutronics mesh spacing 
causes four times as many flow channels to be treated. 

The iteration procedure is rather simple and will not be discussed in detail. A simple 
objective is defined such as minimizing the peak coolant channel surface temperature in 
each coolant flow block. The orificing conditions (or each coolant flow block are then 
adjusted, along with the coolant flow rates, by block, and in each coolant channel, and this 
is done each iteration with modest acceleration (or dampening if found by the monitoring 
procedure to be necessary). Note that minimizing the peak coolant channel surface tem­
perature by coolant flow block causes the peak surfac. temperatures to all be the same. 
This result is not the same as that obtained b> minimizing the peak exit coolant tempera­
ture by block, programmed as an option. The higher the integral heat source along a 
coolant flow channel, the more the coolant temperature rises, or the higher the coolant 
flow rat* needed to hold down the coolant temperature. Flow rates are, however, deter­
mined by the available pressure differential driving force considering the total flow rate 
and orificing conditions. 

Comments are offered about the flow channel referencing. Note that the more cross-
sectional mesh points or associated intervals across the core, the more locations at which 
the coolant flow is calculated. Increasing the nw.iber of axial points refines the calcula­
tion but does not change the number of flow ch- n/iels 'rented. If there is no heat source 
along any coolant channel, it is dropped from the calculator rect bypass being disal­
lowed. Should there be locations where trivial power density data are supplied [as the 
consequence of representing an (n,2n) reaction that does not generate significant power, 
relative to the fission reaction J, then the hydraulics calculation will be distorted and likely 
desired results wiii not be obtained. Only primary heat removal is considered; there is no 
mechanism for explicitly treating secondary heat removal as from the reflector or from 
control rod channels. 

Note that in the calculations the pressure is absolute (atm) and the temperature is 
absolute (°K), but primary results are reported in °C. 

The pressure drop along each coolant channel is the sum of the components: entrance 
loss, flow loss, change in elevation, exit loss, and associated orificing drop. The entrance 
and exit losses for an individual channel are calculated from the equations for the entrance 
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A/' = -OAPtl.25 ~ q) ~- , ( , ) 

2gp 

and for the exit 

AP = -P*\ - qY G2 (2) 
1%P ' 

where G is the coolant mass flow rate in the channel, p is the coolant density, g is the 
gravitational constant, and AP is the pressure change associated with the mechanical 
energy loss. In these equations q is *he fractional area of the cooknt hole, i.e., the void 
fraction. Coefficients P with subs: ipt numbers are set to default values listed elsewhere 
and imy be changed by a user. Note that the calculated pressure drop is directly propor­
tional to the coefficient Pt. Core entrance and exit losses and flow loss in inlet piping are 
not included, nor is the pressure drop through an open orifice. 

The coolant flow loss in pressure is calculated from 

„--* AK + BfAZ 
Dp 

+ pAZ , 

which is applied to each finite-difference increment AZ in height, the last term being the 
change in elevation (negative if upflow). A/> is the pressure change, generally negative. 
&V is the change in velocity. G is the mass flow rate, p the coolant density, D the hole 
diameter (or equivalent hydraulic diameter), and B the coefficient that may be altered, 
called "BFRIC" in the code and set equal to 2.0 as the default. 

The friction factor,/ is calculated locally by solving 

-jy - 4.0 log l 0(*,Vn - 0.40 ( 4 > 

iteratively, where Reynold's number is 

^ (5) 

where n is the viscosity. Note that G - pV, so for fixed 6, V ex. \/p and \/p oc T and 
the temperature change may be used to calculate bV. In the range of 2,000 < R, < 
4,000, the approximation chosen is 



4 

/ - 0.008 + 0.002(K, - 2O00V2O00 , (6) 

and for R, < 2,000, 

r - J*. (7) 
7 K 

Should a conservative value tor the pressure drop be desired, or should a perturbed solu­
tion be of interest, the value of B for Eq. (3) may be specified. 

The temperature rise of the coolant is calculated from 

T„ - r„ + ^ , (8) 
GC, 

where Q is the local heat rate (power density) and Cp is the coolant specific heat at con­
stant pressure. Properties are calculated at effective interval conditions: 

Temperature 

T, - T„, + 0.75(7*,., - T,.) , (9) 

Pressure 

P, - maxd.SF^ - 0.5/»to, 0.9/^) , (10) 

where the referenced "in" and "out" pressures are for the previous interval along the coolant 
channel, the average pressure for the first interval being the inlet pressure after any orific-
ing. Note that the coefficients have been chosen JO arbitrarily weight the endpoint values 
to play a smaller and smaller role as the size of discrete intervals is decreased. 

Correlations of the properties of the helium coolant are taken from a German report5 

with flexibility provided in the coefficients for user control. 

The estimate of the coolant density for the interval is 

P\P< (II) 

T,\\ + PMT.f'] 
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and the estimate of the viscosity is 

M - Fe(TtY' , (12) 

where the coefficients F with subscript letters are assigned default values shown elsewhere 
and may be changed by a user. 

A change in temperature is associated with coolant orificing, 

7"c« ~~ Tt* 
> ~ | f ' (13) 

The equations used for the calculation of the temperature difference across the film at 
the coolant channel surface are 

K = 
Fe{Tti P . + W (14) 

FAl+FgP.) 

and 

H - (CpK)r- , (15) 

Cp being the specific heat and K the thermal conductivity. A contribution to the film heat 
transfer coefficient is calculated as 

S -
0.01 100 |°« 

Rt J if Rt < 2,000 , 

/%(/ f y> if Rc > 2,000 , 

and for 2,000 < R, < 10,000, an adjustment is made, 

S' - 0.002 + (S - 0.002) K,-2000 
8000 

0.5 (16) 
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and finally the temperature elevation of the surface above the local flowing coolant tem­
perature is 

A7V AGC,SH 
(17) 

User control here is primarily in the coefficients for calculating the Tim coefficient H. 

The Effect of Coofaurt ChuMd Size Variation 

Let us assume that a calculation has been done for the nominal coolant channel size, a 
cylindrical hole of diameter D. We expect that tiiese channels will vary in size, and we are 
interested in what effect a modest variation in D has, D ± t. It is assumed that the 
pressure drop is set from the calculated conditions, and we ask for the difference in the 
surface temperature at any location along the channel, 

T, = Tc + AT, ; (18) 

hT, = 57V + *(Ar,) (19) 

Using the equations 

T< - ir /«** • GC. 

irc 

-bG T * c » (20) 

and 

, 43.SD" f 
Of C o g K™ ' 

(21) 

ws fu.d that a perturbation yields 

«"••>" " • « ? 
(22) 
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And further, 

dP _ . IGf 
—r- = constant = —•*-dz pD 

(23) 

The effect of incr^sed D is to increase G, causing the Reynold's number to increase. 

Further assuming that 

/ = 0.07**?,H U $ , 

G = 6.58p 
..•25 

1.33 
,1.67 (24) 

and 

ML 
G 

6D :.67 

D i.67 (25) 

we obtain 

HAT,) = AT,DlMU) -1.14 (26) 

Thus the coolant flow rate in a coolant channel having a 10% larger diameter than the 
nominal might be expected to be higher than the nominal rate by 17%, and the associated 
coolant temperature rise 11% less, while the temperature drop at the surface would be 11% 
less. The net effect on the surface temperature then depends on the relative magnitudes of 
the coolant temperature rise and the surface temperature drop. The dominant effect would 
naturally seem to come from the larger coolant temperature rise so that usually an 
increase in D decreases the surface temperature, and a decrease in D increases the surface 
temperature. Note, however, that the axial locations of the dominant effects can be quite 
different for the nominal peak, the peak for increased D and the peak for decreased D. 

The Solution Procedure 

The hydraulics equation is solved in difference foim /or cooiam flow through parallel 
channels. Desired flow and associated pressure and temperature conditions are effected by 
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an iterative procedure. The iterate estimates of channel flow rates are moved toward the 
desired solution with attention given to satisfying equal inle; and outlet pressure conditions 
after orifice provision, while at the same, time adjusting the flow to move the target func­
tion (peak outlet coolant temperature, for example) toward a preferred distribution over 
the coolant orifice blocks. This procedure has grown complicated in detail with all of the 
possible options. The interested developer, as well as the concerned analyst who cannot get 
desired results, is referred to the full documentation provided by the Fortran source pro­
gram listing. 

The estimated change in flow rate is made on the basis of the pressure drop being 
approximately proportional to the square of the flow rate. If tbe pressure drop is too high 
for a channel, the flow rate is reduced to satisfy the average within a group of channels 
having a common blocking for orifice control, and the iteration toward a solution proceeds. 

Overrelaxation is done in the sense of 

GJ* = Gj*-i J>~ am(G]j, ~ GjJt-i) , (27) 

where G is the flow rat? for channel j and iteration n. G* is the newly calculated value as 
indicated by pressure drop and possibly desired temperature conditions. Renormalization 
is then done alter the flow rates are adjusted to effect the desired total and associated 
average coolant temperature rise for the total heat load. Information about the iterative 
behavior that has been extracted from a problem is shown in Table 1. Xr and X, are 
error vector eigenvalue estimates from the results for the temperature and pressure (solu­
tion vectors). Acceleration is apparently not very important in this case. 

Table 1. Data for Acceleration of the Hydraulic 
Problem Iteration Process 

Fixed 
Acce! ration Iterations AT X, Max T, 
Coefficient 

One Situation 

0.8 8 0.675 0.689 989.9 
0.9 8 0.641 0.652 989.8 
1.0° 7 0.601 '0.619 989.9 
1.1 7 0.572 0.591 989.8 
1.2 7 0.550 0.563 989.* 
1.3 6 0.51 0.53 989., 

Another Situation (axinl intervals doubled) 

1.4 6 0.489 0.494 989.8 
1.5 6 0.445 0.464 989.8 
1.6 6 0.402 0.429 989.8 

"No acceleration, smaller dampens, larger drives. 
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The iterative behavior is monitored by obtaining the extreme relative changes: 

_ max 1 poj* - (28) 

and 

- = Tfe- ' 
These are extreme relative changes in the coolant exit conditions over the channels. In 
addition, the dominant error vector eigenvalues are estimated from Lx norms: 

^F# ~ 

I . t 

'oj.n -1 — 'o J A ~ 2 
J ' 

* 7 > = 
2L-^- < 3 1 > 

- i 
2 K O J ^ - I - 7 * < oj/i-\ ' oJjt-2 

Tti", procedure for monitoring the iterative process is rather involved. Basically the condi­
tions arc cither satisfied for identifying a nonconvergent process (the maximum relative 
change not decreasing), or il.s conditions are satisfied for a convergent process (the dom­
inant error vector eigenvalue less than unity). If the maximum relative change is decreas­
ing, the process appears to be converging toward a solution, so this behavior is deemed 
acceptable. On a set delay cycle the accelerating coefficient a is reduced, if nonconver­
gent. If convergent, as indicated by successive values of the dominant error vector eigen­
value being nearly the same, the coefficient a is increased, also on a set delay cycle. 

Also when a is increased, an asymptotic extrapolation is done. Consider a single error 
vector contribution, 

X, - X„ - A\" , (32) 
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X„ being the estimate of the dependent variable for iteration n, X^ the unkcown solution, 
and X the dominant error vector eigenvalue. 

xa> = x„ + l y M |*„ - A, . , ] ( 3 3 ) 

Adding this contribution into the overrelaxatioo scheme for this one iteration after a is 
increased, the value of a is changed to 

««-i (34) 
l - V » - i 

using data for the pressure behavior, as is found from Eqs. (27) and (53). Note that the 
above procedure is rather coarse because renormaiization is done after applying the 
acceleration. (An independent assessment of the dominant error vector after renormaiiza­
tion and asymptotic extrapolation with it might prove to be better.) 

It is noted that the problems seem to converge rapidly with the programmed procedure. 
No difficulty has been found in effecting an acceptable degree of convergence. Those 
problems treating a lower limit on the orifice pressure drop, solved as a peuurbation, con­
verge somewhat slower than the others, and this behavior led to the incorporation of 
asymptotic extrapolation. It is possible that in some applications a solution will be difficult 
to effect, inviting modification to the procedures that should not be too difficult given 
information about the iterative behavior. Also, if the scheme of acceleration proves to be 
ineffective, the user option to override its use should be exercised. 

Regarding Coolant Orificsng 

Generally when a calculation is done for a coolant orificing condition, simple results 
are obtained for idealized conditions that could not actually be achieved. Practice! con­
siderations include (1) the relationship between tael temperature peaking and what is 
measured (the latter likely a sampling that approximates the coolant block coolant exit 
temperatures), (2) the mechanics of the setting of orifice openings as associated with 
what is measured, (3) perturbations from calculated and measured conditions, and 
(4) failures in the sense of inaccurate sensing or setting or decision making. Action will 
be taken based on the available but incomplete and inaccurate information. There is some 
likelihood that the action simply is the wrong thing to do, and this likelihood is increased 
in the case of a remote facility. The probability of excessive fur' temperatures is kept 
acceptably low through an organized and controlled approach of careful design and opera­
tion supported by thorough and accurate analysis of anticipated core conditions. A tool 
such as this code produces key support information. These results are, however, so ideal­
ized and the associated modeling of the reactor operation is so simplified, that caution is 
certainly in order in the use of the results. 
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The direct consequences of deviation from idealized orifktng is an iucrease in fuel tem­
perature peaking. Hopefully useful information is generated from results for a perturbed 
condition of altered orifice resistances that has been implemented in this code. Useful 
information can also be produced by exercising options when solving more than one prob­
lem. At seme later date special procedures ought be added, a* to allow the user to specify 
coolant flow rates by orificing block, or to specify the orifice pressure drops directly, or to 
jcrturb the idealized results in some other wj»y for a subsequent calculation. Certainly the 
code could be altered to produce special information; this approach is likely the most 
attractive so that additional information is generated routinely from any application. 

It is conceivable that fuel temperature peaking could be measured directly and minim­
ized by regular adjustment oi orifices. More likely the less severe choice of measuring 
coolant exit temperature is mere practical than measuring temperatures near the fuel. 
Association of coolant block exit coolant temperature with block peaking temperatures 
could be made through calculation, but likely won't be. Instead, the measured approxima­
tion of the block coolant exit temperatures would likely be used for setting the orifices. 
Therefore a calculation effecting equal coolant exit temperatures rather than minimizing 
surface temperature peaking is likely the most realistic. The additional results that are 
routinely reported for the perturbed condition of an added resistance where there was none 
in the ideal orificing condition should be interesting. 

Note further that the mechanical orificing requirements are not examined in a calcula­
tion, so whether or not the pressure drop requirements that are calculated can be met is 
subject to further assessment. Of primary concern along this line is likely not the max­
imum pressure drop required but th; range required over the fuel element residence his­
tory. The suitable positioning of orifices and the association of coolant channels in the fuel 
assemblies with individual orifices must be effected by the analyst. 

Coolant Bypass Ignored 

The bypass of coolant through unfueled regions and hence regions not having a primary 
heat source is ignored. Note that a temperature adjustment should be made for any 
bypass allowance. 

Let 

q = fraction coolant bypass, 
Tin - coolant inlet temperature, 

Toy, = coolant exit temperatures, 
Ta - exit temperature of non-bypassed coolant. 

Without refinement, a simple approximation neglecting any heating of the bypass coolant 
yields 

(Ta - Ttn) (I - q) + qTln ; 

r 

1 
Toy, + 

\\-2q TiK . 
| - < 7 

Toy, + 
1 1 " < 7 

TiK . 

(35) 

(36) 

file:////-2q
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Thus ac effective outlet temperature for the thermal hydraulics calculation and reduced 
flow rate is T„ higher than T^. 

Results from a thermal hydraulics calculation should be interpreted as the reported 
outlet temperature being Ta, and the true coolant outlet temperature would be given by 
Eq. 35. Note also that the reported coolant flow rate must be multiplied by 1/(1-?) to 
adjust for the fluid that bypasses the core. 

CooJaut Cnwsflow Igaored 

Ignoring the crossflow of coolant greatly simplifies the thermal hydraulics calculation. 
Generally the only significant amount of flow goes in the direction of a negative pressure 
gradient With inlet orificing, for example, the flow rate is high where a low pressure drop 
is taken, presumably to remove more heat and reduce temperature peaking. Flow loss then 
is from the channels where the flow rate is high with inlet orificing. With outlet orificing, 
the flow is in the direction of equalizing pressures. Perhaps of most concern is the move­
ment of coolant away from where it is most needed to channels of low resistance, generally 
decreasing the heat removal efficiency. Although mathematical modeling of such 
phenomena is perhaps possible, the variables such as manufacturing tolerarces and degree 
of fit of the parts seem to force measuiements. Design to cause the construction to force 
rather well defined coolant channels with constraints of crossflow seems essential unless 
proven unnecessary. Here the crossflow is ignored. 

3. THE THERMAL CELL 

The Two-Dimenskmal Model 

A core is divided into zones which then may be subdivided into subzones, and a refer­
ence thermal cell calculation is done for each of these. Then the calculations are repeated 
for estimated extreme conditions at each of these same reference coarse locations. Given 
average fuel temperatures and extreme fuel temperatures, a distribution of fuel tempera­
tures is estimated by assuming a linear function for the available data at reference points 
and summing results over all locations. Information is presented here about the thermal 
cell calculation. 

It would seem that the prediction of fuel temperatures would be a simple task given 
power density data and a reasonable sampling of coolant temperatures. The complications 
include: 

1. the cell geometry involving a fuel channel cylinder and a coolant hole cylinder not 
modeled at all well with a simple coordinate representation, 

2. the need to obtain quite a few solutions to generate a representative fuel temperature 
distribution at a reasonable computation cost, and 

3. dependence of the thermal conductivity on the temperature and high energy flux expo­
sure, and the dependence of the radiation and conduction heat transfer rate across the 
gap at the edge of the fuel channel on the local temperatures. 
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Following the procedure originally set up for the pebble fuel element analysis and then 
adopted Cor the one-dimensional cell modeling, two two-dimensional cell results are needed 
for each defined zone of material (and for each subdivided subzone). 

An illustration of the thermal cell is shown in Fig. 1. Note that a mesh of (/, J) for 
/ = 3 and / = 4 is shown, coarse for simplicity. The solid material in the fuel channel 
extends only to j = 2 and two meshpoints locate on the coolant bole surface. As indi­
cated, the meshpoints are located on the outer surfaces and iauer interfaces, a mesh edge 
formulation. As coded, the minimum values of the mesh boundaries are J — A and 
/ = 3 for a coarse model. Default values of the mesh limits are recommended; more 
could be specified if desired for testing or possibly to generate a more accurate solution if 
deemed desirable, less if the computation cost were to be held down or if coarser results 
have been found to be adequate. 

ORNL-OWG 83-11018 
NOTE: FURL CHANNEL ANGLE OF *r/3 

SHOWN: MINIMUM MESHPOINTS, 
3 AZIMUTHAL, 4 RADIAL 

FUEL CHANNEL 

Fig. 1. The Thermal Cell with a Mfr'suan Meshpcint Arrangement 

As shown in Fig. 2, an original mesh having a regular layout in (R0) geometry about 
the fuel pin has been skewed in the neighborhood of the coolant hole to accurately 
represent its effect, and also skewed azimuthally. At the time this is written, a simple 
scheme of relocating the points was used. Note that with more azimuthal points, the 
coolant hole surface becomes more populated In both Figures 1 and 2 the full channel 
hole size is shown somewhat smaller than is expected to be representative of design. 

The thermal cell problem is solution of the equation relating the temperatures to the 
source with account of the thermal conductivity, 

-kV2T - S , (37) 
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ORNL-DWG 83-11017 

NOTE: COARSE MESH SHOWN: 
8 AZIMUTHAL, 8 RADIAL 

GRAPHITE 
BLOCK 

FUEL CHANNEL 

Fig. 2. DhstratioB of a Coarse-Mesh Thcraal CdL 

for the cell geometry done in distorted (Rtf) coordinates, where S is the total heat source 
rate, in these calculations, two values of the heat source are used, one for the fuel channel 
solid material and the other for the outer matrix defaulted to zero. The imposed boundary 
conditions are 

JT_ (38) 

tvhere X„ is normal to the surface, excepi along the coolant channel surface where the heat 
flow is governed by 

A/KT, - Tf) (39) 

h being the film coefficw.n, A the normal area, Ts the local surface temperature and Tc 

the coolant temperature, astumed to be constant. As coded, the average coolant surface 
temperature is required to etiual the value obtained in the hydraulics calculation, the film 
coefficient is assumed to be constant (not varying with the local coolant hole surface tem­
perature variation, the dependence on the average surface temperature being accounted for 
in the hydraulics calculation). 
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After a solution to the thermal cell problem has been obtained, the effects of heat 
source and surface temperature changes can be predicted relatively accurately for the next 
problem. It is assumed that an adequate prediction can be made to allow average values 
of the thermal conductivity to be estimated from the temperature and exposure data for 
the fuel channel and for the outer graphite block matrix. The correlation used to estimate 
the thermal conducti'.ity values is described in Ref. 1. Thus two values of the thermal 
conductivity are estimated and then used for each thermal cell problem. 

A simple uniform gap containing coolant is assumed to lie between the solid part of the 
fuel channel and the surface of the hole. Heat transfer is assumed to be by conduction 
and radiation, the effective conductance term (q = hAAt) being 

2«r f (r , 2 , + r,2

2) , 
Tt In 1+ — 

where F r , and Tfl are the gap surface temperatures, Kt is the coolant conductivity calcu­
lated at the gap average temperature and the average co.e coolant pressure, 

T. = \\Th + 7?2) , 

a is the gap thickness, c is the Stefan-Boitzman radiation constant, and the emissivity is 
combined for the surface, 

For <, = 0.9 and «2 = 0.8, i = 0.735. Note that the value of h at each meshpoinl on 
the coolant hole surface is recalculated each iteration during solution. 

In finite difference form, a thermal heat condition heat balance at steady state yields 
for the mesh edge location and o.ily "nearest neighbor" coupling, 

and 

C.j.i "° CIJ.I + c i \j,2 + Qj.i + CIJ-\.I • (*') 
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Note that requirements at the surfaces to satisfy boundary conditions must be met, gen­
erally C = 0 for zero temperature derivative, and of course coupling with the coolant 
temperature along the coolant channel surface is required to account for beat removal. 
Thus the transport of heat across the surface normal to a line connecting meshpoints ij 
and /,/'+1 is approximated as 

A simplification was made regarding the gap in writing the difference equation. Only 
radial heat flow is considered within the gap and no source is assigned to it. Leaving out 
the radial conduction in the gap is justified by the low conductivity relative to that in the 
graphite. This simplifies the accounting for conductivity dependence on temperature, con­
sidering that the equation coefficients involve weighting of the properties of materials that 
abut at a meshpoint location. There is no mixing of different values. Also only one radial 
mesh interval is associated with the gap independent of the number of radial intervals to 
allow account of the radiation and conduction across the gap. 

In each iteration the first azimuthal row is treated separately as a special case. At 
J = 1, all meshpoints along i are at the same location, so a simple calculation is done, 

2 ( w c , , , 7 7 j ' ) <«) 
X = — 

2 C,.I.I 
< 

where n - 1 refers to the previous iteration, and the result is overrelaxed, 

Y = 77.r' + fi[x - 77..""') . 

77.1 " Y , (44) 

for all i. 

Th'; heat balance along the last row, reference / , gives 

Uj 
l 

C'-U 
\Sij + C,JAT7J + C.-tjjTT-u + TcCtj.\ 

(45) 
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A neat balance is imposed on the coolant hole surface, t < /., requiring a mean tem­
perature 

Q-Tc 2 Ou (46) 

These surface coefficients are the local area times a constant derived from the known aver­
age surface and coolant temperatures. 

Line relaxation done along azimutbal rows to solve the tri-diagonal matrix problem, 
obtaining new temperatures simultaneously along each row, was found to be more cost 
effective than point relaxation. This calculation is done each iteration with a (even, odd) 
ordering for 2 ^ j ^ J. Initialization involves a forward sweep to obtain new coeffi­
cients, 

B,j = C, J2 
~iJJ 

-M 1 . 
BIJCi-UJj 

(47) 

and to eliminate division during iteration, 

'>j h'Qj, J2 (48) 

Excluding the first row, during iteration a forward sweep is done, 

If •• SIJ + C1(y_i|77^_i + Ctj,iTTj+l + Bf-tjFj-t , (49) 

the superscript m referring to an iteration count reference on the temperatures and F 
values being recalculated each iteration. A backward sweep then generates new tempera­
tures 

'iJ " BIJ\'I%IJ + G<JFI 
(50) 

and these are overrelaxed, 

T!j * 777' + B\J^ - 77;') , (51) 
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it referring to iteration count With <r, ordering, first the odd rows are treated so that m 
refers to iteration n - 1, and then the even rows where m refers to iteration n for only 
nearest neighbor coupling. Note that the temperature dependent gap coefficients must be 
recalculated each iteration and the forward sweep Eq. (49) repeated for the two associ­
ated azimuthal rows. 

The coding was initially done in IBM single precision, but it was not left that way very 
long because the reason why an acceptable solution to a problem could not be obtainr* 
rapidly by iteration could not be readily identified. Originally values of the coolant surf ai 
film coefficient were obtained aiong the coolant hole surface during the soiuticn process as 
dependent on the local surface temperature. This procedure was discarded, however, when 
no significant effect was found. So the burden for establishing the average coolant hole 
surface temperature was left to the hydraulics calculation. 

At this time in the development, the newly calculated coolant hole surface temperatures 
were renormalized each iteration to the desired average. It was found that this scheme 
effected a more rapid convergence rate than just applying the pointwise equations of itera­
tion. However it seems that often a false convergence was indicated and the rate of solu­
tion was unreasonably slow. The unfavorable behavior was corrected only by obtaining tbz 
difference between the iterate estimate of the coolant hole average surface temperature 
and the proper value, and then adjusting (scaling) all of the cell temperatures to eliminate 
the defect and fully propagate the correction. 

A relatively la.^c number of problems were solved with parameter changes during this 
development stage to produce supporting information. A simple driver program was used 
to present a series of problems, typically staging the power density and coolant surface 
temperature up and then back down. This tested the adequacy of the approximation of the 
thermal hydraulic prediction, for example. Unfortunately the solutions kept changing with 
development so the testing results were of muru significance only to the development. 
Objectives of eliminating significant dependence c* the results on the starting point and 
producing acceptable results ai a modest computation cost were satisfied. 

A good temperature distribution is of course desirable as a starting point. The calcula­
tions are done specifically for the surface temperature and power density of the first ther­
mal cell problem. Average fuel and matrix temperatures are first estimated ."rom a simple 
one-dimensional cylindrical conduction equation soiuticn. Given the coefficients, the 
discretiztd radial traverse is sclved and skewed slightly as th~ initial starting place. 
Rather primitive approximations are used to approximate a two-dimensional solution frcm 
one-dimensional data. The major deficiency of a one-dimensional model is the lack of 
flexibility to represent both the volume involved (two-dimensional area) and the limited 
coola'.i hole surface area. 

Only two values of the thermal conductivity are used, one for the channel containing 
fuel and the other for the matrix outside of the fuel channel. Provincial references herein 
will be made to the former as fuel and the latter as matrix. Each time the equation cou­
pling coefficients are reevaluated for new data, the latest conductivity data are saved. 
When these change for the next thermal cell problems, the coupling coefficients are simply 
multiplied by the ratio of the new to the old values. 

Given the solution from the previous thermal cell case, the new temperature distribu­
tion is estimate' for the new power density, the new coolant hole surface temperature, the 
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thermal conductivity d .ta associated with the new temperatures, and the new gap condi­
tions. For the thema! conductivity data, the effects on the average fuel and matrix tem­
peratures are estimated ignoring the changes in the conductivity data. New thermal con­
ductivity values are then obtained for the new temperatures, and then the calculation is 
repeated. Then the available temperature distribution is simply proportioned such that the 
new coolant hole surface temperature is satisfied, and the differences between the local 
temperature and the average coolant hole surface temperature relative to the old differ­
ences are proportional to the ratio of the power density divided by the conductivity, 

where the subscript s refers to the coolant hole surface, the subscript m to the modified, 
and the subscript o to the old. The actual calculation is a bit more involved to pick up \.at 
differences between the fuel and matrix thermal conductivity ratios, and the effect of 
changes in the temperatures at the gap are estimated. The calculation proceeds from the 
coolant hole surface temperature to the average temperature of the matrix, to the new gap 
surface temperature, through the gap, and to the fuel. Of some surprise to the author, 
Eq. (52) was found to apply directly to the temperatures along the coolant hole; that is, 
it did not need the conductivity contribution that would change the proportionality. 

For the iterative process, the difference equations are solved to obtain the new tempera-
tures simultaneously along an azimuthal row of points at a nominal radius. The ordering 
is odd.even (<r,) and overrelaxatior. is done. Typically an initial 17 X 25 mesh problem 
might require 2C-25 iterations, while succeeding ones might average 3 to 8 but depend on 
how large the power density and the thermal conductivity changes are between cases. The 
amount of calculation depends on the mesh size and the selected convergence level. 
Increasing the degree of convergence by a factor of 2 requires zi least 4 iterations if the 
dominant error vector exceeds 0.8, more than at low levels of convergence when the error 
vectors with the large eigenvalues d' net contribute significantly then, as may be the case 
with good initialization. 

A measure of the thermal cell computational burden is reported for each problem. This 
number is 

* - IJ(M + 10) , (53) 

where / is the number of azimuthal points, J is the number of radial points (// is the 
number of temperature values), and M is the sum of the number of iterations done, the 
problem setup burden being set at the equivalent of 10 iterations. Note that if the calcula­
tion were done for twice as many locations, the burden would be nearly twice as great, 
actually somewhat less since an initial problem will require quite a few more iterations 
than the successive case. 
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A large number of problems were solved in testing by indexing up the power density 
and the coolant hole surface temperature, and ther. scaling these back down so that pairs 
of problems were solved with initial conditions approached from opposite directions. Typi­
cally the average cell power density started at 2 W/cc and was incremented up to 
18 W/cc. In what follows immediately, information is shown that ^as generated prior to 
die incorporation of the fuel-matrix gap and hence is free from its effects. 

Shown in Table 2 is the variation found in the results associated with varying the con­
vergence criterion. For the first in the series of thermal cell problems being solved, a rela­
tive absolute error is estimated as 

r « - T* = \jt;\ <r« ~ r„-,>, ( 5 4 ) 

TaMe2. The Effect of Specified Coavergeace Criterion OK Thermal Cefl Resatrs 
(13 X 25 mesh) 

Maximum Relative (Average Iterations, Absolute Relative 
Te nperature Change 16 Problems) Error" Level Calculated Peak Temperature* (°K) 

Power Density (W/cc) 2 10 18 10 
Surface Temperature (°K) 440 518.564 605.743 518.564 

0.001 2.1 0.0067 454.627 579.267 698.725 577.065 
0.005 2.4 0.0066 454.625 577.6'9 697.558 576.735 
0.00025 2.7 0.0066 454.625 577.047 697.188 576.622 
0.0001 3.4 0.0033 453.5 26 576.654 696.896 576.532 
0.00005 3.9 0.0019 453.079 576.593 696.871 576.532 
0.000025 4.8 0.0009 453.035 576.545 696.825 576.5*5 
0.00001 6.6 0.003 453.017 576.552 696.826 576.537 
0.000005 7.9 0.0002 453.008 576.552 696.826 576.537 
00000025 9.6 0.0001 453.006 576.553 696.831 576.539 
0.000001 13.2 0.0001 453.004 576.55C 596.832 576.539 
0.0000005 20.1 0.0001 453.CCO 576.545 696.828 576.5J7 

"Note that 0.001 error level on a result of 500° is an uncertainty of 0.5 s, and of 1000" is 1.0°. 
These results are from a series of problems run for each conveigencc level; identical results are expected for the 

second and fourth cases. 

whrrc n refers to the terminating iteration count and y is the dominant error vector eigen • 
value. We expect 

7 - 0 - 1 (55) 

at optimum overrelaxation, where 0 is the overrelaxation coefficient, although it is 
estimatid from an I , norm, 

2 1 1 ^ - ^ - 1 1 (56) 
y„ 

i 

Slr^.,-rM. a | ' 
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where index i is over all of Che points. When the convergence criterion is satisfied at ter­
mination, we expect 

[ r M - r M - , | (57) 
tT = max . 

1 y'-»-« 

Therefore 

tT being less than the specified convergence at an acceptable termination of the iteration 
process. Note that increasing the number of meshpoints moves A toward unity and 
increases the absolute relative error level relative to a fixed criterion. 

Results such as displayed in Table 3 led to the selection of 0.00001 as the default 
convergence criterion, somewhat smaller than might be expected to be necessary to avoid 
more iteration error than desirable. It should also be noted that any error associated with 
the solution for the first problem tends to propagate. With very good initialization we 
might expect less error than indicated by this theoretical measure. Also the procedures are 
yet being revised so that any specific data obtained during this testing period can be con­
sidered to be accurate only in a relative sense. Thus the result of 454.627 obtained for the 
first problem at a convergence level of 0.001 compares with an earlier result of 452.466, 
and another exceeding 456 with initialization at different starting points. 

A second solution reliability indicator was found to be needed. As the number of 
meshpoints is increased beyond reasonably sufficient number, the solution wanden off 
from an accurate repiesentation. An adequate measure of the discrepancy was found to be 
the calculated heat flow across the gip between the fuel channel and the matrix. The 
reference mesh keeps the discrepancy in this quantity to below 0.5 percent. The ratio of 
the calculated value to what it should be is always calculated, and average and extreme 
values are obtained and reported. The number reported indicates the discrepancy in a heat 
balance. This discrepancy is associated primarily with the finite-difference representation. 
It could be influenced by a low level of solution convergence, if a large value for the termi­
nation criteria were specified. Note that the heat flow is generally overestimated, causing 
high temperatures to be predicted, the results being conservative in a sense. (A simple 
correction might be coded into the procedure to improve the solution, but this possibility 
has not beet, investigated.) 

T« 
1 - 7 . 

(58) 



22 

Tabled DepeafcaceofTberwalCdlResetsoatheMesa* 

First Apparent 
Meshpoints Problem Absolute Temperatures (see Table 2) 

Iterations Error 
9 X 9 12 0.0001 451845 575.879 695.849 575.872 
9 X 13 20 0.0002 452.926 576.197 696.326 576.188 
9 X 17 27 0.002 452.950 576.317 696.512 576.310 
9 X 21 38 0.005 452.973 576.377 696.604 576.367 
9 X 25 42 0.0007 452.979 576.417 696.656 576.409 
10 X 10 14 0.0001 452.886 576.070 696.122 576.063 
13 X 13 20 0.0001 452.947 576.296 696.448 576.279 
13 X 25 41 0.007 453.027 576.565 696.837 576.530 
17 X 9 11 0.0001 452.871 575.985 695.991 575.977 
17 X 17 26 0.0002 453.017 576.528 696.752 576.445 
17 X 25 40 0.008 453.077 576.647 696.967 576.675 
17 X 33 61 0.0014 453.111 576.719 697.034 576.675 
17 X 49 76 0.0003 453.169 576.802 697.135 576.740 
21 X 21 32 0.0004 453.082 576.700 696.986 576.660 
25 X 25 37 0.007 453.161 576.799 697.135 576.751 
33 X 9 12 0.0001 452.902 576.029 696.039 576.014 
33 X 17 25 0.0002 453.169 576.728 696.993 576.685 
33 X 65 91 0.0004 453.608 577.423 65/.S77 577.280 
50 X 50 115 0.0004 454.233 578.096 698.990 577.977 
50 X 100 154 0.0004 454.762 578.755 699.761 578.473 
50 X 150 90 0.0004 457.963 580.728 702.138 579.973 
65 X 9 13 0.0001 453.183 576.579 696.800 576.547 
65 X 17 25 0.0002 453.782 577.654 698.512 577.584 
75 X 75 119 0.0004 456.906 581.436 702.864 581.162 
75 X 150 98 0.0004 459.990 584.961 707.838 583.476 
100 X 100 173 0.0004 461.988 588.443 710.772 587.422 
100 X 150 215 0.0004 463.683 591.506 713.842 589.135 

"0.00002 maximum relative temperature change convergence criterion. 

A minimum number of iterations is forced in the first problem to support the evalua­
tion of an optimum overrelaxation coefficient. This procedure is somewhat involved and 
not particularly interesting to the application analyst for whom this report is written. 
However there may be some interest in how well the coefficient is resolved, as indicated by 
the results below, starting with a value of 1.3808, the average between unity and the 
optimum predicted for an idealized uniform mesh problem, 1.7616: 
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Predicted Optimum 
Iterations Overrelaxation Coefficient 

16 1.6988 
35 1.7242 
44 1.7258 
52 1.7264 

Of course we don't want to use this many iterations unless necessary. The estimate 
obtained for an idealized problem is quite good and might profitably be used initially; 
indeed a modified value is currently in use. Complexity in the iterative behavior due to 
error vector deficiency seriously impacts the evaluation as /? becomes large (approaches 2 
for a many-point problem). So some degree of conservation has been incorporated into the 
procedures to avoid difficulty for the hard problem. Additional results are reported later. 
Also a best guess of the optimum coefficient is used initially. 

The utility of setting .he overrelaxation coefficient to unity at the first iteration was 
tested. The argument goes to the effect that if there is a poor initial temperature some­
where, it may be best to recalculate it and propagate the effect of the change but not pro­
pagate the effect of the overrelaxed change. Succeeding cases *ere often solved in one 
iteration this way, whereas otherwise they would have required 4-6 iterations. Satisfying a 
specified convergence criterion with and without overrelaxation can result in quite different 
absolute error levels, so an apparent gain is considered to be illusory. Quite generally, for 
the first of a series of cases, one more iteration was required to satisfy the convergence cri­
teria with no overrelaxation on the first iteration, and no incentive was found to set it to 
unity for successive cases. So 0 is not set to unity at the first iteration. 

Selected results are reported in Table 3 to show the dependence of the solution on the 
number of meshpoints. Of some interest is the reported absolute relative error of the solu­
tion for the first problem that seems to increase as the number of points along one coordi­
nate increases relative to the number along the other. Such information has gone into the 
reference meshpoint choice. 

Additional results about the dependence of the results on the mesh are shown in 
Table 4. 

To generate computation burden information, several problems were solved to generate 
statistically meaningful data. The following results were obtained: 

IBM-3033 Computer 

Problems Processor Local 
Solved Meshpoints Time (min) cost($) 

500 13x25 0.23 2.0 
750 13x25 0.39 3.8 

1000 13x25 0.50 4,5 
2000 26x50 1.01 7.8 

125 26x50 0.34 3.0 
250 26x50 0.72 5.1 
500 26x50 1.38 8.5 
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TaUe4. Atftkul Resets to Stow the Depeafcace 
oo the Mesh* 

Interface 
Mesh Matrix Fuel Peak Slope 

Ar/AK 

9 X 9 640.466 684.261 695.849 -141.766 
13 X 13 640.829 685.571 696.448 -149.142 
17 X 17 641.016 686.115 696.752 -153.298 
21 X z l 641.125 686.622 696.986 -155.853 
25 X25 641.194 686.622 697.135 -157.588 
50X50 641.455 687.784 698.990 -164.031 
75 X 75 641.735 689.633 702.864 -170.754 

100 X 100 642.258 693.193 710.772 -181.458 

"18 W/cc, surface temperature of 605.743 °K. 

Note that four times as many meshpoints are treated at an increase in cost of roughly a 
factor of four. Such results have led to the use of more meshpoints and tighter conver­
gence of the iterative process than might otherwise have been selected as defaults. 

Problem solution data are shown in Table 5 for the model before the gap was 
included, and therefore the fundamental iterative behavior is known theoretically. As the 
cell problem is made larger in the number of unknowns, it becomes more difficult to solve. 
It was found that with a reasonable number of meshpoints it was most practical to predict 
the optimum overrelaxation coefficient initially. Moving toward an optimum from a poor 
estimate was not found to be easy to do. Results with the fuel-matrix gap included are 
shown in Table 6 and indicate that the procedures appear to be acceptable. Somewhat 
improved procedures were adopted to account for the changes from one thermal cell prob­
lem to another, as indicated by the reduction in the number of iterations required to solve 
a succeeding problem, with careful account for the effect of the gap. The gap has 
temperature-dependent conduction and a small radiation component at this relatively low 
temperature. Interestingly, the extraction of the largest eigenvalue from a pair 
(D. Vondy, NS&E 80, 1982) was found to show an advantage without the gap but com­
pletely failed when the gap was included. 

Evidently an improved estimate of the dominant error vector eigenvalue is needed. 
Results are shown in Table 7 to indicate some of the testing that was done. Whereas the 
I , norm is the sum of the absolute iterate changes, the L2 is the square root of the sum of 
the squares of these changes. It also appeared practical to use both estimates, specifically 
the square root of their product. Here again primary interest is in solving succeeding 
problems following the first. (Solution in one iteration is nice, although overrelaxation was 
not done this first sweep so the results may not be as well converged.) The results shown 
in Table 8 do not point to an obvious choice. In all of these cases the attempt to extract 
the larger of a pair of eigenvalues failed, the cause being unknown. Values of the eigen­
value estimates are shown below for the reference mesh (17 X 25) with 0 - 1.2: 



Table 5. Solution Information for a Small Graphite Thermal Cell Heat Conduction Problem (0R) 
Ervor Vector 

Eigenvalue Estimates 
Extracted Associated 

Initial Largest Eigenvalue 
Mcth Relaxation W « Asymptotic Iteration First of a Without 

it* « R» Uninowru CocrTtctcnt Extrapolation Used'1 Action Taken L\ Norm Pair Acceleration 

1 0 Yes 20 0115660 0 8 5 2 2 2 0 8 5 2 2 2 
1 * 1 5 0 * N o 
1 0 Yes 19 0 8 9 5 5 3 0 8 9 5 6 8 0 89568 
1 6 4 6 1 ° N o 
1 5*97 N u 
I 0 Yes 411 0 96951 0 9 7 0 ) 8 0 .970)8 
I i Yes ) 6 0 95726 0951110 0.97212 
1 4 Yes 2\ 093185 0 9 )595 0 9 7 2 9 1 

| 5 Yes. 17 0 9 1 5 7 7 0 9 1 * 1 5 0 9 7 3 5 ) 
1 6 Ye» III 0 * 8 7 0 * 0 . 9 7 3 1 * 
I 7 Yes 20 0 77473 0 7 7 6 5 4 0.97147 
1 
1 

72 
II 

N o 
N o 

End 
End 

0 78169 0 t 9 5 9 0 0 9*517 

1 9 N o ( 2 4 ) 1 8550 
1 7 9 7 ) " N o End 
1 7634 N o End 0 9 8 2 8 0 

1 0 Yes 67 o » o « : 3 0.9641) 
1 5 N o 
1 7 Yes 29 0 9 5 4 * 7 0.99237 
I S Yes 2> 0 9 ) 4 5 * 0 9 9 ) 6 4 
I 8 S N o 
1 9 N o 126) 
195 N o ( 2 ) ) 
1 9 * N o (22 ) 
1 S909" N u ( 2 6 ) 
1 *722 N o 
1 0 Yes 19 0 9 5 6 ) 2 0 96855 096855 
I S JSo 
1 9 N o ( 2 9 ) 
195 N o 120) 
19254" N o 128) 
19149 Yes i ) 8 ) 

1 0 Yes 27 0 9 7 2 0 8 0 9 8 0 6 7 0.98067 
1 5 Yes 
17 Yes )7 0.97247 0 9 8 0 0 ) 0.996S4 
1 9 N o 29 0.94974 0 9 4 9 9 5 0 99796 
1 95 N o ( 2 4 ) 
1 9 4 ) 3 " No ( 2 4 ) 
1 9 3 ) 4 N o ( 2 ) ) 

Max imum 
Kclalive 

Temperature 
Derivative 

i t Fuel 

I teraiiom 
to Solve 
a Nam 

Inferred New Final Change l leral ium Peak Channel ProMerr 
Spectral Relasahon Helaxatlun t a i l to Solvr lemporalure td|« (Power Denii ly 
Radius Coefficient 

M 4 4 6 

Coefficient 

1.4446 

Iteration Problem ( • K ) CK/cm) 
•20.24 

Doubled, t ic . ) 

0 9 2 ) 1 6 

Coefficient 

M 4 4 6 

Coefficient 

1.4446 

Iteration 

22 432.90 

CK/cm) 
•20.24 3 

1.7113 13-05 1) 4 )2 .90 •20.24 5 

0 94640 1 5117 1.5117 4.6-06 24 4 3 2 ? ) • 2 0 ) 1 3 
1.6461 9.3-06 14 4 ) 2 . 9 ) -20.30 4 
1.5*97 8.6-06 12 4 3 2 9 ) -20.32 3 

0 9 8 ) 0 8 1.706) 1 706) 1 8-05 49 453.06 -22.01 5 
0 9 8 ) 9 6 1.71)1 1.7138 1.105 )7 453.07 •2207 4 
0 986 )6 1.717) 1.717) 1 7.05 2 ) 4 5 ) 0 7 22.10 4 
0 « 8 6 6 8 1.7201 1.7201 9.6-06 20 4 5 ) 0 6 •22.09 4 
0 9 (681 1.721) 1 7213 5 9 . 0 6 2 ) 4 )3 .10 -22.16 5 
0 9 8 5 6 ) 1.71)0 1 7110 6.7-06 2 ) 453.06 • 2 2 0 9 4 
0.99256 1 7829 3.7-06 2 ) 453.10 -22.16 5 

1 7750 2.0-05 24 453.07 -22.12 4 
1.8122 1 8-05 ) 9 453.07 •22 10 6 
1 8101 2.0-05 22 453.01 -22.13 6 

0 .991)6 1.76*3 2.0-05 19 453.07 • 22.05 5 
0.9*190 1 (.315 1 8487 1.9-05 101 4 5 ) 4 6 •23.72 12 

15 2 8-05 61 4 3 ) 4 4 - 2 3 ) 1 10 
0.99618 1 8393 1 839) 3 8-06 45 4 5 ) 4 7 -23.75 12 
0.996*1 1*522 1 *522 5.4-06 45 4 5 3 4 7 •23.71 I I 

1 85 2.4-06 45 4 ) 3 . 4 * - 2 ) 7 ) 20 
1.8555 1 8555 8.0-06 45 433.49 •23.74 I I 
1 8574 1 8574 1.9-05 45 453 49 •23.77 12 

1 9404 l .*4»» 1.5-05 71 4 - 3 4 9 •23.67 12 
1*464 1.2-05 39 453.4* • 23.6* 10 
1 *722 1.6-05 33 453.51 •23.71 25 

OV84 I5 1.69*7 1*942 3.2-07 132 454.46 •25.59 30 
1 5 1.9-05 66 4 5 ) 9 1 •25,40 101 

1 * 5 5 0 l.«836 4.2-06 66 4 ) 4 4 4 •25.36 26 
1.9025 1.8774 * .9-06 66 434.30 •25.6* 33 

1 *791 4 9-06 59 454.49 - 3 5 6 5 36 
1*257 2 0 - 0 5 36 454.52 •25.5* 31 

0.99029 1.7559 1.9223 3.6-07 176 4 5 5 * 1 • 27.51 S I 
1.5 1.6-0) 74 455.30 • 2 6 . 7 : 36 

0.99*27 I.88VO 19222 1.9-05 89 455.65 •27.2) 32 
0.99*98 191.15 1 *678 1.7-06 *« 4 5 5 7 5 • 17.35 4 ) 

1.8578 1.9-06 18 433.10 • 27.46 51 
1 * 5 1 ) 4.1-06 71 455.72 -27.JS 31 
1 8904 1.0-05 66 455.75 • 27.05 35 

" \ jluc obtained as optimum Cor a uniform mesh idealuod homogeneous slab problem, and Htely this estimate will simply be decreasing somewhat for general use. 



Table 6. Solution Information About the Same Cases as Table 5 — But Now with Coolant Gap Treated 
Error Vector 

Eigenvalue Estimates 
M i n i m u m 

Relative 
Temperature 

Derivative 
at Fuel 

Iterations 
to Solve 

Extracted Associated 

M i n i m u m 
Relative 

Temperature 
Derivative 

at Fuel a N I » I 
Init ial Largest Eigenvalue Inferred New Final Change Iterations Peak Channtl Problem 

M e i h Relaxation W a t Asymptotic Iteration First of a Without Spectral Relaxation Kelaial ion Last to Solve Temperature Edge (Power Density 
((• X R l Unknowns Coefficient Extrapolation Used? Action Taken / • l Norm Pair Acceleration 

0.86874 

Radius 

0 9 3 2 0 6 

Coefficient 

1.4611 

CuefTicient Iteration Problem C K ) C K / c m ) Doubled, etc.) 

x x 12 •6 1 0 Yes 12 016174 

Acceleration 

0.86874 

Radius 

0 9 3 2 0 6 

Coefficient 

1.4611 1.4681 1.8-05 21 477.254 •39.59 
1 5 5 7 ; N o 1.3572 1.4-05 13 477.241 -39.58 

4 x. 1 ) 117 1 0 
1 5*97 

Yes 
N o 

I J 0.19269 0.89269 0.94482 1.5065 1.5065 
1.5897 

8.0-06 
1.1-05 

22 
12 

477.287 
477,280 

-39.60 
- 3 9 6 0 

r v ; \ 425 1 0 Yes 17 098191 0 9 8 1 9 1 0.99091 17629 1.7247 2 7-06 40 477.511 •43.71 
12 V B IS 097397 0 9 1 2 6 7 0.99129 1.7673 1.7673 1.1-03 31 477.307 •43.67 
1 4 Y « 17 094007 0.97463 0 4 8 7 2 3 1.7252 1.7252 1 9-05 26 477.349 -43.82 
1 5 Yes IJ 092347 0.97520 0.91752 1.7279 1.7279 1.8-03 21 477.346 •43.81 
1 6 Yes 15 087823 0 . r>7 , . ) l i .M>e7 1.7130 1.7130 1.7-05 23 477.561 -43.84 
1 7 
I .7J 
1 8 

Y * 
N o 
N o 

23 081824 0.47-I ' v"1730 1.7259 1.7259 
1.7241 
1 8 

1.6-05 
1.7-05 
1.9-05 

24 
24 
24 

477.531 
477.557 
477.502 

-43.70 
•43.83 
• 4 3 6 3 

1 9 
1 7634 

N o 
N o 

19 1.8530 1.8122 
1.7634 

1.9-05 
1 5-05 

36 
21 

477 496 
477.517 

•43.72 
•43.74 

Vt X 44 1.617 l u Yes J4 095012 0 9SOI3 0.95013 0 9 7 4 7 3 1.6349 1.8563 1.8-05 76 471.440 -46.81 
1 5 Yes 28 098672 0.99559 0.99779 1.8755 1.8317 1.4-05 49 471.304 •46.39 
1 7 Yes 24 096574 0.99416 0.9970J 1.8510 1.8580 1.8-03 38 471316 -46.73 
< 8 Yes 30 09J503 0.92504 0.99287 0.99643 1.8443 1.8193 1.8-05 )« 478.420 •46.78 
1 8 5 Yes J9 087644 017751 099361 0.99613 1.1527 l .«527 1.1-05 40 471.372 •46.13 
1 4 N o 27 1.8530 1.8350 1.9-05 38 471.308 •46.301 
1 45 
1 99 

N o 20 1.9025 1.8374 1.9-03 48 478.320 •46.331 

1 8722 Yes ) l 0.87586 0.87610 0.99334 0.99767 1.8722 1.8722 2.0-05 45 478.355 •46.46 
44 » i j J.528 1 0 Yes 23 0.95992 0.93992 0.97976 1.6664 1.9099 3.7-06 112 479.669 •41.55 

1 5 Yes 22 094808 0.98301 0.99147 1.7694 1.8899 2.0-03 64 479.783 •48.62 
1 9 N o 49 1.1530 1.8330 5.9-06 56 479.416 •48.53 
1 95 N o 26 1.9025 1.7849 8.6-06 56 479.622 •41.63 
1 9125 Yes 26 092036 0 9 2 0 3 9 099792 0.99196 1.9121 1.8238 1.9-03 53 479.642 •41.22 

65 X «•> S. tOS 1 0 Yes 26 0.96960 0.96961 0.96961 0.98469 1.7031 1.8313 4 6-05 148 481.361 •50.52 
1 5 Yes 28 096643 0.98910 0.99434 1.8109 1.8906 2.0-05 78 481.373 •49.67 
1 7 Yes 29 0 96736 0.99443 0.99721 1.8611 1.8931 9.9-06 74 481.462 •50.11 
1.9 Yes 32 092776 0.92777 0.99746 0.99873 1.9040 1.8214 3.306 74 481.607 •50.72 
1 95 N o 26 1.9025 1 8667 3.306 74 481.650 • 30.11 10 

- l . D M N o 33 1.1161 1.8441 2.7-06 66 411.612 •30.75 10 
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Lb 

Iteration £|Norm L2Nonn Lu L2Norm 

10 0.96586 0.95270 0.95926 
11 0.96972 0.96176 0.96573 
12 0.97284 0.96672 0.96977 
13 0.97529 0.96855 0.97191 
14 0.97490 0.96938 0.97214 
15 0.97400 0.96831 0.97115 

In each case the last value was used. Perhaps a better degree of convergence should be 
effected so that overrelaxation is more nearly optimized. 

There is a major difficulty as X—1, which occurs as the number of meshpoints in a 
problem becomes large. The state where successive values are close enough to indicate 
that resolution is adequate can not be easfly establisbed. Apparently tests must be made 
on 1-X to be of significance. It has been found that when the A, estimates contain contri­
butions from a pair (X„ X2), then (l-Xj/O-X.-,) tends to remain relatively constant Use 
has been made of a test on (1-A«_,) (I-X,_2) (1-X,)"2 = 1 and similar techniques with 
some success. 

Table 8. FTIMUIT Thermal Hydraulics Results 
Orificing Block 1 2 3 4 

Reference Data 
Relative coolant flow rate 0.98 0.91 1.61 1.93 
Coolant exit temperature (°C) 786 738 924 874 
Peak surfa^ temperature (°C) 1015 1015 1015 1015 
Orifice pressure drop (atm) 0.316 0.334 0.113 0 

Perturbed Data (Set Mini—i Orifice Pressure Drop) 
Orifice pressure drop (atm) 0.320 0.339 0.114 0.014 
Peak surface temperature (°C) 1010 1010 1009 1024 
Coolant exit temperature (°C) 784 736 919 881 
Relative coolant flow rate 0.99 0.92 1.62 1.91 

Results of thermal cell calculations are illustrated by the display in Fig. 3 of the tem­
peratures along a traverse between centers of the fuel channel and the coolant hole. A 
common coolant hole surface temperature was used in this parametric study showing the 
dependence of the temperature difference across the gap on the power density without a 
coolant film effect. Since the heat transfer capability of the gap increases with increase in 
temperature, the gap contribution tends to be the most significant at low temperature. Of 
some interest in this area is the requirement for proper account of temperature effects 
associated with power level changes to predict reactivity response. A usual non-uniform 
gap would have the effect of skewing the temperature across the fueled channel, but also 
lowering the peaking somewhat. 
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Fig. 3. Thermal Cell Results. 

A small reactor core was modeled simply with 8 meshpoints (8 coolant channels 
treated) and 4 zones of different material normal to the direction of coolant flow. With 2 
axial zones, thermal cell calculations are performed at 8 reference locations. The average 
power density was 5.0 W/cc. Results of the hydraulic calculation for a coolant inlet tem­
perature of 350°C and an outlet temperature of 850°C are shown in Table 8. The 
results with the orificing perturbed are included. The distribution of the fuel temperatures 
is shown in Table 9 for the reference and perturbed conditions. The perturbation raised 
the calculated peak fuel temperature from 1144°C to 1152°C. Thus the results for the 
perturbed state are reported to supplement the reference solution. 

Absolute Proof Testing 

Lacking a closed solution for even a simple two-dimensional problem, absolute proof 
testing of these procedures was limited at best. A one-dimensional cylindrical problem 
that had a uniform source and was homogeneous regarding the thermal conductivity was 
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Tatie9. Fad Ttiptiatun DJstrtt«tio« Resahs 
Reference 

Temperature 
Fraction Fuel Hotter Reference 

Temperature 
(°C) Reference Perturbed Orificing 
1150 0.0007 
1100 0.024 0.024 
1050 0.071 0.069 
1000 0.127 0.126 
950 0.184 0.183 
900 0.240 0.239 
850 0.297 0.296 
800 0.347 0.347 
750 0.383 0.384 
700 0.415 0.415 

approximated. Note that the equations applied are indeed those for a two-dimensional 
cylinder without the coolant channel. The applicable equations, which are the same equa­
tions as used in the initialization procedures with some extension, are as follows: 

— trrr^T = KV'T = q ; (59) 

1 dT 
r dr 2AT , constant (60) 

At any radial location 

T " T' + ~AK ('< ~ r 1 ' ( 6 ° 

T - T + ZL ( 6 2 > 

and, obtaining region averages for the fuel and matrix regions and aiso for the cell, 
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T* -r*+ $ N - i • (63) 

r„ - r, + £ [* - 4 . (64) 

Te - Ts + qK 
(65) 

In testing, use is made of the relationship between volume-weighted averages. 

VfTt + VmTm - VrTe (66) 

The slope of the temperature is given by 

dT 
dr 2K 

(67) 

checked at the fuel-matrix interface. Note that the slope increases with radius. 

Results are displayed in Table 10, along with precise answers. The results are good 
even with a large number of radial points. The solution rapidly degrades as the number of 
azimuthal points is increased, the results no longer being acceptable above about 50 points. 
Apparently the difference representation simply loses accuracy. This discrepancy was later 
removed by carrying the elemental volumes in higher precision. 

Note that the difference error could not be established without an analytic solution. 
The adequacy of the model for complicated two-dimensional geometry could not be simply 
established with a very fine meshspacing solution. 

The geometric component of the radial coupling coefficient is given by 

C, = Area 
Distance 2 Ar 

x J-\ 
/ - I r + 2 ( / - l ) 

(68) 
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TaHelfc 

(A tin famiiiil cyfedrical sector with 
aagk x/4, T, = 51S564, K fixed at 118 W/CB-°C-9CC, hot 

12.7324 W/cc, r, = i-25, r, = lJ6t66t) 

fad 

Temperatures (°K) 
Mesh «T/dr Mesh «T/dr 

Azimuthal X Radial interface Peak Fuel Average Matrix Average All Average 
Analytic -8.842 538.458 537.906 527.959 528.511 

3 X 10 -8.683 538.463 537.840 527.900 528.452 
3 X 20 -8.993 538.461 537.895 527.942 528.495 
3 X 4 0 -8.798 538.422 537.866 527.947 528.500 

10 X 10 -8.784 538.518 537.888 527.909 528.463 
10 X 20 -9.129 538.556 537.963 527.956 528.512 
10X40 -9.046 538.650 538.034 527.990 528.548 
10 X 40* -8.907 538.525 537.935 527.963 528.517 
10 X 80 -8.998 538.533 537.918 527.939 528.493 
10 X 120 -9.029 538.515 537.896 527.948 528.501 
20 X 20 -9.178 538.555 537.972 527.957 528.513 
20 X 40 -9.147 538.629 538.009 527.966 528.524 
20 X 80 -8.913 538.559 537.952 527.979 528.533 
20 X 120 -8.844 538.556 537.943 527.961 528.515 
40X 40 -10.900 539.442 578.616 528.054 528.641 
40 X 80 -10.065 539.308 538.208 527.962 528.531 
40 X 120 -9.5.1 539.341 538.092 527.957 528.520 
80 X 40 -29.702 554.513 546.580 529.193 530.159 
80 X 80 -34.476 559.391 547.291 529.128 530.137 
80 X 120 -34.539 561.999 547.387 529.085 530.102 

100 X 100 -32.032 554.286 546.198 529.058 530.010 
100 X 100* -32.226 554.482 546.373 529.105 530.064 

"Solution approached from different initial conditions. 
*Very tight convergence effected, £, — 10~7 compared to 5 X 10"s for other cases. 

assuming a fuel channel angle of w/3, where / is the number of azimuthal points and / the 
number of radial points. Similarly for the azimuthal coefficient, 

C, - Area 
Distance 

6r( J-\ 
(69) 

Apparently the coefficient C, overwhelms C, for / large and especially for r small near the 
center of the fuel channel. Note that C, might tend to overwhelm C, for / » /. For rf 

near unity we might prefer, at say r - 1 /3, that C, « C,, requiring 
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7 - 1 
/ - I 

= 2 

or 

J ~ I + (/ - 1) yll . (70) 

Mere Effective Accefcratioa 

As this report is being completed, alternative acceleration schemes are being tested to 
develop a more effective procedure. Justification for this effort is largely from the need in 
neutronics applications, inner iteration of the diffusion model of neutron transport and 
acceleration of the discrete ordinates model. A multigrid procedure6 has been coded and is 
being tested, the details of which will be reported elsewhere. The process involves collaps­
ing the current estimate of the temperature and the coupling coefficients to a coarser mesh 
for further iteration to reduce the error content. This technique is continued through 
coarser levels to a very coarse mesh for which a direct solution can be obtained (when 
needed), and then the calculational procedure passes back down the levels to the original 
problem. Thus the local inaccuracies are reduced at each grid level, the global discrepancy 
being reduced at the coarsest level. Of special interest is the insensitivity of the rate of 
convergence to the acceleration parameters. Solid information about the details of an 
effective scheme applied to a non-linear problem is scarce, so extensive testing is necessary. 
An example calculation is illustrated below as extracted for a thermal cell problem: 

Largest Maximum 
Mesh adjusting temperature 

Level (8 X R) Iterations factors change 
0 15 X 27 2.86-4 
1 8 X 1 3 3 1.00044 
2 4 X 6 3 1.00011 
3" 2 X 3 0 1.00069 
2 4 X 6 3 1.00106 
I 8 X 13 5 1.00189 
i . 4 X 6 3 1.00007 
3 2 X 3 0 1.00010 
2 4 X 6 2 1.00018 
1 8 X 13 2 1.00214 
0 15 X 27 7.75-5 
1 8 X I? 3 1.00015 
2 4 X 6 3 1.00011 
3 2 X 3 0 1.00026 
2 4 X 6 2 1.00042 
1 8 X 1 3 4 1.00074 
0 15 X 27 3.56-5 

"At this level the solution is obtained directly. 
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Significantly different results are being obtained with the multigrid scheme, and this 
remains to be understood. Also the procedure seems to be ineffective at higher conver­
gence levels, also not understood. As much as half of the computation cost has, however, 
been found to be eliminated on an initial, very large problem. Of some interest is the 
rapid rate of suppression of the error vectors that dominate initially by using a much 
smaller overrelaxation coefficient than would be the optimum for straight overrelaxation. 
A rather frustrating aspect to the author has been the generally ineffectiveness of modifi­
cations intended to improve the procedure. 

The OM-DuMHionl Cefl Model 

As an option, a simple one-dimensional model is applied with the fuel channel at the 
center, having the cylindrical coordinate. An effective outer radius, the distance to where 
the coolant is assumed to be located for heat removal in the simple model, must be speci­
fied. Likely this distance lies between the minimum distance to the coolant, t - rt, and the 
characteristic celi dimension 8. Equations 59-67 would apply if the thermal conductivity 
were constant. Of course the heat source is concentrated in the fuel channel, and provision 
is made for the thermal conductivity to depend on the past exposure and local temperature, 
so a difference foi mutation is used to produce the results. 

An aspect of some interest is the direct dependence of the temperature on the heat 
source, Eq. (59). Increasing the local heat source rate increases the fuel temperature. 
Generally the peak temperature in the fuel occurs where there is both c high power density 
and a high coolant temperature. The local heat source adds an incremental temperature 
rise above tlie local surface temperature which is eii<~vated from the coolant temperature. 
Concentrating the heat source in a smaller fuel channel at a fined average power density 
increases the fuel temperature, since q of Eq. (59) is increased. 

Some uncertainty is associated with the thermal conductivity K, leading to uncertainty 
in the temperature. With high exposure to high energy neutrons comes atomic displace­
ment and degradation in K. Indeed, cracks ;n an atomic lattice dramatically alter the 
ability to transport heat, causing local temperature peaking, although the heat removal 
capability in the aggregate is not entirely lost. Note that the temperature rise is inversely 
proportional to the conductivity and that a 10% decrease in K causes the temperature 
difference to rise 11%. 

A one-dimensional model tends to underestimate the temperature variation and hence 
underestimate peaking in the fuel. This is because a cell of the desired size has too Lrge 
an outer surface for heat removal to the coolant. Perhaps a surface area correction factor 
should be allowed, but instead the two-dimensional capability is recommended. Also the 
model was left simple without incorporating the fuel-matrix gap effect. The local conduc­
tivity is calculated at each meshpoint rather than use averages as is done for the two-
dimensional model. 
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N At About the Cost of Ceil CalcobitHms 

Full core calculations ha', been done that required S.400 cell problem solutions for one 
case. These computer calculations cost so much that some scheme is probably needed to 
make oni ' a few representative cell calculations and parameterize the effects on the results 
of the p'.imary variables. 

Effects of Thermal Cell Approximations 

No reasonable way was found to account for such things as variation in the gap 
between the fueled channel and the matrix. When the gap is narrow, the direct effect of 
eccentricity is lower temperature in the fuel due to reduced resistance to heat conductivity. 
Consider a straight gap of arbitrary length with linear variation in the width and fixed 
temperature on the side of heat extraction. 

For the purpose of investigation, assume a linear variation in the thickness of a straight 
gap and in the temperature along the side from which heat is removed: 

q 

h 

A 

1i 

Q 

Assuming an effective temperature and effective gap width, 

Q - ~ (Tt - 7,) - % [Te + r , ] ' [T, - 7,] . 

-T (T 2 - TO , 
A 

= c[T2(x) + 7-,}« , 

a + bx , 

= t ~ fx , 

_ f d - \ <Xx[e-fx + TxY [e-fx-TA 
•I q ~ 4 (a + bx) 
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Requiring 

= TJ^ = . — ik. Te = T2(x) = e 2 * 

A, = 
e- f + r, e- f -r 

^0 (a+6x) 

Letting 

e + 7-,' e-Ty s = a 

A i , + f 
2 2 

dx 
(l+sx) 2 

[ l -?x] 

Thus a situation can be examined. Since the rate of decrease of the ratio of the numera­
tors to the denominator of the integral grows as x increases (like a cubic with negative 
coefficienu,), the effective gap width is somewhat larger than the average. Eccentricity of 
a cylinder in a cylindrical hole causes even more distortion of this sort in the same direc­
tion. 

Temperature variation occurs across the fuel assemblies. The power density variation 
is one cause that may or may not adequately be accounted for, depending on the mesh 
soaring, on the degree to which variations in the nuciide densities are treated, and on the 
iine-scale geometric detail, including control rod holes likely not modeled. Decreasing the 
meshspacing tests lor better account of the spacial flux distribution. Perhaps of most con­
cern in this area is an accurate accounting of the peaking near the reflectors, which would 
require the use of more meshpoints than desired for economic calculations. Reducing the 
size of the zones of homogeneous material picks up the effects of nuclide changes with 
exposure. Of course the more accurately the geometry is represented and the better the 
fuel loading and control and burnable poison are modeled, the more accurate are the 
results and the less concern there is about uncertainty. Heat conduction occurring across 
the fuel elements is ignored and has the primary effect of mitigating temperature peaking. 
Likely this makes up only part of the causes for the modeling to underestimate tempera­
ture peaking. 
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Regarding other approximations, the gross effect is not clear. The assumption that a 
single representative thermal cell geometry is adequate may or may not be reliable. Cer­
tainly there are places where this model is not representative. The use of only two thermal 
conductivity values over each cell, and these being predicted values, is not precise. Still the 
calculations should suffice for usual core analysis. 

4. CERTAIN APPLICATION SUPPORT INFORMATION 

DataHaadling 

The geometric description including the arrangement of meshpoints for discretization is 
obtained from the geometry description supplied to the neutronics code, interface data file 
GEODST. The heat source information is normally obtained from the point power density 
file PWDINT. If this file is not available, the zone or zone and subzone average values 
are redistributed using data from file ZNPOWD. Data from this latter file are normally 
used for the thermal cell calculation when there is the subscale information about 
subzones. Lacking subzones, these data are generally not available. If file ZNPOWD 
does not exist, zone average data are collected from the PWDINT file data. If the void 
fraction is to be varied, then the ZNPOWD file must be supplied and indeed be written by 
the exposure code where such information is added to the file. The neutronics code can 
only put zone power density data on this file, not subzone data also. Note that when files 
are supplied from both the neutronics and the exposure codes, the data may be somewhat 
inconsistent, being generated by different procedures and associated with somewhat dif­
ferent points in time. Power density peaking and associated fuel temperature extremes 
tend tc occur initially and mitigate with time, but the situation is complicated by partial 
refueling, control rod positioning, and the zoning of fuel enrichment, along with the use of 
burnable poison. Exposure data are obtained from the file EXPOHT. 

User instructions to this code are obtained from the PBLINS record of the file 
CONTRL shown in Fig. 4. The input processor can be used to add this information 
froir the user input data stream to an existing file, but in more common practice is the use 
of the special input processor identified as DUTLIN with a module type 2 access, and 
often several of these types of computational module control records are supplied at one 
time. Any change requires another access. 

revision has been made to supply certain special data. This is done with a interface 
data file named THDATA. The input data processor is used to generate this file one-to-
one from data in the user input data stream. The contents of this file are shown in 
Fig. 5. Perhaps of most interest is the capability to provide special blocking information 
(5D Record) to associate meshpoint intervals with coolant orificing. 

By user instruction the temperature results are put on the file ZNTEMP described in 
Fig. 6. These data may then be used in the calculation of macroscopic cross sections to 
apply microscopic cross section correlations at the zone and subzonc level for temperature 
feedback. The user may find that for regions outside of the core proper there is inade­
quate control over the temperature assignments, requiring processing before use. Such 
processing may be done with a special code module processor or the data edited and 
revised by terminal display or even cards. 
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Fig. 4. User Input Data for Thermal Hydraulics ProMem Control CONTRL (Interface 
Data File Specifications). 
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CD XI (7) RECOVERABLE ENERGY FRACTION (DEFAULT 1 . 0 ) 
C 
CN I F NEGATIVE, USED AS A POWER DENSITI PEAKING FACTOR 
CN (RELATIVE TO ZONE P3WER DENSITI) OVEBRIDING USE OF THE 
CN POINT OR ZONE PEAK DATA. A VALUE SHOULD BE SUPPLIED WHEN 
CN THE DATA I S INADEQUATE TO FURNISH FULL PEAKING INFORMATION 
CN (POINT DATA FBOH A 1-D CASE I S INADEQUATE, FOR EXAKPLE). 
CD XX (8) REACTOR POKER LEVEL DESIRED, W-TH 
CN OBTAINED FBOH THE HEAT SOURCE (POWER DENSITY) DATA, LEAVE OUT 
CN UNLESS SOHE CHANGE FBOH THE REFERENCE I S DESIRED 
CDS XX (9) CHARACTERISTIC THEkHAL CELL DIHENSION, SET = IX (5) IF 0 
CDS CENTER FUEL CHANNEL TC CENTER COOLANT HOLE 2 -D (CH) 
CD DIAHETER FOR 1-D (CH) 
CD* XX (10) RADIUS OF THE ZONE HEAT (FUELED INNER REGION, CH) 
CD FOR 1-D FUEL ELEHEST THEE SAL CELL PROBLEM 
CN RADIUS I S HALF THE DIAHETER! 
CD* XX (11) RADIUS OF THE SOBZONE HEAT (FUELED INNER REGION, CM) 
CD* XX (12) OUTLET TEHPEBArURE OF COOLANT, DEG C (DEFAULT 8 5 0 . 3 5 IF 
CD XX (4) = 0 ) , NOT USED I ? XX (») I S NON-ZERO 
CD XX (13) RELATIVE FLDENCE, MULTIPLIES SUPPLIED DATA (DEFAULT 1 . 0 ) 
CD XX (14) RELATIVE PEBBLE GRAPHITE THERHAL CONDUCTIVITY, 
CD MULTIPLIER ON THE BUILT-IN 0 8 SUPPLIED DATA (DEFAULT 1 . 0 ) 
CD XX (15) ITERATION CONVERGENCE CRITERIA, MAXIMUM RELATIVE ITERATE 
CD CHANGE FOR TERMINATION (DEFAULT 0 . 0 0 0 0 5 ) 
C 
CN THE PIXED BED PRESSURE DROP CONVERGENCE LEVEL I S TEN TIHES THIS 
CN WHILE THE FIXED BED THERHAL CELL I S ONE-FIFTH 
C 
CCOX1 GO TO CCOX4 FOR PEBBLE BED 
CCOX2 CONTINUE FOR FIXED BED WITH PARALLEL COOLANT CHANNELS 
CD XX (16) AXIAL HEIGHT (CM) FOR EXPANDING 1-D OR 2-D GEOHETRY 
C 
CN DO NOT SUPPLY IF THE NEUTRONICS CASE IS 3-D OR (r Z) 
CD XX (17) AXIAL POWER DISTRIBUTION FACTOR, NO 3EANING IF IX (16) = 0 
CD AXIAL SINE FUNCTION DISPLACEMENT IF IK (16) = 1 
CD AXIAL DISTRIBUTION DATA IP IX(I6) = 2 
C 
CN THE :>ATA IS ALWAYS NORHALIZED TO UNITY BY THE CODE 
CD XX (18) AXIAL SINE FUNCTION SKEW IF IX ( 16) = 1 
CD XX(l9-29) RESERVED 
C 
CCOX3 GO TO CCOX5 FOR PIXED BED 
CC0X4 CONTINUE FOR PEBBLE BED 
CN APPLY THE FOLLOWING BLOCKED FLOW AREA OPTION WITH CAUTION. 
CD XX (16) INSIDE RADIUS 3P BLOCKAGE (BUST BE 0 TO BE REALISTIC) , CH 
CD XX (17) OUTSIDE RADIUS OP BLOCKADE, CM 
CD XX (18) DISTANCE BLOCKAGE STARTS FROM COOLANT INLET, CM 
CD XX (19) HEIGHT OF BLOCKAGE, CH 
CD XX (20) SOLID BLOCKAGE FRACTION (DEFAULT 0 . 8 5 — USE LARGE VALUES 
CD WITH DISCRETION) 
C 
CN DATA TO DEFIi.^ THE CORE BOUNDARIES FOLLOW - - HOWEVER THIS DATA 
CN IS USUALLY NOT INPUT AND THE CODE DETERMINES WHERE THERE IS A 
CN SOURCE OF HEAT TO OUTLINE THE CORE. 
CD XX (21) INSIDE RADIUS OF U)RE, C.I (NORMALLY ZERO) 
CD IX (22) 0UTSID2 P»rXUS OF CORE, CM 
CD XX (23) DISTANCE FRCM BOUNDFY, CH (FROM LEFT 1 - D , FROM TOP 2-D) 
CD XX (2"») HEIGHT OF CORE, CM 
CD XX (25) L I M I I H G PROCESSOR TIME, SECONDS pEPAULT 120) 
C (CON'T) 

Fig. 4. (Continued) 
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CN INITIAL ACCELERATION COEFFICIENTS ASE HADE PROBLBH DEPENDENT 
CN AND HAT BE ALTERED ODBIIiG THE PROBLEM SOLUTION I F DEEHED TO BE 
CN DESIBA3LE BT THE AUTOHATED HONITORIKG PROCEDURES. 
CN THE BOUGH ITERATIVE B EH A V I C EABLT IN HISTCRT RAT CAUSE THE 
CN INITIAL COEFFICIENTS TO BE REDOCED, SO SOHEWHAT LARGER VALUES 
CN THAN OPTIHOH ASTHPTOTICALLT HAT BE PBEFEBABLE I N I T I A L L Y . 
CD XX ( 2 6 ) STBEAH FONCTIOH OVEHBELAXATION COEFFICIENT 
CD XX ( 2 7 ) BULK TEHPSRATORE, DITTO 
C 
CN THE BATE OF CONVERGENCE HAT BE VERT DEPENDENT ON THE VALOE OF 
CN THIS COEFFICIENT, SO PROVIDE A TESIED VALOE FOR A SIHILIAR CASE 
CN (SHALLEB FOB CENTRAL DIFFERENCE THAN UPVIHD) 
CD XX (28) SOHFACE TEHPERATORE, DITTO 
CN A VALOE OTHER THAN ONITT LIKELY HILL NOT PROVE EFFECTIVE HERE 
CD IXJ29) PRESSURE, DITTO 
C 
CCOIS CONTINUE 
CD XX ( 3 0 ) SPECIFIC HEAT VALOE ( 5 1 9 3 . ) 
C 
CN DATA CHANGES FOR ONE OE TWO SUBSEQUENT CASES DONE I F NONZERO 
CD XX(31) HEN INLET COOIAMT TEMPERATURE, DEG C (DEFAOLT X X ( 2 ) ) 
CD XX ( 3 2 ) MEW OOTLET COOLANT IEBPEBATUBE, DEG C {DEFAULT XX ( 1 2 ) ) 
CD XX ( 3 3 ) RELATIVE POHEB LEVEL FOB SUBSEQUENT CALCULATION 
CD THIS HAT BE HADE NEGATIVE (EVEN I F ONITT I S DESIBED) TO 
CD FIX THE ORIFICE RESISTANCES AT RESULTS FOR FIRST CASE 
CD XX (3tt) NEW INLET COOLANT TEHPEBATOBE, DEG C (DEFAOLT 1 1 ( 3 1 ) ) 
CD " ( 3 5 ) NEW OOTLET COOLANT TEHPERATUBE, DEG C (DEFAOLT XX ( 3 2 ) ) 
CD XX ( 3 6 ) RELATIVE POWER LEVEL FOR THIRD CASE (DEFAOLT ( X X ( 3 3 ) ) 
CD (Relative to the Initial Case) 
CN EQUATION COEFFICIENTS AND DATA FOLLOW 
CD XX ( 3 7 ) HOLECULAR HEIGHT ( 4 . 0 0 2 6 ) 
CD XX ( 3 8 ) AZERO ( 0 . 0 2 1 6 ) 
CD XX(39) AGAS ( 0 . 4 9 8 4 9 ) 
CD XX(40) B ( 0 . ) 
CD XX(41) C ( 4 0 . ) 
CD XX ( 4 2 ) RGAS ( 0 . 0 8 2 0 6 ) 
CD XX(43) EZEBO ( 0 . 0 1 4 ) 
CD XX ( 4 4 ) PCONA ( 1 7 . ) 
CD XX ( 4 5 ) PCONB ( 2 0 . 5 ) 
CD XX(46l PCONC ( - 1 5 . 3 7 ) 
CD XX ( 4 7 ) BETAK ( 0 . 9 5 ) 
CD XX (48) GAHHAK (2./3. SPHERE, PI/4. CTLINDEB) 
CD XX (49) FC (3.674E-07) 
CD XX(50) FD i0.7) 
CD XX(51) FE (0.71) 
CD XX (52) FF (2.682E-03) 
CD XX (53) FG (0.0011379) 
CD XX(54) FH (1.4389E-4) 
CD XX(55) AFRIC (4.1666) HYDRAULIC EQUATION, FIRST COEFFICIENT 
CD XX(56) BFRIC (.1754, 2.0 IF IX(13) > 0) 
CD X X ( 5 7 ) P I ( 2 . 2 6 7 9 E - 0 7 , FOR FIXED BED 4 8 . 1 4 ) 
CD XX ( 5 8 ) P2 ( 3 . 0 , FOR FIXED BED 0 . 4 4 4 6 ) 
CD XX ( 5 9 ) P 3 ( 0 . 1 2 9 3 , FOR FIXED BED 1 . 2 ) 
CD IX ( 6 0 ) t>4 ( . 3 2 9 2 , FOR FIXED BED 0 . 0 2 2 
CD XX(61) P 5 ( . 2 7 7 , FOR FIXED BED - 0 . 2 ) 
CD XX (62 ) P6 ( . 2 4 2 6 , FOR FIXED BED - 2 / 3 ) 
CD XX (63 ) P7 ( . 2 6 , FOR FIXED BED 0 . 4 ) 
CD XX ( 6 4 ) P8 ( . 4 7 6 , FOR FIXED BED 1 . 0 ) 
CD XX (65) P9 ( . 4 1 ) 
C (CON'T) 

Fig. 4. (Continued) 
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CD XX (66) P 10 ( 1 . I 76E-04 ) 
CD XX ( 6 7 ) P l l ( 3 1 1 . ) 
CD XX ( 6 8 ) FOR ONE-DIMENSIONAL CALCULATIONS, o k D I A L PEAKING FACTOF 
CD FOB AUXILIARY CALCULATION (DEFAULT 1 . 2 ) 
CD XX (69) P13 ( . 0 0 5 ) 
CD XX(70) P 1 4 ( 2 . . FOR FIXED BED CR IF 1 1 ( 1 3 ) > 0 0 . 0 4 ) 
CD XX ( 7 1 ) - XX ( 8 3 ) REFERENCE THERMAL CONDUCTIVITY DATA 
CD OSED I F XI (7 1) , N E . 0 
C 
CN AT NO EXPOSURE, CORRESPONDING TC TEMPERATURES (K) — 
CN 3 0 0 . 3 5 0 . 4 0 0 . 5 0 0 . € 0 0 . 7 0 0 . 8 0 0 . 9 0 0 . 1000. 1100 . 1200. 1 3 0 0 . 1600 . 
CN REFERENCE POINT C ( 2 ) AI T = 3 5 0 . I S 1 . 0 5 HATTS/CH-DEG DELTA T . 
CN TO CONVERT GH-CAL TO WATT-SEC, MULTIPLY 5Y 4 . 1 8 6 
CD X X ( 6 4 ) P 1 5 ( 0 . 1 9 0 5 , FOB FIXED BED OR IF I X ( 1 3 ) > 0 0.023) 
CD IX(85) P16 ( 2 - / 3 . , FOR FIXED BED OR IF IX(13) > 0 0 . 8 ) 
CD XX(86) EOVR ( 0 . 1*CIA!IETER OF PEBBLE) 
CD XX ( 8 7 ) EOVA ( 0 . 5 * D I A « E T E H O F PEBBLE) 
CD XX ( 8 8 ) - XX ( 1 0 0 ) RESERVED 
C 
CD IX (1) OPIION ON FLUID FLOW GRAVITY TEEH 
CD -1 NO GRAVITY TERN 
CD 0- COOLANT FLOW VERTICALLY DOWNWARD 
CD 1- COOLANT FLOW VERTICALLY UPWARD 
C 
CCOX6 GO TO CCOXS FOR PEBBLE BED 
CCOX7 CONTINUE FOR F I X E D BED 
CD IX (2) FIXED BED MODEL FORCING OPTION 
C 
CN MUST BE N E G A I I V E TO FORCE THE MODEL OF HOLES I N A SOLID 
CN LATTICE FOR (X) SLAB 1 - D CR (RZ) 2 - D GEOMETRIES 
CN (OTHERWISE THE CODE ASSUMES PEBBLE BED) 
CDS IX (3) OPIION ON FLUENCE, < 0 - DONT READ DATA (SEE XX ( 6 ) ) 
CD 0 , 1 - ' C F H I S T ' F I L E , CONTIUOUS FUELING 
CN NOTE THAT THIS FLAG MUST BE SET FOR FIXED FUEL EXPOSURE 
CD 2 - 'EXPOHT' P I L E , FIXED PUEL EXPOSURE 
CD I X ( 4 ) FLUENCE SELECTION, 0 , 1- USE FIRST RANGE I F AVAILABLE 
CD 2 - USE SECOND RANGE I F AVAILABLE 
CD 3 - USE TOTAL I F I T I S AVAILABLE 
C 
CN I F DESIRED DATA I S NOT AVAILABLE, NO DATA I S U S E D . 
CN DATA FOR ONLY THE HIGH ENERGY FLUX MUST NORMALLY BE S U P P L I E C 
CD I X ( 5 ) MEMORY AVAILABLE FOR DATA IN 1 0 0 0 WORDS 
CD (DEPAULT 2 0 0 0 0 ADDED TO RECORD •DKVINS' CONTENT 
CD WHICH I S THE NUMBER SUPPLIED TO THE CONTROL MODULE) 
CN UNDER VIRTUAL MEMORY, ASSUME FULL CORE CONTAINED 
CN AND ALLOCATE SPACE ACCORDINGLY 
CD IX (6) REVERSE COOLANT FLOW DIRECTION I F > 0 
CD IX (7) DEBUG EDIT LEVEL ( 0 , 1 , 2 , 3 ) 
CD IX (8) EDIT LEVEL OP RESULTS 
CDS I X ( 9 ) OPTIONS ON THE CONTROL OF FLUID FLOW 
CD 0 - SET TO REMOVE HEAT FOR EACH PATH (IDEAL POINTWIS2 ORIFICING) 
CD 1 - SET TO TEMOVE HEAT BY BLOCKS OF POINTS (ZONE O R I F I C I N G ) 
CD 2 - PREDEFINED BLOCKING OF P O I N T S POR O R I F I C I N G 
CD (TO BE IMPLEMENTED, REQUIRES AN ADDITIONAL DATA F I L E ) 
CD 3 - ALLOW FLOW POR THE PRESSURE DROP (NO O R I F I C I N G ) 
CD 4 - SET CONSTANT ( I D E A L I Z E D CONDITION) 
C (CON'T) 

Fig. 4. (Continued) 
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C 
CD IX ( 1 0 ) TBEBHA1 CELL CPTIOKS FOB HFAT TRANSPORT I I SOLID 
CD 0 - THO-DIHEISIOIAL * * * • • SOT AVAILABLE YET, DEFAULTED TO I 
CD 1- OIE-DIHEISIOVAL CYLZNDEB 
CD IX ( 1 1 ) ITERATION COTOT TEEHIBATIOB (DSFAOLT ESTIBATED BT CODE) 
CD - 1 0 ITEBATIOB I F <0 
CDS IX ( 1 2 ) EEGABDIBG OBIFICE LOCATION 
CD 0 , 1 - 10 O B I F I C I I S CONDITION TO CONSIDEB 
CD 2 - OEIFICE AT THE COOLANT INLET 
CD 3 - ORIFICE AT THE COOLANT OUTLET 
CDS IX (13) HOBE OBIFICIHG OPTIOBS HITH COOLANT BLOCKING 
CD 0 - SET FOB EQOAL EXIT COOLANT TEHPEBATUBES BI COOLAHT BLOCK 
CD 1 - SET TO BIBIHIZE PEAK SDBFACE TEHPEBATOBE BT BLOCK 
CD 2 - SET TO 4 I N I H I Z E PEAK EXIT COOLANT TEHPEBATDBE BT BLOCK 
C 
CN HIBIBIZING THE PEAK FOBCES THE PEAKS BI BLOCK TO BE EQOAL 
CD IX (1») OBIT ENTEABCE/EIIT PRESSOBE LOSS IF > C 
C 
CI OPTIONS TO EXPAND 2-D TO 3-D OB l-D TO 2-D 

CD IX ( I S ) N03BEB OF UBIFOBH AXIAL INTERVALS 
C 
CB A DIHEKSIOH I S ADDED I B THE COOHDIBATE OF THE COOLABT FLOS 
CK DIBECTIOB TO EXPAND THE PROBLEil, ABD THE POHEB DEBS IT I DATA 
CB HOBHAL TO THE FLOB I S THEN EXPABDED (SEE 3 E L O B ) . 
CB OSE A BEASOBABLE BOHBEB OF INTERVALS, 2 0 EATHEB THAB 2 OB 6 0 . 
CD IX ( 1 6 ) AXIAL POHEB SHAPE OPTIONS (DISALLOW ACCELEBATION IF <0) 
CD < 0 - (BO ACCELERATION FOB ITEBATIOB — FIX IBPOT COEFFICIENT) 
CD 0 - FLAT 
CD 1 - SIBE (SEE XX ( 1 7 ) , XX ( 1 8 ) ) 
CD 2 - IBPOT AXIAL VALOES B I IBTEBYAL IB XX ( 1 7 ) * 
C 
CB aOTE THAT I F IX ( 1 6 ) > 0 , ABBAI LOCATIOBS XX (17*) ABE THEB 
CN UNAVAILABLE FOB OTHEB DATA OSE, TO THE END OF THIS DATA. 
CD IX ( 1 7 ) PACI02 BT HHICH THE BOBBER OF ZOBES I S EXPANDED 
C 
CN A 1 HEBE HEANS THAT THERE HILL BE ONLY ONE AXIAL ZONE 
CB USED FOB FUEL TEHPEBATOBE CALCULATIONS. IF IBPUT 6 , 
Cfl CALCULATIONS HILL BE DONE FOR 6 AXIAL ZONES AS CAN BE 
CN DISTBIBOTED AS EVENLY AS POSSIBLE EASILY. 
CN I F > 1 , STORAGE BEQUIBEHEKTS INCBEASE SOHEUHAT AND THEBE 
CN I S DIFFICULTY ASSOCIATING TEHPERATURE FEEDBACK. 
C 
CCOX3 GOTO CCOX10 
CCOX9 CONTINUE FOR PEBBLE BED 
CD IX (2) OPTION ON PRESSURE DROP AND FILH COEFFICIENT 
CD 0- GERHAN 
CD 1 - US CORRELATIONS (OLD) 
CD IX (3) OPTION ON FLOENCE, < 0 - DON." READ DATA (SEE XX ( 6 ) ) 
CD 0 , 1 - ' C F H I S T ' F I L E , CCNTIUOUS FUELING 
CC NOTE THAT THIS F U G SHOULD NORHALLY BE SET IF IX (15) > 0 
CD 2 - 'EXPOHT' F I L E , FIXED FUEL EXPOSURE 
CD IX (4) FL3ENCE SELECTION, 0 , 1 - USE FIBSI RANGE I F AVAILABLE 
CD 2 - USE SECOND RANGE I F AVAILABLE 
CD 3 - USE TOTAL I F IT I S AVAILABLE 
C 
CN I f DESIRED DATA I S NOT AVAILABLE, NO DATA I S USED. 
CN DATA FOR ONLY THE HIGH ENERGY FLUX HOST NORHALLY BE SUPPLIED 
CN THAT I S SUITABLE FOB ESTIMATING ATOH DISPLACEMENT (DAMAGE). 
C (CON'T) 

Fig. 4. (Continued) 
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CD I X ( 5 ) HEHORY AVAILABLE FOR DATA IN HOO KOfiOS 
CD (DEFAOLT 20COO ADDED TO RECORD 'DRVINS* ALLOCATION 
CD HHICH I S THE NOHBER SOPPLIED TO THE CONTROL MODULE) 
CN HEHORY CONTAINED PROBLEMS, RAY NEED VIRTUAL HEHORY 
CD IX ( 6 ) THERNAL CONDUCTIVITY TREATMENT (FOR GROSS HEAT TRANSFER 
CD ACROSS CORE), OPTIONS 
CD < 0 - NO SOLID PHASE HEAT TRANSFER 
CD 0 - USE ZONE EXPOSURE DATA AND SOPFACE TEMPERATURE 
CD 1 - OSE SOBZONE EXPOSURE DATA AID SURFACE TEHPERATORE 
CD 2 - DITTO, BUT VOLUME FRACTION HEIGHT INSTEAD OF AVERAGE 
CD 3 - USE BUILT IN AXIAL FUNCTION 
CD IX ( ) DEBUG EDIT LEVEL ( 0 , 1 , 2 , 3 ) 
CD IX (3) EDIT LEVEL OP RESD'TS ( - 1 , 0 , 1 , 2 ) 
CD EDIT LEVEL " INDEXED OP I F RESULTS SEEH ON0S0AL 
CD IX (9) HEAT BEHOVAL OPT.JNS 
CD 0 - NORMAL 
CD 1 - EXCLUDE SOLID CONDUCTION 
CD IX ( 1 0 ) FOBL ELEMENT GEOMETRY FOR THERMAL CELL 
CD 0 - SPHERICAL 
CD 1 - CYLINDRICAL (INFINITE LENGTH) 
CD* 1 1 ( 1 1 ) ITERATION COUNT TER HI NATION (DEFAOLT ESTIHATED BY CODE) 
CD -NO ITERATION I F <0 
CD IX ( 1 2 ) OPTION ON RADIAL (CROSS) FLOH, ELIHINATION 
CD 0 - KORHAL (INCLUDE) 
CD 1 - EXCLUDE 
CD 2 - EXCLUDE, AND FIX THE AXIAL FLOH RATE PROPORTIONAL 
CD TO THE AXIAL HEAT LOAD (IDEAL ORIFICING) 
CD 3 - SAME AS 2 BUT ORIFICE AT INLET INSTEAD OF THE OOTLET 
C 
CN NOTE THAT THE ABOVE NON-ZERO OPTIONS APPLY TO FIXED TRAVERSE 
CN COOLANT FLOH INVITING ADJUST BE NT OF THE DEFAULT COEFFICIENTS 
CD IX ( 1 3 ) CERTAIN OPTIONS OF SHALL INT S E E S ! 
CD > 0 FLOH THROUGH COOLANT HOLES (RATHER USELESS) 
CD I F 0 , THE UPHIND DIFFERENCE I S USED FOR THE BULK 
CD TEMPERATURE PLOH COHPONENT, CENTRAL DIFFERENCE IF < 0 . 
CD IX ( 1 4 ) ITERATION PROCEDURE OPTION, 
CD - 1 - DO NOT INCREASE 0VBRRELAXATION COEFFICIENTS 
CD 0 - ADJOST OVEERELAXATION COBFFIEIENTS DUPING ITERATION 
CD 1 - DO NOT INCREASE NOR DECREASE COEFFICIENTS 
CD IX ( 1 5 ) EQUATION SHEEP ORDER, 
CD 0 - SIGHA-1 (ODD POINTS, THEN EVEN POINTS) 
CD 1 - NORMAL ORDERED (ONE POINT AFTER THE OTHER, Z THEN R) 
CD IX ( 1 6 ) ASYMPTOTIC EXTRAPOLATION PROCEDURE OPTION, 
CD 0 - NORMAL (ALLOW) 
CD 1 - DO NOT ALLOW 
CD > 1 - MINIMUM CYCLE DELAY ITERATION COUNT 
CD IX ( 1 7 ) OPTION ON ASYMPTOTIC LXTRAPOLATION, DATA LEVEL 
CD J " STREAM FUNCTION, TEMPERATURES, PRESSURE 
CD 1 - STREAM FUNCTION, PRESSURE 
CD 2 - PRESSURE ONLY 
CCOX10 CONTINUE 
CD IX ( 1 8 ) OPTION ON THE CALCULATION OF THE LOCAL VOID FRACTION 
CD (OVERRIDDEN 3Y XX ( 1 ) , APPLICABLE ONLY WHEN THERE ARE SUBZONES) 
CD 0 - SONS ZONE AND SUBZONE VOLUME FRACTIONS 
CD 1 - USES ONLY ZONE VOLUME PRACTION 
CD 2 - SUMS ONLY SUBZONE VCLUHE FRACTIONS 
C (CON'T) 

Fig. 4. (Continued) 
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CD IX (19) INITIALIZATION OPTIONS FOR PEBBLE BED HYDRAULICS 
CD - 1 ONLY FOB SUBSEyUENT CASE THE SOLUTION I S KEPT 
CD 0 - AUTOMATED PROCEDURE (AXIAL FLUID HEATING) 
CD 1 - SOBETHUG DIFFERENT FOR HE WHO HAS TRIED EVERYTHING 
CD IX ( 2 0 ) WHITE ZONE TEHPERATORE FILE 'ZNTEHP* OPTIONS 
CD - 1 - NO 
CD 0 , 1 - WRITE OVER EXISTING ONE I F ONE EXISTS 
CD OTHERWISE WRITE NEW ONE 
CD 2 - WRITE OVER NEXT TO LATEST VERSION I F I T EXISTS, 
CD OTHERWISE WRITE NEW ON? 
CD 3 - GENERATE NEW FILE 
CD IX ( 2 1 ) SAVE DATA OK AH INTERFACE FILE FOR RECOVERI 
CD - 1 - SAVE DATA I F CONVERGENCE CRITERIA I S NOI SATISFIED 
CD 0 - DO NOT SAVE DATA 
CD 1- SAVE THE THERMAL HYDRAULICS DATA FOR RECOVERY 
CD 2 - SAVE ALSO THE THERMAL CONDUCTIVITY DATA 
CN DATA I S SAVED FOR ONLY THE FIRST PRCBLEH. NOT SUBSEQUENT CASES 
CH HYDRAULICS DATA SHOULD NEVER BE NSECED FOR "RE FIXED BED 
CD IX ( 2 2 ) RECOVER DATA FROM AN INTERFACE FILE TO CONTINUE ITERATION 
CO OB FOR INITIALIZATION (PROBLEMS HOST BE SIHILIAB) 
CD 1 - RECOVER ALL DATA (NO REPLACEMENT) 
CD 2 - DO NOT USE VOID FRACTION, POWER DENSITY, NOR 
CD EXPOSURE DATA FROM FILE (USE HER DATA) 
CD IX ( 2 3 ) OPTION TO RECOVER THE THERMAL CONDUCTIVITY DATA 
CD 0 - DO NOT RECOVER DATA 
CD I - RECOVER AND USE THE IRRADIATION TEMPERATURE AND 
CD NEUTRON FLDX EXPOSURE FUNCTION DATA (OPTION REQUIRED TO 
CD ACCOUNT FOR THE PAST HISTORY ON PROPERTIES) 
CD 2 - RECOVER AND USE DIRECTLY THE THERMAL CONDUCTIVITY 
C 
CN THERMAL DATA HAY EITHER BE SAVED OR RECOVERED, BOT NOT BOTH. 
CN PERTURBATION FROM SORE REFERENCE STATE HAY REQUIRE THAT THE 
CN DATA BE RECOVERED FOR THE REFERENCE STATE REPRESENTING AN 
CN EXPOSED CONDITION AFFECTING THE THERHAT CONDUCTIVITY, TO BE 
CN REALISTIC. PATA RECOVERY IS GIVEN PREFERENCE OVER SAVING IN 
CN PROCEDURE DEFAULTING, A SINGLE FILE ALLOWING ONLY ONE TASK 
CD IX (20) PEBBLE BED HYDRAULICS OPTION IF > 0, OVERRIDE DEFAULT 
CN THE DEFAULT IS AN ARBITRARY ADJUSTMENT OF THE COOLANT 
CN TEHPERATUBES ELIMINATING FINITE DIFFERENCE HEAT BALARCE E3R0R. 
CD IX (25) PLUENCE IN THE FUELED REGION OF THE CELL IS MULTIPLIED BY 
CD THIS NUMBER DIVIDED BY 100 IF >0 
CD THIS AFFECTS THE THEBMAT CONDUCTIVITY 
CD IX (26) RATIO OF THE HEAT SOURCE IN THE LATTICE TO THAT IN THE 
CD FUEL REGION IS THIS NUMBER DIVIDED BY 10000 (DEFAULT 0) , 
CD IX (27) RESERVED 
CNS MORE THEBKAL CELL DATA FOLLOWS FOR THE FIXED BED 
CCOX11 INPUT FOR THE PEBBLE BED HAS ENDED 
CD IX (28) AN3LE AT THE FUEL CHANNEL OF THE THERMAL CELL IS THIS 
CD NUMBER DIVIDED BY 100 TINES PI/3 (DEFAULT 100). 
CCOX12 INPUT FOB THE FIXED BED CONTINUES 
CD IX (29) OPTION OF THE GEOMETRIC CELL MODEL 
CD 0- MATHEMATICAL TRANSFORM IS USED 
CD 1- THE HESH IS DISTORTED DIRECTLY 
CD 2- DISTORTION PROCEDURES ARE IESTED WITH A SECTOR 
CD 3- A SIMPLE SECTOR OF A CYLINDER IS USED, INACCURATE. 
C (CON'T) 

Fig. 4. (Continued) 
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c 
CO I X ( 3 0 ) AXIMOTHAL KESHPOINTS (DEFAULT 16) 
CN THERMAL CELL MESH LIMITED TO A MAI OF 1 0 0 X 1 0 0 
CD IX ( 3 1 ) RADIAL RESHPOINTS (DEFAULT 2 4 ) . 
CD I X ( 3 2 ) ITERATIVE SOLUTION PROCESS OPTION 
CD 0 - LINE OVERRELAXATION, S I G 3 A - 1 ORDER 
CD 1 - I M P L I C I T L I N E RELAXATION, S I G M A - I ORDERED 
CD IX ( 3 3 ) MAXIMUM I T E R A T I O N S , SET 3 T CODE I F 0 
CD I F < 0 THERE ARE NO ITERATIONS EXCEPT 1 I S CONE THE F I E S T 
CD PROBLEH, T H I S OPTION USEFUL ONLT FOR T E S T I N G . 
CD IX ( 3 4 ) I F >0 THE OVERB ELAXAT ION C O E F F I C I E N T I S SET TO T H I S 
CD NUMBER DIVIDED BT 1 0 0 (DEFAULT CODE CALCULATED) . 
CD I X ( 3 5 ) I F >0 A SIHPLEE PROCEDURE I S USED TO I N I T I A L I Z E THE 
CD TEMPERAT0RES FOR THE F I R S T CASE (DIFFERENT START) 
CD IX ( 3 6 ) I F > 0 THE F U E L , MATRIX GAP I S T H I S D I V I D E D BT 1 0 0 0 0 
CD DEFAULT GAP THICKNESS 0 . 0 1 2 5 CH 
CD I X ( 3 7 ) I F > 0 THE NET GAP SURFACE E H I S S I V I T T I S THIS / 1 0 0 0 . 
CD DEFAULT VALUE ( 0 . 8 , Z.9) 0 . 7 3 5 
CD IX ( 3 8 ) I F >0 THE FOELED C3LUHN THERMAL CONDUCTIVITY I S 
CD MULTIPLIED BT T H I S / 1 0 0 0 . , DEFAULT DEGRADING FACTOR 0 . 5 0 
CD IX ( 3 9 ) HPLTIGRID THERMAL CELL ACCELERATION OPTIONS 
CD - 2 DISALLOW 
CD -1 APPLY EACH ITERATION FIRST PROBLEH ONLY 
CD 0 AUTOMATED PROCEDURE EXECUTES SPACING 
CD 1 APPLY EACH ITERATION EACH PROBLEM 
CD > ! START NORMALLY AND THEN SPACE THIS MANY ITERATIONS 
CDS NOTE THAT A LARGE NUMBER CAUSES HULTIGRID TO BE DONS ONLY ONCE 
CD IX ( 0 0 ) HULTIGRID PROCEDURE OPTIONS AND LEVEL CONSTRAINT 
CD - 3 GROSS REBALANCE, ALTERNATES COORDINATES 
CD - 2 GROSS REBALANCE, THETA COORDINATE 
CD - 1 GROSS REBALANCE, RADIAL COORDINATE 
CD 0 MULTIGRID WITHOUT LEVEL CONSTRAINT 
CD > 0 MULTIGEM WITH T H I S LEVEL CONSTRAINT 
CD IX ( 4 1 ) OPTIONS ON THE COARSE GRID PROBLEM ACCELERATION SCHEME 
CD 0 - AUTOMATED PROCEDURE, LINE RELAXATION 
CD 1 - POINT RELAXATION 
CD IX (42) BULIIGRID LEVEL TRAVERSE OPTIONS 
CD - 1 SOLVE PROBLEMS ONLY I N A DESCENDING TRAVERSE 
CD THROUGH THE LEVELS BEGINNING HITH THE COARSEST 
CD 0 - VARY THE LEVEL AS DEEMED DESIRABLE 
CD 1- FIX TO DO THE MAXIMUM LEVEL WITHOUT CHANGE 
CD IX ( 4 3 ) MULTIGRID ACCELERATION COEFFICIENT TIMES 1 0 0 . 
CD (OVERRELAXATION HAS BEEN DEIHPLEHENTED) 
CD IX (44) HUI.TIGRID CONVERGENCE LEVEL OPTIONS 
CD 0 - AUTOMATED 
CD 1- FIXED LEVEL 
CD 2- INCREASING CONVESGFNCE WITH COARSENESS LEVEL 
CD I X ( 4 5 ) OVERRIDE ANY AUTOMATED I N I T I A L GLOBAL 1 - D REBALANCE I F >0 
CD IX ( 4 6 ) - I X ( I O O ) RESERVED 
C 

Fig. 4. (Continued) 
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C BETISED 1 1 - 1 7 - 9 3 
C 
CF THFBSA 
C 
CE THEHBIL bTDPAOLlCS PFJSLF1 IBFOBMTICS 
C 
C> PEIflAEI OS? OF THIS DATA 
C» 1 - ASSIGI A COOLAB? EEFEr.EBCE 10 I9TEEVAU' ALLCbXHG FLOW COBTECL 
C» 2 - EXTEND TBO-DIREBSIOSAL PBCBLEaS TO TBF.Ei.-DIBEkSIObAL 
CN ADDIK A* AXIAL DIBEBSIOB ALOSG TBE DIEZCIICS OF FLO* 
C 
( ; • • • • • • * • • • • • * • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . , •« • • . • • • • • • • • • 
CF FILE IDENTIFICATION 
C 
CL BNAHE, ( H O S E ( I ) , 1 = 1 , 2 ) , I V E f i S 
C 
C» 1»3*!!0LT=B!I!t3EB CF V03DS 
C 
CO BBAHE HOLLERITH FILE BASE - THE5BA - (At) 
CE HOSE(I) KOLLEEITB CSEE IDENTIFICATION (A6) 
CD ITEBS PI IE TEBSIOI BOJSEB 
CD 30LT DO03LE PRECISION PABABFTEfc 
CC 1- A6 KOBE IS SISGLE KOBD 
CD 2 - A6 «OBD I S 900BLE PRECISION VOED 
C 

CS FILE SPECIFICATIONS (10 iECOBD) 
C 
CL 1 0 , I I , 1 2 , 1 3 , I » , 1 5 , 1 6 , ( I I ( J ) , J = 1 , I 3 ) , ( D E S C ( I ) , I = I , 1 2 ) 
C 
CK 20 BOBCS 
C 
CD 10 OPTIOli FOB THEBHAL HTCEAOLICS DAT* 
CD I I l»0!1BER Of AXIAL IBTEPfALS 
C3 12 BOtlBEB CF IBTEBVALS BOBBAL TO COOLANT FLCK 
CD (BOBBER OF ZONES IF 1 5 - 2) 
CC (TOTAL POUTS HHES OSED UITH CPTIOS 1 6 ) 
CD 13 OPTIOB OB AXIAL ISTEBfAL DI!IEBSIOIIS 
CD Id OPTIOH OK AXIAL POKER DE1SITT DISIFIBOTICS 
CD 15 OPTIOB OB COOLA8T BLOCKIIi 
CC I - DATA ST IBTERVAL ACROSS THE COEE <1ESH 
CD 2 - LATA BT ZOBE, OSED CBLT FOB FIBST TPAVEBSE) 
CD 16 OPTION OB POWEF. DEH5ITT ACPOSS FtJEL ASSEMBLIES 
CD I I BESEEfED 
CD DESC DESCBIPTIfE DATA FOB FILE DOCUMENTATION (I^At) 
C 
c 
c 

CB THEBBAL HTD6A0LICS DATA (2D BECOBD) 
C 
CC PBESEB'i IF I0 .GT.O 
C 
CL (TRDATA(B),S* 1 ,100 ) 
C 
CH 100'ROIT HOSDS 
C 
CD THDATA CI) THEfclAL HiDBAOLIC* DATA tEPIKiD TX CODE 
CD COCaBEBTATIOM OF USE 
c 
c 

(CCB'T) 

Fif. 5. Thermal Hydraiuics ProMeai hferface Data File SpedficatioM (THDATA). 



47 
c 
CF AXIAL IJTEfTAL i)I^«iS5I0S5 (2D I-.ECO.3) 
C 
CC ?PES-*T IF li.JT.j 
v. 
CL (ZSESri|I|,I=I.II) 
C 
C- II KOiDS 
C 
CD iRESH(I) AXIAL I5TES»AL l H I C K S t S S , C.T 
C 
c 

c 

C? AIIAL PO»E = DESSITY D i i T ? I5UTI05 («lD rECC5D) 
C 
CC tr.ESEST IF i « . i 7 . 0 
C 
CL (X5ZPS ( I ) , 1 = I , I I ) 
C 
C« I I W'OECS 
C 
CD I = Z D ? { T ) EELATITE JOBS? D c S S I T T 3 1 A I I A L XH7i.ilU. 
C 
C5 T F I S DATA ALLOfcS A T K O - t ; I 1 E S S I C » » L PO-ES 9 t » S I T T C I S T r I J I I I O I I TO 
CS BE EXTESDED 1 0 T h i f F - 3 I 1 E 5 S I 0 M A L ( A S S D R I S u SEPAFAEIL1TT) 
C 
CI IHTE6TALS OF -EPC FGWE? DE55 ITT I1DICATE SOS-FT'LED TXSFS A:DI!I> 
C!S P E E S S U 3 E DFOS- AS K I L L £E CALCULATED HiTri THE H T J F A O L I C S S O D i L 
C 

c 

c 

CS A S S I G N E E S ! OF I S T 2 S T A L S 5CE.1AL TC THE COCLAST FLCh TC 
Ch COOLAST E t O C f S ( 5 0 SECCPD) 
C 
CC ??.ESEST i r I 5 . i ; T . O 
c 
CL ( I3L* ( J ) , . t = l , I i ) 
C 
Ci I i WOBCS (ISTEGESS) 
C 
Ct I P l r ( J ) SEFE8ESCE COOL 1ST dLOCKIK'J S U S E i f A S S I G » £ D TC EACH 
CD ISTESVAL S U - . 1 U TC COOLA6T F L o « , FECS O S 2 TO «AX 
CD (ASSIGNED TO EACH Z>!»£ IF 1 5 = 2 , DATA 'ISED FOS THE 
CD F U S T P L A S S , ESPECIALLY USEHIL O P T I C * fOJ 2 - 0 ) 
C 
CS : » T E R » A L S O.OE = THE I S F L O E S C E CF I HE S A 3 E O t l F I . E «OULD BE 
CJ ASS U S EC1 THE SA.1F bLCCKISt; S'JSPfF 
C 
C» THE ASSAY I S SCFHALLT T . O - D I PIEHSIOSAL S I S P L Y INDEXED S S 0 0 E N 7 H L L Y 
CS> tflTH SCR1AL C 3 C E S I S G AL01G 5 C B S OSE A F T E B THE OTHE3 
C 
C 

c 

C" POHE& D E S S I T I DATA, A » S O I O T 2 (»>D «•« OFD) 
C 
CC PfcESBST I P I ^ . G T . O 
C 
CL { P D ( K ) , K = I , I 2 ) 
C 
c» 12 •os»:> 
c 
CD ? D ( K ) LOCAL TOMES DEWS ITT O'l PLAXE NO? HAL TC CO LA XT FLOW 
CD HEAT SOJfcCE ( * - 7 F / C C ) 
C 
C» T H I S DATA 1 2 riSED P K I I A H L Y OMIT FOf T E S T I S ' : 
C* AST -EW> VALCZS WILL f i F P F E S ' N T ETPA.s:; JLOW mil H HC HEATIS' - . 
C 
C 
( - • • • » • • • • • • • • • • » • • • • • • • • • • • • • • • • • • • • • • • • • » • • • • • # • • • • • • • • • » • • • • » • • « • • • • • 

Fig. 5. (Coatiaoed) 

http://XH7i.il
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C REFERENCE 02/01/79 ORNL-5180 
C 
CN ORIGINAL SPECS REVISED TO INCLUDE SUEZONE DATA WHEN NEEDED -
C 
CF ZNTEMP 
C 
CE ZONE TEMPERATURE DATA 
C 
£•««•••***••«*•••«•*«««»«*•****»«*•«*«*»•*«»*••*••••**•••«•*••*•»••«»•_ 
c 
CR FILE IDENTIFICATION 
C 
CL HNAME,(HUSE(I),I=1,2),IVERS 
C 
CW 3*KULT + 1 
C 
CD HNAME FILE NAME (A6) •ZNTEMP• 
CD HUSE USER IDENTIFICATION (A6) 
CD IV2RS FILE VERSIOFI NUMBER 
C 
CN MULT 1 FOR LONG WORD, 2 FOR SHORT WORD MACHINES 
C 
C 
c 
CR FILE REFERENCE INFORMATION 
C 
CL NRZ,NZT,NSZ,(NA(I),I=1,17) 
C 
CW 20 
C 
CD NRZ NUMBER OF REACTO? ZONES , NOT ZERO 
CD NZT NUMBER OF TEMPERATURES FOR EACH ZONE .LE. 5 
CD NSZ NUMBER OF REACTOR SUBZONES 
CD NA RESERVED 
C 
CN OFTEN A SINGLE TEMPERATURE WILL BE CARRIED WHICH SERVES ASA -
CN REFERENCE, AS TO EXPRESS THE EFFECTIVE TEMPERATURE OF THE ZONE-
CN WHICH MAY BE USED SIMPLY FOR SUCH PURPOSE AS CROSS SECTION 
CM CORRELATION. EVEN IF TWO TEMPERATURES APE CARRIED TO INCLUDE -
CN THE COOLANT TEMPERATURE, THE FIRST IS INTENDED TO ADMIT SUCH -
CN SIMPLE APPLICATION (LINEAR INTERPOLATION OF CROSS SECTIONS « 
CN IS ADMITTED WHICH MAY BE DONE AT THE MACROSCOPIC LEVEL USING -
CN TWO MICROSCOPIC CROSS SECTION SETS). 
C 
C 
c _ — 

Fig. 6. Zone Temperature 'r'erface Data File ZNTEMP Specifications. 
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C 
CR ZONE TEMPERATURES 
C 
CC ALWAYS PRESENT 
C 
CL ( ( Z T E M P ( I , M ) , I = 1 f N Z 1 = 1 , N R Z ) 
C 
CW NZT*NRZ 
C 
CD ZTEMP TEMPERATURE OF REFERENCE I I N ZONE M (DEGREES C ) 
CD I REFEREfcC:: 
CD 
CD 1 
CD 2 
CD 3 
CD 4 
CD 5 
C 
C 
c 
CR SUBZONE TEMPERATURES 
C 
CC PRESENT I F NSZ . N E . 0 
C 
CL ( ( S Z T E M P ( I , M ) , I = 1 , N Z T ) , M = 1 , N S Z ) 
C 
CW NZT»NSZ 
C 
CD SZTEMP TEMPERATURE OF REFERENCE I IN SUBZONE M (DEGREES C) -
C 
CN SEE NOTES ABOUT ZONE TEMPERATURE DATA 
C 
C 

C 
CEOF ZNTEMP 
C 

ACTINIDES (FUEL) REFERENCE 
COOLANT 
KCI^RATOR 
STRUCTURAL 
SPECIAL 

Fig. 6. (Continued) 
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Capability has not yet been added to the Input Processor in the computation system to 
generate the thermal hydraulics interface data file THERMA. A job for the computer 
with FORTRAN coding used to make one of these files is shown in Fig. 7. This is not 
very sophisticated. Requirements were simply satisfied with data statements, and the writ­
ten file was then read to see that it had been read. Space for the file had previously been 
allocated on a mass storage device (in a previous computer run using preliminary data). 
The data array assigning coolant blocking numbers to zones took too many continue state­
ments for the compiler in use, so it was presented in two parts. These data are used to 
expand the results from a two-dimensional triangular geometry neutronics problem normal 
to the axis to a three-dimensional thermal hydraulics problem. Thus uxial information is 
given, including an axial power density traverse normalized such that the average is unity. 
Note that these data could be modified to allow any interface data file to be made; how­
ever, the free form format, repeat and other advantages of the computation system Input 
Processor are not available. 

Solution Reliability 

The author expects any solution to be reliable if reasonable convergence criteria have 
been satisfied. If not converged, the iterate result may well not be acceptable. Expect 
results to be reasonable and if they are not, distrust them. A solution to a mathematical 
problem may or may not be useful in analysis. Reasonable modeling is required with judi­
cious choices made from the options. Likely the competent analyst will have seme under­
standing of the phenomena under study and the limitations of this code in modeling such. 
Certainly some consideration must go into such aspects as coolant bypass flow that is 
ignored before conditions in a core can be considered to be understood. 

A unique solution is expected to any problem. Within the degrees of freedom allowed, 
only one solution should satisfy the mathematical equations. The reason why this is 
expected is that the pressure drop monotonically increases with the flow rate, and increas­
ing the coolant temperature with an increased heat source reduces its density and increases 
the pressure drop. Increasing the pressure drop across one orifice reduces the local coolant 
flow rate and increases it elsewhere under the assumptions. In most situations the power 
density over a reactor core varys modestly so that extreme conditions of coolant flow and 
temperature peaking are relatively constrained. This may not, of course, always be the 
situation. 

Application Considerations 

Certain aspects of the thermal hydraulics modeling must be understood if the analyst is 
to use this code reliably. The following introductory discussion should be supplemented by 
actual test calculations, some of which should no doubt be done for trivial situations at a 
low cost of calculation and modest investment in the analyst's time. 

Consider the array of meshpoints normal to the direction of coolant flow on a plane 
through the reactor core. Associated with each meshpoint is an elemental volume, typi­
cally a three-sided prism. Also associated with this meshpoint or discrete area is coolant 
flow along a row for heat removal, usually several coolant channels (cylindrical holes) for 
which the average conditions are to be calculated given the average heat source per chan­
nel. 
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//DRfEK JOB ( f l ^ p , IO03) ,'DATE fOIDT 6 0 2 5 ' , T I B E * ( 0 , 2 9 ) , I . 
/ / a S C L B T U . - ( 2 . 0 | , C O I O « ( 5 , L T ) , P i S S I 0 1 D - T 6 I P G > 2 . 
/•JGBFAEB L U E S * 10 3 . 
/•BOOTH PBIBT 8BT42 4 . 
/ / U K POBrBClG.P*«a.rOBT»«BCD.»0DEC«.«OLIST,8*P,IIW. S . 
/ / GOSIZE-540E 6 . 
/ / r O B I . S T S I B DO • 7 . 
CUTE FILE GEBEBATIOB SOOTHE IB rOBIBAE 6 . 
C 9 . 

0IBEBSIOB A ( 1 2 ) , L { 2 2 5 ) ,LL(225) , C ( I 2 | , C B ( « | , I B ( 8 J , 11(20) 1 0 . 
ECBIflLEBCE ( C B ( l ) . I B ( t ) ) 1 1 . 
BE1L *8 CB 1 2 . 

C 13 . 
DATA IB(7) / 1 / , IB (8) / 0 / 1«. 
DATE CB(1) / 6BTBEBB4 / , Cd(2) / 6B fOIDI / , CB(3) / 6BO 1983 / 15 . 
DATE 1 / 5 2 . 9 6 7 . 5 2 . 9 6 7 , 5 2 . 9 6 7 , 5 2 . 9 6 7 , 5 2 . 9 6 7 , £ 2 . 9 6 7 , 16 . 

• 52 .967 , 5 2 . 9 6 7 , 52 .967 , 5 2 . 9 6 7 . 5 2 . 9 6 7 , 52.967 / 17. 
DATA C / 1 . 0 0 , 1 . 0 2 , 1 . 0 6 , 1 . 1 2 , 1 . 1 8 , ». 12 . 1 .06, I . 0 0 , 0 . 9 5 . 0 . 8 9 , 18. 

• 0 . 8 3 . 0 . 7 7 / 19 . 
DATE L / 2 0 . 

• 1 . 1. 2 , 2. 2 , 2 , 2 , 2 , 2 . 3 , 3 , 3 , 3 , 3 . 3 , 2 1 . 
• 3 . 4 . 4 , 5 , 5 . 5 , 5 . 5 . 5 . 5 , 6 , 7 , 7 . 7 . 7 , 2 2 . 
• 7 , 7, 7, 8, 8. 8, 8. 8 . 8 , 8 , 9 . 9 , 9 , 9 . 9 . 23 . 
• 9 , 9 , 10, 10, 10, 10, 10, 10, 10 , 1 1 , I I , I I , I I , I I , 11 , 2« . 
• 1 1 , 12, 12, 12, 12, 12, 12, I I , 1 3 , 13, 13, 13, 13, 1 3 , 13, 25. 
• 1», l « , K , 14, 14, 14, l « , 15, I S , I f , 15, 15, 15, 15 , 16, 26. 
• 16, 16, 16, 16, 16, 16, 17, 17, 17 , 17, 17, 17, 17, 18 . 18, 27. 
• 19, 19, 20 , 20 , 20. 20 , 20, 2 1 , 2 1 . 2 1 , 2 1 . 22 . 22 , 2 2 , 22 , 28 . 
• 22. 2 3 , 2 3 , 2 3 , 2 3 , 2 3 , 2 3 , 2 3 , 2 « , 2 0 , 2 4 , 2 4 . 2 « , 2%. 2 « , 2 9 . 
• 2 5 , 2 5 , 2 5 , 2 5 . 2 5 , 2 5 , 2 5 , 2 6 , 2 6 , 21. 2 6 , 2 6 , 2 6 , 2 6 , 2 7 , 3 0 . 
• 2 7 , 0, 27, 27 , 0 27 , 28, 2 8 , 2 8 , 2 e , 28 , 28 , 28 , 2 9 , 29 , 3 1 . 
• 29 , 29 29, 29 , 29, 30 , 30, 3 0 , 3 0 , 3C, 30 , 30, 3 1 , 3 1 , 3 1 , 32. 
• 3 1 , 3 1 , 32, 32 , 32 , 32 . 32, 3 2 . 3 2 , 33 , 33 , 33 , 33 . 3 3 , 33 , 33. 
• 3 3 , 3 4 , 3 4 , 3 4 , 0 , 3 4 , 34 , 3 4 . 3 4 , 3 5 , 3 5 , 3 5 , 3 5 , 3 5 , 3 5 , 3 4 . 
• 3 5 , 36, 36, 36 , 3 6 , 3 6 , 0 , 3 7 . 3 7 , 3 7 , 3 7 , 3 7 , 3 7 , 3 7 , 38 / 3 5 . 

DATE LL / 3 6 . 
• 38 , 38, 38, 38, 2 1 , 2 1 , 2 1 , 0 , 3 9 , * C , 40 , 4 1, 4 1, 4 1 , 4 1, 37. 
» 4 1 , 4 1 , 4 1 , 42, 42 , 4 2 , 42 , 4 2 , 4 2 , 4 2 , 43 , 4 3, 43 , 4 3 , 4 3, 38. 
• 4 3 , 4 3 , 4 4 , 4 4 , 4 5 , 4 5 , 4 5 , 4 5 . « 5 , 1 5 , 4 5 , « 6 , 4 6 , 4 6 , 4 6 , 3 9 . 
• 46 , 46 , 46, 47 , 47 , 47, 47, 47 . 4 7 , 47 , 48 , 4 8 , 4e, 4 8 , 48 , 40 . 
• 4 8 , 4 8 , 49 , 49 , 49 , 49 , 49 , 4 9 , 4 9 , 5 0 , 50 , 50 , 50 , 5 0 , 50 , 4 1 . 
• 5 0 , 5 1 , 5 1 , 5 1 , 5 1 , 5 1 , 5 1 , 5 1 , 5 2 , 5 2 , 5 2 , 5 2 , 5 2 , 5 2 , 5 2 , 4 2 . 
• 5 3 , 5 3 , 5 4 , 5 4 , 54 , 5 4 , 5 4 , 5 4 , 5 4 , 5 5 , 5 5 , 5 5 , 5 5 , 5 5 , 5 5 , 4 3 . 
• 5 5 , 5 6 , 5 6 , 5 6 , 56 , 5 6 , 5 6 , 5 6 , 5 7 , 5 7 , 0 , 0 , 6 5 , 5 8 , 5 8 , 4 4 . 
• 5 8 , 5 8 , 5 8 , 5 e , 5 8 , 59 , 5 9 , 5 9 , 5 9 , 5 9 , 5 9 , 5 9 , 6 0 , 6 0 , 6 1, 4 5 . 
» 6 1 . 6 1 . 6 1 , 6 1 , 6 1 , 6 1 , 6 2 , 6 2 , 6 2 , 6 2 , 6 2 , 6 2 , 6 2 , 6 3 , 6 3 , 4 6 . 
• 6 3 , 6 3 , 6 3 , 6 3 , 6 3 , 6 4 , 6 4 , 6 5 , 6 5 , 6 5 , 6 S , 6 5 , 6 5 , 6 6 , 6 6 , 4 7 . 
• 6 6 , 6 6 , 6 6 , 6 6 , 6 6 , 6 7 , 6 7 , 6 7 , 6 7 , 6 7 , 6 7 , 6 7 , 6 8 , 6 8 , 6 8 , 4 8 . 
• 6 8 , 68 , 68 , 6 8 , 69 , 69 , 70, 70 , 7 0 , 70 , 70 , 70 , 7 0 , 7 1 , 7 1, 49 . 
• 7 1 , 7 1 , 7 1 , 7 1 , 7 1 , 72 , 72, 72, 7 2 , 7 2 , 72 , 72 , 73 , 7 3 , 78 , 50 . 
• 7 4 . 7 4 , 7 4 , 7 4 , 7 4 , 7 4 , 7 5 , 7 5 , 7 5 , 7 5 , 7 5 , 7 5 , 7 5 , 0 , 0 / 5 1 . 

CUTE I I / 0 , 12 , » 5 0 , I, I , 2 , 0 , 0 , 0 . Q , C , 0 , 0 , 0 , 0 , 0 , C , 0 , 0 , 0 / 5 2 . 
C 5 3 . 

ICOT » 8 5 4 . 
VfilTE (IO0T) CH 5 5 . 
WHITE (IOUT) I I 5 6 . 
BUTE (IO0T) A 57 . 
WRITE (IOUT) C 5 8 . 
WRITE (IOUT) L,LL 5 9 . 
REWIID IOUT 6 0 . 
DC 10 1 - 1 , 5 6 1 . 
READ (IO0T1 6 2 . 

10 COBTINOE 6 3 . 
S10P 6 4 . 
£110 1'5. 

/ » 6 6 . 
//LKED.STSI1I DO • 6 7 . 
/ / O O . F I 0 8 F 0 0 1 rr UKITO^SOV.VOLUHE'SIiUVBRIAll, 6 8 . 
/ / DCB«(RECFB«»BS, 'RICL»X,BLKSIZE» 4000,BOr«O» I) , 6 9 . 
/ / DISf« (OLD, KEEP) , SPACE' (TRIt, ( 0 2 , 2 ) ) , 7 0 . 
/ / DSHABB-I. DRV 16456.THERIU.HTRG.B 7 1 , 
/ / 5O.FTC5P001 DD • 7 2 . 
/ • " • 
/ / 7»-

Fig. 7. Generation of a THERMA Interface Data File of Thermal Hydraulics Data. 
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Coolant orificing is associated with a block of these meshpoints or area intervals. Typi­
cally the blocking is assigned on a zone basis, zones being the division of the geometry into 
different material assignments for the neutronics problem. A zone is the finest scale on 
which macroscopic neutronics properties are calculated. Thus zones reflect differences in 
initial fuel region compositions. Further discretization is done to account for differences 
that come from exposure and partial refueling. Blocking of the coolant channels for orific­
ing can affect zone assignments. Temperature cell calculations are also done on a zone 
basis (for average and estimated extreme conditions) and this aspect may influence the 
assignment of zones. Note that the distribution of fuel temperatures is predicted more pre­
cisely the more zone assignments made. Consider these things in preparing the detailed 
problem definition. 

Occasionally there can be some difficulty identifying just where the coolant flows. The 
objective of the implemented capability is to examine primary heat removal and to ignore 
low-level heat sources as in moderator or reflector regions. If care is not taken in the data 
presented, a low-level heat source can be calculated in a reflector as a non-zero power den­
sity, and the region would then be treated as if it were a core region containing fuel. 
(Heat removal from such regions is left as a problem to be addressed with supplemental 
calculations.) Thus only heavy metal (actinide) nuclides should normally have energy per 
fission and per capture data assigned. In the event that a core has an odd or irregular 
shape, heat removal by coolant will be considered only along coolant paths for which the 
integral of the power density is non-zero. 

The finer the meshpoint arrangement, the more detailed is the coolant flow and heat 
removal calculation. Halving the mesh spacing in two coordinates increases the number of 
coolant channels treated by a factor of four. Halving the axial mesh spacing doubles the 
number of locations along each coolant flow channel where discretized calculations are 
done. Note that increasing the number of meshpoints also has the important effect of pro­
ducing a more detailed heat source distribution from the power density data generated over 
the grid by the neutronics code. 

In most any study some experience is needed regarding the dependence of the results 
on the degree of resolution of the spatial power density distribution. Results are shown in 
Table 11 for a simple situation involving 16 coolant blocks illustrating primary effects. 

Another assumption made is that basically the parallel flow channels are all the same 
length. It is possible that there is no heat source (no fuel) over part of this length for 
some of the channels, but such modeling wculd be unusual rather than the norm. 

Application Experience 

Application of this code and its calculational procedures has been mostly limited to 
what the author has done. More extensive application will likely prompt revisions. Of 
some concern is the ability to adequately describe a problem to be solved and the suitabil­
ity of the results generated. At the time this is written, the fuel management module does 
not have adequate capability to make the exposure data file consistent with refueling, so 
these data are inadequate for general use to affect thermal conductivities. So there are 
known limitations of the computation system for solving global problems. These are not 
usually easily identified but become identified with careful use of the system. 
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Table 11. Stady of the Depeadeace of tin Hydnudk Resahs on the Mesa 
Temperatures (°C) 

Comput erTime Comput erTime 
Core (cpu min) Peak Power 

Meshpoints Coolant Peak Weighted Peak Meshpoints Coolant Peak Weighted Peak 
(t .anar X Axial) Neutrons Hydraulics Exit Surface Fuel Fuel 

32 X 8 0.8 0.03 870 1029 501 1049 
32 X 16 17 0.05 870 996 504 1016 

128 X 16 6.6 0.08 888 1053 501 1074 
512 X 16 32.0 0.12 897 1031 505 1052 

No difficulty has been experienced in solving the hydraulics problems; for example, the 
iterative process converges rapidly. The following remarks are offered. 
1. The results obtained for a thermal hydraulics problem depend on the modeling. There 

are different types of effects: 
a. Those that affect the reference conditions as a consequence of the modeling of 

the physical phenomena, including the basic geometric description and association 
of materials and the data including the inlet coolant temperature over which 
there is no qualification imposed. 

b. Those that additionally affect the conditions due to controllable aspects such as 
modeling the effect of time. 

c. Those that directly affect the thermal hydraulics problem such as the power den­
sity distribution that is subject to dependence on the discrete mesh. 

d. Controllable features of the thermal hydraulics calculation such as the orificing, 
flow rates or exit coolant temperature and modeling options. 

e. The degree of resolution of the effects of discretization. 
2. How well an approximate solution may represent the facts depends on the details. 

Interest here is in the distribution of the fuel temperatures, for example. There is the 
extreme, maximum fuel temperature, and then the approximation of it. The analyst 
must of course be concerned about how well the facts may be represented, i.e., how 
close is the estimate of the peak fuel temperature. Here we examine only some of the 
contributions, for example, the dependence of the calculated peak fuel temperature on 
the controllable modeling variables such as the number of meshpoints. Evidently the 
accuracy of such a result increases as the calculation is made more detailed. Hope­
fully reasonable choices have been made from among the alternatives in implementing 
the calculational procedures to maintain a high accuracy and hold down the 
discrepancies. 

3. A reference core fuel temperature is of considerable interest. For example, this tem­
perature may be used to generate nuclear cross sections appropriate to the situation, 
and in particular the doppler broadening and resonance shielding depends on the tem­
perature of the materials and the thermal neutron flux spectrum in energy does also. 
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The effective core fuel temperature is calculated as a volume average and also as the 
volume average weighted by the local power density, the latter value being preferred 
by the writer. The effect of change in the temperature as due to a change in power 
level or coolant conditions may be predicted from the associated two values of the 
effective fuel temperature. Of course in this computation system the effect of tem­
perature changes may be assessed directly using the temperature correlation of 
microscopic cross sections. So the effective fuel temperature is of some interest and 
also the effect on it of controllable variables of the problem. 

4. There are modeling options that directly affect the results. For example, without orif-
icing, the coolant flow rate through a channel having a low integral heat source would 
be much higher than for the average channel, with the net effect of higher tempera­
ture peaking where the heat source is high and the coolant flow rate low. The associ­
ation of the region and coolant channels with an oriflced flow affects the results. The 
coolant flow direction also affects the results, the more so the more axia! skewing of 
the neutron flux and hence of the power density. 

5. The effect on the results of the modeling approximations is of interest collectively and 
individually. Correlations that admit numerical evaluation would be useful. There 
are, however, so many different aspects that only quantitative assessment may be pos­
sible. Where possible, we would like to be able to relate an error to a representation, 
for example, an error contribution of the form 

- * » - * . - A\' , (71) 

where Aa, is a precise result, and X„ is the result for n having a finite value (number 
of nicshpoinls, for example). A is associated with the level of the error contribution, 
and X measures the rate of error reduction with increase in n. We hope for a smail 
value of A (small errcr) and a small value of X (rapid error reduction) with increase 
in n. Finally we hope for a simple situation where this or another formulation is 
appropriate, adequately representing the facts. Note that 

x _ x*-X»-\ (72) 
XK-l~Xm-y 

requiring results for three values of n, 

(73) 
Xga ™ Xm ' »oo « » l - X 

(X.-X.-t) , 

and 

l - X (*-*-,). °4' 
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5. APPLICATION INFORMATION 

UserCbatrol 

Basic user input instructions to this code are shown in Fig. 4. Hopefully the informa­
tion presented is adequately explained. 

Datastorage 

It is assumed that the hydraulics problem can be contained in the computer memory. 
For large problems the virtual memory capability of the local computers may be used effi­
ciently since data transfer from disk is handled nicely by the system. 

The data storage requirement is broken down into three parts: initial data plus certain 
reference storage, data for the hydraulics problem, and data for the thermal cell problem. 
Reference storage conditions are shown below. 

J number of active meshpoints on a plane 
normal to the direction of coolant flow. 

I = number of active axial points. 
N = number of zones. 
M = number of subzones. 
L = max (N.NS). 
A number of azimuthal eel! problem points. 
B = number of radial cell problem points. 

Initial Data 2(J + I) + 6JI + 12N + 4M + L 
Hydraulics Problem 8JI + I 

Thermal Cell Problem 5N + 9M + L + (12A + 4)B" 

If the requirement for the thermal cell problem is less than that for the hydraulics 
problem, it is overlaid. So the total storage requirement is then only the sum of the first 
two items above. Information about total memory requirement is given in the section on 
program considerations. 

Refer to the original documentation or the code listing for the pebble bed calculation 
requirements or details. Information is edited about storage requirements. A prerun can 
be made to firm requirements and is recommended for a new and unfamiliar problem. 
Unfortunately the initialization procedures can only report an apparent maximum storage 
requirement since the power density data must be processed before inactive meshpoints are 
eliminated from the problem and from the estimate of storage requirements. If there are 

"The extension (o use a multigrid relaxation scheme may increase the last term by 40 to SO percent. 
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as many meshpoints in the reflector as in the core, the maximum storage estimate may be 
nearly twice what is actually needed. 

This code is used in a computation system that has data file management Interface 
data files are assigned names. The management tables inform a code where a file associ­
ated with a specific name is located and where to put a file to be written. Quite generally, 
when a new file associated with one name is generated it is unique, either being the only 
one or replacing (written over) an old one of the same name, or it is assigned a version 
number that is indexed upward. Also quite generally, when data are to be obtained from a 
file, the one with the highest version number will be read, with certain exceptions where 
the user exercises control. File proliferation is minimized by having new files written over 
old ones. Thus if several power density files exist, the one with the highest version number 
will be read. Certain checks are made to see that it is consistent with the geometric 
description. 

Note that except when a data file is to be supplied or saved, the user is not involved in 
logical unit assignments. This is handled automatically by the file management system. 
The actual unit assignments depend on the calculational path and individual tasks carried 
out. When supplying or saving a file, the user must exercise control over both the logical 
unit assignment and the physical unit association. Such control is exercised with job con­
trol instructions by overriding the catalogued procedure. Special needs are also satisfied 
with parameters that override default values in the catalogue procedure, as to increase the 
space on a particular logical unit or to change the blocking. 

Reliability is improved by the file management system. Data will not be read from a 
file and used unless the actual name on the file is correct. This does not mean that action 
undesired by the user cannot oe taken or that an unfriendly user cannot deliberately screw 
up the system by trying. User understanding comes with use. 

Certain auxiliary information is always produced, for example, temperature averages. 
Some of the features of the calculational procedure adapted for the pebble bed core have 
been carried over for the prismatic core. For example, it has been found that the best 
temperature for characterizing the core behavior is a power weighted fuel temperature: 

2 v,l»,7>. 

where v is the volume and P is the power density. That is, the temperature where the 
power density is high is more important than where it is low. Applications include predict­
ing power or temperature coefficients and stability against xenon driven oscillation. So 
this value is calculated for each case, along with the volumetric average. Cell temperature 
calculations are always done for reference conditions; then these are requested for the ther­
mal conductivity multiplied by 0.9, and Inally they are done for selected estimates of 
extreme region conditions. 
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Credible Resalts 

The analyst is urged to carefully study the results for a problem to assure quality. Are 
the volume and power level reasonable? Are the channel surface area per unit volume and 
the number of coolant holes per square meter as desired? Is the active meshpoint arrange­
ment correct? Are the power density data reasonable? Are the pressure drop through the 
core and the individual orifice pressure drop as expected? Are reasonable temperatures of 
the coolant, surface, and fuel produced? Is the distribution of fuel temperatures as 
expected? Is there concern regarding excessive error due to discretization or other mode! 
ing assumptions? 

6. SAMPLE PROBLEM 

The results now obtained for the original pebble bed sample prob'em are slightly dif­
ferent and the printout is revised in comparison with that shown in the original report. 
Therefore, the new results for this rabble bed problem are reported here to support code 
validation. 

A prismatic core thermal hydraulics problem was added at the end of the original peb­
ble bed problem. A neutronics problem for a fixed core is solved from the input descrip­
tion using the nuclear dats of the pebble bed problem. Exposure calculations were not 
done, so fluence data are not available. Calculations are done for a variety of situations 
with data recovery options exercised to support code validation. Note that the last case is 
the same problem as the First, so the differences in the results are due to modeling differ­
ences and indicate to some extent the reliability. 

Table 12 is a listing of the computer output with many of the pages deleted. The 
first two pages are a summary of the calculation showing the codes that were used and 
reporting key results. Note that the first access of DVENTR sets up a description of a 
pebble bed core while the second one sets up the prismatic core description. At the end of 
this summary is a list of the active interface data files. The third page shows the job con­
trol language with data space allocation and reference to the BOLDVENT system of 
loaded codes used locally on a production basis. The thermal hydraulics code THR-TH in 
the code system is overridden in this example with that loaded in data set 
DRV16456.PBLZDLP that would normally be a development version of indeterminate 
quality assurance level status any particular day. 

Immediately following is a listing of the user input data that includes nuclear data to 
generate a GRUPXS cross section file with the Input Processor. Data requirements for 
the special processors are satisfied. The input data listing is followed by the excerpted 
printout of results. (Note: Text continues on page 122 
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7 •J * •5 4 :2 13 •3 11 • 2 i ; • 2 1 1 1 
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I » • 1 1 * • ! 11 1 / 
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l.8»»->?»-09 l.*15*2E-0« I.0275O1-C8 
1 . 4 ' I H F - O ' 2 . IM258 -0 * 1.312«C!-C5 
5.?B.)70E-0* 2.47193E-05 1.162001-0* 
« . s » t n r - 1 t 6.0«lJ»»-09 * .162931-0 ' 
9.10950E-1" ' .H9- .1E-07 5.72*1! l - ' .8 
2.96 332C-07 6.»11i1E-09 9.517951-JB 
2.369«3--17 2 . : . " 1 8 - 0 * I . J65« . 11-06 
2.90O51E-16 1.112498-39 1.25I3CE-C8 
I.31021»-08 9.69*158-05 8.379601-02 
I.81969E-09 l.?35](lt-09 2.191211-09 
2. '2315--05 1.3620OE-O* 7.851061-08 
6.45J16E-09 *.?B?»9E-07 1.57*0 11-09 
6.778558-07 4.»5909t-01 1.967721-09 
' 326WE-0* 1.0301(8-07 5.H02C1-09 
2.205°"E-34 9.8711*8-17 9.867601-06 
t.0«20fE-09 1 » 9 W > , 1 9 3.003211-09 
9.I3055E-09 8.J'960»-02 5.761981-10 
1 1(0918-09 1.805C"-O* • -JH25I-09 
1.1<210E-0» «.57T)7;-0» 1.25*:7I -07 
* . 5 * 3 « E - O T t . : ;3?7»-n i i . 2 2 9 * n - o * 
7.1MT6E-09 2 .U219 I -0e 7.10760I-0" 
t . n n o r - o ' r . i-»02or-o« 0 .3 
\ 2 9 7 , - -07 J.1»H0--O« 1.4057(1-06 
1.507468-98 l .*79s9!-09 1.225*11-0* 
1.379608-02 *.56««'-.E-10 o.25*091-11 
1.392678-01 9 .2"618-18 7. IJ712I-C." 
• . 1 ( » 7 l r - 0 9 1.31319E-07 2.<)7»15r-07 
».992878-0* l.:90»o:-i)6 1.933201-37 
2.3136'8-09 3.561278-01 7.155951-09 
5.1*320E-0« 0.0 1.0000 01-09 
9.99873E-06 1.965711-06 1.2671*1-06 
l . l f 5118-f" 1 . • ' ! - " - •- ! ; • • : - • -
3.62970E-1O 7.451701-11 1 . 50B961-0.-

1.66 156»-I0 ' . 3 0 9 9 i e - u ; 7.433751-06 
1.358491-07 2.81-7OE-07 2.363*01-11 
1.319118-06 ?.:21768-07 1.267781-07 
2.» 9232*-19 5.6*2i3E-0» 1.6*99 11-07 
0.0 1.0UOOE-09 1 . IK73 I -C7 
1.509l lr-06 l.;«15»8-06 2.963261-06 
1.20 1518-01. 1.4*97)»-01 1.089651-09 
7.ll99)*8-11 1.46182E-07 9.1039(1-10 
?.29636r-07 7.657718-06 1. '06*31-05 
2.771158-07 l . 9 ' 3 1 7 r - l l 7.25»33!-09 
2.o;»J1»-l)7 1.396^7»-(17 7.61227I-07 
s.'••1IJS-09 1.7I1M8-07 7.309611-09 
1.000108-0'' 3 .1)205007 2.I730C1-09 
1.1«31»r>1« 2.962791-06 * .77218( - IC 
i.«;»77»-09 \.tt',?\e-is 7 .mil .11-09 
1.414378-07 7.37*928-10 9.01?:. 31-10 
7.136468-06 3.3873M-05 t . '62C ! - 0 H 
1.49191E-I1 7. l ) i ' 7 8 - 0 9 *.'i372 '1-07 
' .»2223r-07 7.73610O07 8.469291-09 
1.75172»-07 7.33»<6»-09 1.219551-07 
1..I7578-07 2.l613*E-0» 3.158901-07 
2.16l22E-0« 3.»l«35F- 10 1.71«»6«-C8 
I.O»o'5E-J8 ' .« ."158-09 8.375-01-02 
5.»: ' .7I8-11 9.199»9»-11 ».7587(1-10 
l .* '232»-05 l . 362018-04 1.059101-07 
7.'9217»-01 ».171198-01 9.116921-09 
7.917278-07 B.6«,916;-08 2 .6631 CI-CD 
7.!aH38-09 1.2M21E-01 5 . 14C2 if>0» 
2 .16 l" - : -04 2.55'«1!:-Oi 5.069561-06 
: .74)218-11 i .7»i i5»-09 9 .779t» : -u* 
7.61.1418-01 9. ;7<>>lr-02 1.485'CI-IO 
7.77I95.'- U ' . '«<92*- IO 6 . 1 » 4 l » l - i 0 
1.362018-0* l . 3 "118 -17 I .4592(1-07 
«.117478-0? i . ; i 2 0 6 : - o i i .«09i5i -C6 
' 12771E-S9 i .«157l* -09 2.91J1»f-0« 

2*21'>8-17 * i , l 4 0 : i f - j 4 1.0 
2.Of 196O07 5.0777-8-16 1.«9H5!-06 
1.76?'58-71 • .•>3''-1»-1' 1 l . '806 5f-06 
n.171608-92 l.1»'/»7O10 6-110991-11 
2.8 11111-10 6 . ' 5 » i 6 r - l 9 7.212921-07 
1.099518-07 '.472648-07 2.r54S0l-07 
: . t67)1E-09 1.4212100* 2.1»860'-01 
2.727)n>04 2."2 ' l6T-09 1.9126 31-09 
5.1*3208-01 1.0 ' .100001-09 
6.101948-16 I.609HE-06 9.817331-07 
^.o.76"ii:-o9 i . '7»» i«-of i . j 7 i o ; r - o i 
1 .615 l9r -H ' . . ' 1 1 7 ! t - l l 1.23955J-C7 
6.21»:1 ' -11 7.?1092»-17 8.2«00f»-06 
i . »e l ' 5 f -07 2 .6 ln; !E-01 6.16833J-12 
t.»1079r-0'. 2.004718-07 1.687291-05 
2.92'118-01 1.51'.17f-19 1.916931-07 
0.0 l.1J.)01r>09 3.76299I-07 
1.611728-06 1.<11118-o: 2. 85»05»-0ii 
i . i r » i i - ; - l » 1.15109F.-09 1 . 0 1 6 1 1 1 - O K 
5.1547118-11 1.111128-07 2 . ' 5 6 ' 71-1(1 
'.110128-07 8.3I1858-0'. . .607«»l-o« 
2.6:a''78-17 9.977218-12 7.5?0'«1-C9 
1.992'68-07 l .7»: i18 .07 8 .00«4»r-C 
1.223'«r-09 l .92 'J68-1 l 7 . ' )99CI-0« 
1.11330*-.)9 1,'76178-07 2 . 1656 If-On 
<!.939258-07 2.9«'?9'-06 1.347017-10 
1.329'58-09 9 . 9 , .118-01 7 . ' J « H r - 0 < 
l . i r i»98-07 1.9'7518-10 6.1»887|-10 
1.J '0 /»f -06 '.',11918-01 I . H ' K I - ' I 
(,. I 7 1/ '8- t? ' . * * •' • 
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9.379(OE-02 9.29850J-K 1.036121-10 372. 
2.51555E-05 1.21539E-09 7.17J5I I -07 373. 
8.5!227E-09 1.07500E-C7 3.093HI-OJ J7«. 
1.S1519E-09 1.07986J-06 1.356«3r-07 315. 
l .7U2J»-08 I.94068E-C9 1.-46C7I-06 37t. 
5 . UC20'.-0l 0.0 1.000C0E-09 377. 
9.19928E-06 1.206B6E-C6 2-179!5E-J6 378. 
2.13250J-09 1.26013E-06 I.696571-08 379. 
7.J1I35E-I0 9.90668E-11 I.65961E-07 38C. 
I.1C7783-09 7.29583E-CJ 6.348.28-06 311. 
1.176 E-J7 3.001191-01 «.9512*1-11 3f2. 
1.1(2658-06 1.6066-C-C7 1.008!2E-07 383. 
2.2C987E-09 I.19185I-C8 3.23817E-07 3(9. 
0.0 1.O0OOOE-09 2.6616U-07 3(5. 
l . :;2328-06 1.73309E-C6 2.93719E-06 3(6. 
7.2«077E-JS I.S9960E-0* 1.22 7 ! ' r - ) f 1(7. 
8.19551E-H 1.H022E-C7 1.6I9C7(-J9 3 « . 
7.33082 ,:-07 6.79733E-06 I.92155E-05 389. 
J.5;778:-07 1.836391-11 8.787.18-09 350. 
' . I « (5»2 -J7 1.09991E-C7 7.091CH-07 351. 
».0;'.2>C-09 3.92967E-C7 7.135,18-09 392. 
1.CC000E-09 2.86755I-C7 2.194<2t-0« 353. 
l.9!222E-06 2.95*388-06 8.94 3ME-10 361. 
1-fi1*2E-08 1.18707E-C8 8.66 7I7E-09 395. 
1.5!856:-07 I.35095E-C5 1.09i; iE-09 356. 
7.1?222:-06 3.079*11-05 1.312001-09 351. 
2.959HE-1I 6.993I9E-C9 ».(5359E-07 351. 
1.K550E-07 7.32306E-C7 7.529C9E-08 199. 
3.5(0641-07 7.2150OE-09 1. 133611-07 4C0. 
l .OUSl t - 'J l 2. I8599I-09 5.9*155t-07 901. 
2.911-2E-06 6.715871-10 1.58515E-08 *02. 
• • ' •- '- n IA61T8-C9 «. JTI f^f -n j »8 I . 
' 168.£-09 1.02595B-C9 1.057*18-09 90*. 
3..C552E-05 1.36200I-M 9.63156E-08 «C5. 
7.11659E-09 1.733727-07 7.9830OE-09 *C6. 
7.1S8188-07 7.91309E-C8 J.*321*E-OB »07. 
7.;31185-09 ;.16799t-C7 5.1*C20E-09 *C8. 
2.17I7VE-09 • B2262E-07 5.32O72E-06 9C5. 
5.3!07«E-10 i.6«3148-Ci 4.17526E-09 910. 
8.027918-09 8.379601-02 2.8v3C9(-10 911. 
9.f30<9E-10 9.091381-10 8.131101-10 912. 
1.3(20O:-0» 1.00099E-C7 1.393!»E-07 *13. 
• .7?27«-;-07 6.399921-09 1.3506U-06 * 1 - . 
8.;;>51E-01 2.52994I-C8 2.772C6E-09 415. 
1.15*302-17 5.U020E-C* 0.0 * l t . 
3.9C5278-07 5.O428IE-06 1.59066E-06 «17. 
l . ( (6098-01 *.*2322E-09 1. I957H-06 4 | ( . 
8.359HE-02 2.31321E-10 7.:1825I-11 »19. 
6.2C040E-10 7.67233E-I0 7.264271-07 420. 
1.C-C2HE-07 1.*208»E-C7 2.71161E-07 «11. 
5 . i ; *98 ! -J9 1.3798I8-C6 2.t00*0E-07 122. 
2.55729E-D1 2.B3779E-09 3.633591-09 * : 3 . 
5. I I020E-01 0.0 1.00OCOI-09 92«. 
5.C!839:-J6 1.56388B-C6 9.616f91-07 »;«. 
• .C I I5E-09 1 19957E-06 1.906C7I-08 *26. 
1.E!*I«E-I0 6-781741-11 1.36921E-07 * ; 7 . 
7.2I155E-10 7.29993Z-C1 7 . i : 5 H l - 0 6 * 2 ( . 
HS233E-07 2.700261-07 1.192961-11 »29. 
l.3'35»E-06 2.11018E-C7 t.»9923E-07 *3C. 
2.6(3»18.-09 2.»1351E-(5 3.77SI-5E-07 121. 
0.0 1.00000E-09 3.289C91-07 •:•! . 
I .J (H5E-0f 9.932I7E-C7 2.955291-06 * i l . 
l .18*t1'.-0» 1.J9115E-C1 1.032(11-08 931. 
6.IC669E-1I I.12622E-C7 *.751791-10 *36. 
7.;;733E-07 8.J9405E-06 J.50»58I-05 1J(. 
2.('.9«5»-07 9.55748E-12 7.91716I-09 937. 
2.0H52E-07 1.562731-07 7.881111-07 *36. 
2.i»0t.'E-O9 3.79165E-07 7.357(01-09 * ; 5 . 
1.CC0CE-O9 3.J215J8-C7 2.I61561-0* 99C. 
9.CP292E-07 2.957331-06 2.I99C2E-10 • • ! . 
1.280558.0) 1.021661-C8 7.385351-09 *»2. 
1 .5( !01>07 1.79533E-1C 7.193C71-10 •*:•. 
8.116 IOi-06 3.59666E-05 1.362O1-0* 991. 
7.«',*21C-i2 7.»7153;-»9 «.917511-07 «4«. 
l . ( ; 71 *» - )7 7.93D5E-C1 8.966;0!-08 »9t. 
1.8C951E-07 7.360151-09 1.251501-07 917. 
3.1*4591-07 2.15912E-0* 1.685711-07 l i t . 
2.5!«51B-06 1.76221B-10 1.17C.11-08 * » i . 
1.017C8I-01 7.287701-C9 8.179(01-02 »50. 
2.5(5105-10 6.504211-10 2.16 10 ' t - lo »11. 
3.! l05 r ,8-05 1.Jt:iOE-C* 1 . I 00H I -07 952. 
7.15B36E-04 4.93»I^E-C7 2.198361-09 953. 
7.512008-07 9.05895E-C8 2.7*9(31-08 * : » . 
7..'!7(38-19 1 .259*U- (7 5.1»C;i l -0» 9'.'.. 
2.1*7168-01 I.13901I-C7 5.0»71',l-0( «5». 
I.159168-I0 1.788728-0 5.08*121-09 »S1. 

7 . ;c ; ; ic -ov B.J796OE-C2 I. i s i ' i i - i i »;s. 
!>.|]C90C-IO 1.66129E-10 5.1055 11-10 l !9 . 
I.:(2008,-J4 1,110751-CI 1.411(61-07 «(C. 
».5l1*05-J7 1.716171-C5 I .UHC.t-Ok » t l . 
» . l !5 l8* -09 2.7(152I-C8 2 .915 , l f - 09 * ( 2 . 
I .J f57tr -07 5.1*0201-0* 0.0 'Hi. 
I .C)C*»r..)f '..)»121E-C< 1.818.91-06 »(». 
I . I K I ' . V J I 6.1371:8-09 9. IT JC 11-06 « ( ' . 
• •M960B-02 6.524VJS-M 8 . 7 r , , ( 9 | ' H * t ( . 
1 .11i ;2 ' - IO 6.50J50E-1C 7 . I O i ; i l - 0 ) »t». 
I . }IDI;:.,, ; | , a i 9 l ( t | . C 7 J.',1 I*T|-C17 9f». 
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i . 7 » » 2 s t - 0 7 a .o}2aae-o7 i . n n > i - g i 2 . ; « ! J « t - o a 2.B9262E-C9 i - 0 2 5 C 2 i - , ' * n . 
3.42«09»-07 7.2626IE-09 1.27257I-C7 5.«4C20»-0* 0 . 0 1.W1O0OE-U9 »71 . 
3.3BO9IE-07 2.3S233F-09 9 .57651I-C7 4.C2743E-07 2.56986E-C8 1.78J60E-05 «72 . 
6 .229917-97 7.57467E-10 2 .980901-11 9 . 9 : 7 ( 5 6 - 1 1 I.48166E-C6 9.89059E-09 «73 . 
2.04805E-09 1.496 18E-10 a .37MCI-02 8.04I84E-10 1.12312E-1C 3 .06222 ( -08 « ? • . 
1 . 1 3 9 1 5 ! - ' 0 2 .536J7»-10 1 .392711-09 8 . : i 5 0 2 t - 1 0 1.12444B-07 5.8B974E-07 415. 
2.44742E-06 1.36200E-0* 5 .642751-04 1 . 0 3 ; « : - 0 a S-527J8E-'t « .166601-11 a l l . 
6.1»»">«1>.-10 ' .534O9E-0* 1 .605541-08 1 .1IIWE-01 2.001731-09 1.224551-08 »77 . 
7.69742E-04 3.59548E-09 3 .722«2I-1C 1.446C5E-10 I.15595E-CI 7. 1175>t-08 471 . 
2 .9382«»-09 I.06196E-9B 5 .190201-09 0.C 1.00000I-C9 5 .913311-09 919 . 
2 .330921-0* I.139I9E-06 1.46157E-C6 1 32778E-07 1.32027E-05 1.240271-04 480. 
2 .17745»-0* 4.22M0E-1C 2 . 0 r ; i « | - t 1 1.46t«9E-06 2.31540I-CI 7.81757E-09 * H . 
2.62733E-09 8 . i79(3?. -02 1 . ( 5 7 3 9 1 - 0 9 2 . 0 ( ; t » r - 1 0 9.13185E-C6 1.1.96141-04 9 6 2 . 
7 . » 9 i 8 7 E - l o 3.33561E-04 1.692151-09 3.2(506B-07 1.80642E-Ct M H H E - O * 483 . 
1.36211E-0» ».7?7fOE-0 J 3 .30HCE-08 1.5(241E-U7 1.26566E-10 1.917291-09 46»_ 
1 .6314-»-07 3.12729E-0* 3 .496451-07 1 . ; f :S3E-a8 1.47442E-C6 2.303C6E-O7 4 ( 5 . 
1.293021T-0" 2.08368E-05 4.0646 51-10 2.95200:-U» 7.350941-08 t .010931-11' 904 . 
3.32760»-09 « . i6020E-0» 0 . 0 1.CC00OE-O9 3.29272I-CC 2.305191-09 987 . 
t .»J9l»t ->'8 2.67262»-0» 3 .394001-07 9.1583SE-06 1.92101E-C6 2 .995ICI-09 a l t . 
1 .90650V01 I . 4 9 H 7 F - I 0 1.19649F-06 2.S165BE-08 I.J5298I-C8 6.543eaE-09 9«9 . 
8 .37940»-02 1.*3699r-!!« 1 .709751-10 1.36381E-07 1.8t20»»-0» 1.221951-09 940. 
*.OB70«»-09 1-70047F-09 5 .015661-07 3 . 0 : i i 2 E - 0 6 1.284I3E-C! 1.262CCE-0* a j l . 
3.1595'E-O* -.561S6E-08 2 .HC46F-07 1.232931-10 3.25aJ3E-09 2 .575141-07 a92 . 
1.31771»-0« 5 .«92a0?-07 3.65012t-0*. 5 .=: : t1E-aB J.7U80E-C7 2 .416661-oe 953 . 
5 .»9Bl?r-0» 7.29582E-10 2 .997921-08 1.-7(S2E-07 6.24277E-C4 5.487;IE-OB 959 . 
5.14020E-04 0.0 I.00000E-O9 8.2S99*E-U8 2.28O8OE-04 1.4455*1-06 995. 
3.59775P-04 « .43072»-07 6 .14769I-0E 2.3(6SBE-0* 2.31656E-C9 a.564C2E-09 946. 
4.»«134E-10 1.35408S-06 2 .150001-08 1.!(889E-08 9.53277E-C4 a .379(0E-02 957 . 
l .436«4E-0» 1.al2«1E-10 1.62144E-07 2.24S76E-09 1.J7596C-09 a.I2S01E-09 958. 
l . * 7 4 6 4 » - 0 9 6 . ' 85001-07 4 .1016SI-06 l . ; < < H J - « ' 1.342001-09 4 .5246*1-08 455 . 
7 .6 i :24E-08 2.42433E-07 1 .05 (151-10 4.42523E-09 3.29407P.-C7 2 . 9 , 3 l 1 ( - 0 8 SCO. 
7.907ME-07 4.«592«E-08 6.P2644I-C8 a . f i a t O t 97 3.»5122E-08 9 .499591-09 5 0 1 . 
1.I5427P-09 2.20762E-09 2 .004251-07 6 .4 ! (S3B-09 7.170005-CJ S. 19020E-04 SC2. 
0 .0 1.00000»-09 1 .106051-07 2.2!7S0E-94 1.a0aa9E-C( 4 .189( ' . [ -06 5C3. 
9.23S««r-0< a . l » a « i r - O t 2 .665201-04 2 . 0 " 5 1 r - 0 9 7.590981-09 1 . 0 5 5 d ( - 0 9 509 . 
1.31713F--6 2.07598F.-0" 1.5347CI-08 1.0!301E-30 a.37960t-C2 1.172">9E-09 SCI. 
1.1959 3S-10 1.70224E-07 2 .290961-09 1 .*774lS-0» 3.43639I-C5 1.40369E-09 5Ct. 
<.P9l<0E-07 a.99997»-06 2 .135801-0* 1.3(200E-04 5.78026E-C8 9 . 3 1 U 5 E - 0 8 501 . 
1.1)1 353--07 9 .37661f -11 5 .339961-09 3.75691E-07 2.95C97E-C6 9.97..S9E-07 5C6. 
I.02217H-C7 9.08171»-39 5.4969 31-07 a. l;C90Vi>9 1.34459I-C8 1.57252E-0* 5C5. 
1.9l3«6E-0e 2 . '29»7»-07 6 .676971-09 6.957C7E-09 5 . 19020E-09 0 .0 510. 
1.!iO000»-09 1.93833E-07 2 .238127-0" 1 . ;Hb1E-04 9.59109E-CC 1.02595E-06 511 . 
2.99957E-05 2.8I579E-06 H 5 0 6 5 I - 0 9 l . c ; 4 0 « - 0 1 1.7129«I-C9 1.28710E-06 512 . 
l .")t»9'E-01 1.9292IE-08 1.0391 l l -Ca 8.37960E-02 9.29774E-IC 1.09892I-10 511 . 
1 . 7 J « 5 S - 0 I 2 . :J225r-09 1 .317611-09 2.56999E-09 1 .29611E-C 7.162C2E-07 519. 
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4 . ; ; 4 9 i : - i 3 1 . 4 8 2 1 9 2 - o e 9 . J » 5 4 5 E - 0 9 6 N . 
7 . , t 9 » i ; - I O 1 . 1 2 1 1 ) 1 - 1 0 2 . 9 7 5 5 2 1 3 * 615 . 
8 . I M I 7 E - 1 0 I . 0 9 1 2 6 E - C 7 5 .7041.9E-07 616 . 
l . C : 9 5 4 2 - ) 8 5 . 3 6 6 8 1 E - C 8 5 . 5 7 6 5 7 E - I 1 6 ! 7 . 
I . £ 1 7 6 8 2 - 0 7 1 .B8479E-09 I . 2 2 6 6 4 E - 0 8 616, 
I . » , " 7 / ^ E - I 0 I . I 4 7 8 4 E - C 8 2 . 0 6 J 1 5 E - 0 8 6 1 9 . 
0 . 0 I .0O03OE-C5 5 . 5 6 l i * E - 0 9 62C. 
l . ; ! 4 5 ^ ' . - 0 7 I . 3 1 8 1 2 E - 0 5 1 . 2 1 0 ; 2 E - 0 6 t i l . 
1 . a t > ; / ! - 3 6 2 . 1 0 2 I 5 E - C 6 7 . 5 8 2 H E - 0 V 6 ; 2 . 
2 . C I 5 : 2 » - 1 0 3 . ^ i ) 3 8 ! - C 6 1 . 0 ' , 5 2 4 | - 0 9 6 2 1 . 
3 . l ( 4 ! 4 : - . ) 7 l . 7 i t 4 7 E - C 6 7 . 4 6 0 7 4 1 - 0 6 6 2 4 . 
l . « « 5 4 l E - i ) 7 I . 2 3 4 1 7 E - I 0 1 . 8 4 4 3 3 1 - 0 9 6 2 5 . 
1.2 l 5 C 7 r - j n 1 . 4 4 ; 8 4 E - C r 2 . 2 » 2 « 4 I - 0 7 626 . 
2 . 4 2 7 5 8 E - . I 9 7 . I H 5 2 I - C J 5 . 9 0 9 8 4 E - 0 9 6 2 7 . 
1.CC110E-J4 1 .08104E-C8 2 . 3 J 7 J 7 I - 0 9 628 . 
9 . 3 ' 7 l " E - o t I . 8 8 8 4 8 E - 0 6 2 . 3 9 8 ^ 4 1 - 0 9 425 . 
2 . i ; C " . I E - 0 8 1 . 1 1 3 9 1 1 - 0 8 6 . 3 J 2 6 4 E - 0 9 6 ;C . 
1 .314C4E-J7 1.80871E-CS 1 .206C51-09 t i l . 
2 . 5 ! 0 ' 8 : - 0 4 1 .25599E-05 ; . 3 6 2 C 0 I - O 4 6 i 2 . 
1 . ; i 4 3 7 E - 1 " . 3 . 1 9 0 2 0 E - C 9 2 . 5 2 5 I 5 E - . 7 6 ! ! . 
5 . ! fCC- i ' : - J< 3 . 6 3 J 5 6 1 - C 7 2 . 1 5 0 1 1 1 - 0 8 614 . 
I . J J 1 . 6 E - 1 7 6 . 2 1 I 0 2 E - C 9 5 . 1 7 C 1 M - 0 8 6 ) 5 . 
7 . 9 : 2 : l E - J 9 2 . ; f l 2 » 7 E - 0 » 1 . 4 6 7 ( » E - 0 6 6 1 6 . 
2 . , , . f 7 8 3 - 0 < 2 . 2 8 K 1 E - C 5 4 . 3 1 8 5 4 1 - 0 9 617 . 
l . : » 8 9 . T - 0 8 i.400611-05 8 . 1 7 9 6 0 1 - 0 2 438 . 
2 . ; C 0 » O 1 - ) t 1 .37010E-C9 4 . O 1 4 6 7 E - 0 9 635 . 
1 .714402-15 I . 1 6 2 0 0 E - 0 9 4 . 4 2 1 « 2 1 - 0 8 64C. 
4 . j t n i f - J t 3 . 2 4 / 4 0 E - C 7 2 . 9 2 1 ( 4 1 - 5 8 6 4 1 . 
» . 7". 3 1HE-3 7 1.0.6984E-C8 1 .179C1E-J9 642 . 
( , . B ; 7 5 7 ' . 0 9 7 .J4766E-C8 5. 1 » 0 ; 0 1 - 0 4 6 4 1 . 
2 . ; < 0 2 ] E - 0 4 1 .38269E-C6 4 . 1 6 9 6 1 E - 0 6 644. 
l . 4 P 2 ' . ) E - 3 9 7 . 2 7 2 6 9 I - C 9 9 .86725E-1C 6 4 5 . 
1 . C : ) C I E " l 8 8 . 1 1 9 6 0 E - 0 2 I . 1 6 6 1 9 1 - 0 9 4 4 t . 
I . J J 9 6 3 E - J 9 1 .58123E-C5 1 . 4 1 7 / 1 E - 0 9 6 4 7 . 
I . : C O O ! - 1 4 5 .6414JE-C4 9 . 1 6 2 5 4 E - 0 8 6 4 8 . 
j . ; ! f . 4 r . - | 7 2 . 4 1 4 4 6 E - C 8 1 3 1 6 ; » l - 0 7 6 4 5 . 
4 . ( ( 1 4 6 » - 1 8 1 .J3121E-C8 1 .515C9E-09 4 ; o . 
8 . ; : : 0 4 r - 0 H 5 . 1 4 0 2 0 I - C 4 0 .0 6 5 1 . 
l . ; ; 5 1 ) 2 - 0 6 4 . 5 2 8 5 2 I - C 6 9 . 5 1 1 6 I 7 I - 0 7 6 ' i . 

9 . 9 C 1 4 . E - 0 9 1 ,»179 . ) I -CS 1 .290J8E-06 6« 3. 
8 . !79< in- , ; . ' 9 . 2 7 8 I 1 I - 1 C I . 0 6 5 I 4 E - I O 6^4. 
2 . 9 ; 5 J i i r - D ' - 1 . 2 6 1 M E - C 9 7 . 1 4 1 1 4 1 - 0 7 6 ! ' . . 
6 . 7 . 1 9 ' f : - i n 1 . ) 5 0 2 4 E - C ) ) . 0 i j ; 9 I - 0 7 6 5 t . 
1 . U ( C 4 i ! - J U 1, I 5 2 2 I 1 - C 6 1.28 t ' . I E - O I C.I. 
1 . C 6 3 8 E - 0 1 1 . 8 7 7 0 ) 1 - 0 9 1 . 4 4 I 0 5 1 - 0 8 456 . 
5 . H 0 2 J E - 0 4 0 .0 1 .000C11-09 655 . 
4 . ) l « ) l r , - l 4 l . 1 4 5 6 8 « - 0 6 2 . ) 6 7 « « E - 0 4 6 6 0 . 
7 . 2 » 0 5 1 f O 9 1 . 2 6 6 6 4 1 - 0 6 1 . 7 4 4 6 1 1 - 0 8 4 6 1 . 
7 , ; f ' . ) C - I O 9 . 6 4 6 7 8 1 - 1 1 1 . 6 6 9 : 5 1 - 0 7 6 6 . . 
l . i : ; 2 6 E - ) 9 7 . 2 9 6 9 K - C 7 6 . 1 9 6 M E - 0 6 6 ( 1 . 
l . l ! ) ) 8 r - 0 » 3 . 0 2 5 6 2 1 - 0 7 • . 9 7 8 7 2 1 - 1 1 t ( « . 
1 . U 1 3 9 E - 0 ' ) I . 5 2 9 9 7 E - C 7 1 . 0 2 7 M E - 0 7 4 ( i . 
2 . I 4 4 2 2 E - '> 1 . 1 1 9 6 1 I - . 8 1 . 1 5 0 M E - 0 7 6 ( 1 . 
0 .C 1 . 0 0 0 0 0 1 - 0 9 2 . 5 8 J U I - 0 7 667 . 
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Table 12. (CoatiMed) 
2.211011-0* «.719421-07 «.(75111-04 1.2«0t5l-O* t . t ( * 7 2 1 - C t 2.92*171-0* * « • -
1.05*911-09 l .3*793E-0( 2.7*3721-0* 1.2*7*11-0* 1 .»*D31-C( 1 .2 t2 i« t -0 ( f t * . 
* .37S13l-C* ( .371(01-02 S.1S5((1-1* 1.M150E-11 1.(22901-07 1.(00171-09 «70. 
1.177111-01 l . l n U I - n 1.030**1-01 7.353(31-07 t . t * * 9 3 I - 0 t 2-(52551-05 * 7 1 . 
1.3*200t-9« 9.3**291-09 1.232101-07 2.512*U-07 3.(55251-11 » . ( *11» l -01 t 7 2 . 
• .5025(1-01 1 . 2 » ' ' * l - 0 ( 1.20993I-C* 1.7WCW-07 1.120)31-07 ( . * * 15*1-07 (73-
( . («(07E-0« 2 . 1 0 . * I I - 0 ( 2 . 3 * * * * 1 - 0 * 9 . 0 C * i ( l - 0 ) 3.3«*9*1-C1 7.0»»*lE-09 f 7 * . 
1.0**9(1-07 5 .U0201-0* 0 .0 1.000001-01 2.7995*E-C7 2.2O015I-O* *7S. 
7.1*5311-07 «.9S733E-Ot 1.3«»*3I-0* 1 . ! (2Mt -0« 2 .1*7 (01-9* ( .3*5071-10 f i t . 
1 . *S I (2E-M 3.2337(1-01 1.2321*1-0* 1.5<1*91-Ot 1.200311-Ck 3.113291-09 077. 
( .371(01-02 *.552511-10 • . •2 *771-11 1.'73221-07 1 .3«l051- t * 1.107C5I-09 ( 7 0 . 
1.3701*1-0* t . « * ( 2 3 t - 1 0 7.3*5321-07 t . 9 5 9 2 * 1 - * * 3.001501-C5 1.3(2C(l -0« ( 7 1 . 
9.929051-09 1.21225E-07 2.9152 51-01 3.(09(01-11 f.-1211Sl-«l * - f1 (521-07 t ( 0 . 
9.1*«57F-09 1.2tO(»3-0f 1 . (S3**t -07 l . ; 0 (3 * t - 07 7.22111I-C7 7.3723(1-01 * • ! . 
2.2*0521-00 2.50***1-01 7.121711-01 3.«f20*t-07 7.1((521-C1 1.1111(1-07 t ( 2 . 
5.1*0201-0* 0.0 l.OOOOtf-O* 2.5515*1-07 2.191391-0* 5.137151-01 i 0 3 . 
5.91112E-0* l.*0510E-0f 1.37**11-0* 2.157711-0* * . t * 1 * 9 I - 1 0 1 . ~ < * 7 ( - 0 t * • • -
3 . (3 f ( *E -01 1.220061-0* I . 5 I 1 7 H - C I 1.1!*ClE-0( t .5« t *5 t -C9 0 .37» . ( I - 02 M S . 
3.<0*71E-10 7.**«t«E-11 1.523**1-07 1.1CM2E-09 1 . H X 3 I - H 1.0**5*1-09 f f * . 
(.93*911-10 7.3572*1-07 7.27**21-0* 3.13*611-05 1.3*2001-0* 9.313551-01 ( 0 7 . 
1.330«7E-07 2.0t305t-07 2.3«*30t-11 7.S1011E-0* «.702(51-01 7.92(111-0* t f t . 
1.30051E-Ot 1.9»»331-07 1.2*22*1-07 7.0CI71E-07 7 .75X4I -C9 2.3791*1-0* f t * . 
2 . (2t3*E-0< 5.(51191-01 3.57*711-07 7 . 2 2 K R - 0 9 1.1tt12E-C7 5 .U0291-0* ( 5 0 . 
0.0 1.00000E-0* 3.0*1511-07 2. IE*331-0* * .731*7I -C7 5.0(1521-0* t * 1 . 
l . *«* l51-0« >.2*03*1-0* ! . H H I t - H 5.257591-10 1.599*71-09 3 . * * * 7 1 t - 0 * ( 1 2 . 
1.210*51-0* 1.*»37*E-OI 1.119111-01 l.2tOS*E-0* 1.371*01-02 2.170501-10 ( 5 3 . 
7.61012E-11 1.*7575I-07 * .01*70( -10 9.759S7E-t0 7.1*1311-10 ( .2 (7 (01 -10 * 1 * . 
1 .3*1131-0' 7.5027*1-0* 3.23*5(1-05 1.31200E-0* 1.7*37*t-C0 1 .37* ; i f -07 ( 55 . 
2.910*31-07 1.1«a**E-11 7.112129-01 *.7(*92E-07 t .JJ10t I -C9 1.331(00-0* t i t . 
1.9**1*1-07 1.372501-07 7.5*7111-07 * .0(1091-01 2 . * 7 2 f l t - C t 2-71*C1l-09 *57 . 
• . 5 0 M 2 I - 0 * 3.63(03E-07 7.2*3111-05 1.112*tE-07 5.1*0201-0* 0.0 t f t . 
1.00000E-01 3.1*1351-07 2 .17M71-0* 3.12*021-07 5.07291E-0* 1 . * ( 1 2 ( I - 0 * * * * . 
1.1*25*E-0t 2.9*3091-0* ».211901-10 1.C**32t-Ot * . 1 ( 1 ( 3 1 - 0 1 1.202(01-0* 7C0. 
t . * 5 I * 2 E - 0 I 1.01*271-0* 9.03*921-09 f . *7» (» t -02 2.2(9*11-19 7.23(251-11 7C1. 
1.(21021-07 1.250677-10 9.121251-10 1.10**99-10 7.(11091-10 7.325051-07 702. 
7 . ( (009! -0« 3.31*3*1-05 1.3t20CE-0* I.CCS551-07 1 . *020* t - (1 2.7(1111-07 703. 
1 . X 3 U 1 - 1 1 7.27(971-09 ». (117(1-07 S.Ct3! IE-0( 1.3559(1-06 2 .022MI -07 70 * . 
1.M111E-07 7.*533*l -07 ( .30*511-09 2.5«*(2E-0( 2.7(13*1-09 3.5*31(1-09 7 (5 . 
3.*(117E-07 7 . 2 ( ( 3 ; E - 0 * 1.1*2731-07 5.1*0201-0* 0.0 1.000001-09 7 0 * . 
3.200361-07 2.17*121-0* 3.0(5721-07 5.0507*1-0* 1.5051(1-04 1.071591-04 7C7. 
2.9527(E-0f 3.3(7*61-10 1 . (7(011-0* * .3 f51<t -01 1.19*701-0* 1.*37(7E-0I 709. 
1.07*11E-O« 1.(5(59E-09 (.3796 01-02 1.(2(111-10 t . ( 5969 ( -11 I . J034U-07 709. 
5.952031-10 (,*«231E-1C «.671551-10 7.3C(33t-10 7.30104E-07 7 . » 2 i : l E - 0 t 710. 
3.37(312-05 1.3(200t-O* t.029541-07 l . (23(5E-07 2.751*21-01 1.1(1*11-11 711 . 
7.331(*E-01 ».9*7551-01 1.055*11-09 1.315211-0* 2.02335I-C1 1.522:01-01 112. 
7.73(099-07 «.5O30(E-O( 2. tO02( l -O( 2 . C O 0 E - 0 * 2.(727*1-09 3.710351-07 713. 
7.3036*E-0* 1.209*09-07 5 .U0201-0* 0.0 1.000001-09 3 .2 ( * ! *E-07 7 1 * . 
2 .170M1-0* 2.*»7(7E-07 5.1037*1-0* 1.5225*1-0* 1.020031-0* 2 . ( t111E-0t 715. 
: . ( 91 * (E -10 1.703701-03 * . 5 *11 *1 -0 * 1.151(31-0* 1 .«225* ( - ( ( 1.0tOC*E-0( 7 1 * . 
7.71*9*E-0* 9.37*(0E-O2 1 . * (3*3f -10 * . * ( * 6 * t - l 1 1.33t(3I-C7 * . t700«( -10 717. 
7.13 H I E - 1 0 3.57(961-10 7.005501-10 7 . ] f« f3 t -07 7 . 1 3 * f t t - C * 3.«21'.lt-0S l i t . 
1.3t290E-O« 1.0VM31-O7 1.*»102I-07 2.127C9I-07 9 . *3 *3 t t - 12 7 .3(75*1-0* 7 1 * . 
« . * 7 5 t ( l - 0 7 3.252291-09 l . 3 * 0 * * t - 0 * 2.005191-07 1.5*12(E-07 7. (010*1-01 72«. 
( . i«0* (E-O( 2 . t *22(E-0 ( 2 . (5*031-0* 2.3003*E-0* 3.72*(7f-C7 7.311/51-0* 7 2 1 . 
1.220579-07 5.1*0201-0* 0.0 1.CCOOOI-09 3.27(111-07 2.167511-0* 732. 
2.00*3(1-07 5. M331E-06 1.531361-0* 9.(11251-07 2.9*0571-06 2.1529*1-10 723. 
1.123**E-0( «.4*5591-09 1.1979*1-0* 1.«1090I-0* 1.0*1431-01 7.S1W11-01 1 3 * . 
9.311(01-02 1.1731*1-10 6.0*76(1-11 1.25*171-07 3.707259-10 7.1(6511-10 725. 
2.739*37-10 6.«53359-10 7.2(26*1-07 ( . C J K E - O t 3.*7073I-0S t .3(2001-0* 73* . 
1.041531-07 1.*5**0I-O7 2.707501-01 7.5*5521-12 7.12*111-01 *.19*141-07 737. 
2.(10021-01 t . *025St-0( 1.97*511-07 1.(56131-07 7.952309-01 ( . 7 ( t ! 1 I - 0 ( 739. 
2 ; ( 1 3 3 ' l - 0 * 2.•46921-0* 1.9*3931-01 ) . ; * 2 U l - 0 7 7 .J I«}5 l -Of 1.230071-07 HI. 
5.1*0201-0* 0.0 1.000001-0* 3.3C3151-01 2 .U5111-0* 1.(13*01-07 130. 
9.120*1E-Ot 1.5«(57;-0( 9.515(11-01 2.1513*1-0* 1.71*501-10 1.7397*7-09 731. 
*.7**50i;-09 1.10*(3E-0( 1.*00921-0( I.C 19*71-09 7.492531-09 ( .379(01-02 732. 
* .«0t091-11 5 . * 0 7 l i ? - i i ' . - • - _ ^ » ' • . « • < ' • » - ! " «.525*51-1( 2.0»("OE-10 733.. 
6.323091-10 7.272391-07 9.0976(1-04 3.5C3151-05 1.3(2001-0* 1.075931-07 73* . 
1.*«53«t-07 2.<»l7JE-07 ( ,0*51*1-12 7 . ( !25*E-0* ».9135(1-01 2 . 0 * * l 5 l - 0 ( 725. 
1.H1221E-06 1.132301-01 1 .11 ( * * l - 01 1.(52*51-01 ( . ( ( 7 1 5 I - C I 2 . ( (5 ;01 -01 73* . 
2.966615-09 l . *7 (6« l -09 3.750(57-07 7.311*91-09 1.237561-C7 5.1(0201-0* 137. 
0.0 1.009001-09 3.3233*1-01 2.1(3391-0* 1.21I501-C7 5.13*131-06 7 ; i . 
1.55»50E-M 9.2(7101-07 2.95(311-04 1.354HI-10 1.750** I -C( * . ( * 1 3 < l - 0 * 739. 
1.K2391-0* 1.3(91111-09 1.032*21-01 9.*C*37E-09 ( .379(01-02 7 .5 * * *9 I -11 7*0. 
5.1*91*1-11 1.209591-07 2.21*7*1-10 5.931291-10 1 . ( 0 * * ( I - 1 0 5.110*91-10 1 *1 . 
7.2(3(71-07 9.15(027-0* 3.530321-05 l . !C200I -0* 1 . 0 ( 5 3 * 1 - 0 1.(73121-07 7*2. 
2. (7(991-07 * . (5*251-12 7 . * 7 t K I - 0 1 » . 127*01-07 1.6t*40I-0? 1.42000E-04 1*3. 
1.((1371-07 1.771991-07 7 .925HI -07 ( , <« (CK-0 ( 2 .70 ( *2 I -C( 2.(535*1-09 7 * * . 
1.1(15*1-01 3.755(91-07 7.2151(1-01 1.343(01-07 5.!»020I-C« 0.0 7*5. 
1.000001-09 3.331*21-0' 2.14190I-O* 1.029*99-07 5.119751-0* 1.5*1211-06 7*4. 
5.0965 I f - 0 7 2.457991-0* 1 . 0 U 9 K - I 0 1.712171-09 * . (9*191-09 1.1(05*1-0* 1*1. 
1.35952*-09 1.0255(1-01 7.32*911-09 (.319(01-02 ( . 31 (9 (1 -11 * .1*2211-11 1*9. 
1.1**301-01 1.177371-10 5.0330(1-10 1.311001-10 5.571171-10 1.255301-01 1*9. 
9.205011-06 1.552511-05 1.3(2001-0* 1.C1359I-07 1.*10(9I-C7 2.**7S51-07 750. 
• .055291-12 7 .50K9E-0* * . * * 0 ( ( l - 0 7 1.*C*3»t-09 l . * 2 * 7 * l - C * 1.923211-07 751. 
1.(21231-01 7.957991-07 9.021011-01 2.710011-09 2.(30131-09 9.92*391-10 753. 
) .7511*1-07 1.221501-09 1.250511-01 5 .H020I -O* 0.0 1.000001-09 1 '3 . 
3.3*3391-07 2.353001-0* * .25(741-01 3.712101-07 2.21(201-11 1.1913*1-05 7 ! * . 
3.9512IE-07 9 .920 .01 -U 1.1(1391-11 3 . ( ( ( (21 -13 1 . * (2 (7 l -04 1.5(2231-01 159. 
1.911951-01 3.111411-10 ( .311(01-02 1. ( (053l- IO 1.122(21-10 2.(10101-01 15( . 
2.79*121-10 2.353*31-10 1.27*5 71-09 ( .15(9*1-10 1.0505(1-07 5 . *7(52I -07 157. 
2.322521-Of 1.3(2001-0* 5.271*11-09 9.11**31-09 5.149051-01 5.1*51*1-11 159. 
5.713*91-10 5.1*1991-09 1.M9001-00 1.024201-01 1.737951-09 1.22(201-09 759. 
7.1*1151-09 1.2(9191-09 3.2*5911-10 1.9C5MI-10 1.111911-Cf 1.17355I-01 710. 
2.991391-09 1.7**721-01 5.K02CI-09 0.0 1.000001-09 5.13**91-09 9 * 1 . 
2.3321(1-0* 1.0**591,-0* 1 .3 (9 * * f -0 ( 1 . l ( H 7 t - 0 7 1.3(0(11-05 1.111111-0* 163. 
2.0*7921-09 ! . * 03 *3V10 1.56*171-11 1.••5321-06 3.2(1571-11 7.311541-09 1 ( 1 . 
2.3132*1-09 9.31*601-02 1.959491-01 2.01'aul- IO l . * 7 ( H I - C ( 1.001051-09 99* . 
7 . " 7 1 4 1 - 10 1.017111-09 1 .4 ( (2* f -09 3.01*3*9-07 l . ( 9 * 5 7 l - 0 ( 7.192111-04 7(9. 
1.362001-0* 1.**03»l-09 3 .0*71*1-0* 1.9!(*91-01 I .193(11-19 l . 7 » ' ; i ( - 0 * 7(4. 
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1.53M2E-07 ) . i : - 2 m - 0 * 3.28455E-C' 
"..155)3^-3" ' . * M l » » - 0 » 3.44J5 74-I0 
1.11*)7»-<l* 5.1432'7*-J4 0 . ) 
1. 34 127E-0* 2-5**<>!-3«. i . *742* ( -07 
1 . i ) H 5 M « I . l 7 7 2 * r - I 0 1.402451-04 
*.) '7' .OE-02 1.57l l*»-0« t .?«9taE-IJ 
) . * I 7»2E-1* '.*3»10E-0« « . * l ) 4 ( f - C 7 
2.97117T-0* 5.24«t3r-39 2.!811>(-77 
?.m25»-ai s.>i*i'»-07 i.:so«,;*-C! 
4.'>431(»-3» 4.74.451E-I0 2.1953 0-09 
;.i>)20»-04 a.3 i.oooaai-o* 
3.53«J7»-0- ' ^ • i ' . l E - O ' «.»a)94t-0» 
4.o4*5*»-io i . i m i i - i i * 2 . » i u i i - a a 
l . )97*4»-0* 1.45**7E-10 l . » > l ( ! - 0 ) 
i .5«5*i»-o« «.a»«»<s-»7 3 . « I ; I > E - O C 
T . ! l M W - S I 2 744HE-0 7 1.33*741-10 
7.<-»j«<»-aT « . ; i ' b i t - o < » . i « i 5 U - c i 
l .«7»7;»-1* 2 . l 4 * U » - 3 1 I .»*8** i -C7 
1.0 1.03393E-3* 1.2*7451-07 
7.50444E-0* 4.421«4E-3* 2.4 l lM»l-0* 
' . I : S S 5 E - % 2 . I 5 3 * , * E - O * '.i»7i»»E-ca 
i.24942»-1J 1 .4* t : * ! -a7 2.20844F-9* 
' . r l ) l j » - 9 7 4.7*)4tE-0>. 2.34<5>(-C5 
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Table 12. (Cbatuned) 
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a 0.2971 0.59932*8 22 801.9 937.1 8 * 8 . ) 882.5 918.8 - • 7 . 2 
* 0.2893 0.59**3*e 22 825. • * 5 * . 1 8 8 1 . * 8*8 .1 919.1 -37.7 

10 0.2993 0. (05 SUE 22 8*5.0 887.8 873. i 8 * * . * 120.2 -30.2 
11 0.2*02 0.103387E 23 990.9 87* .0 881. • * s : . i 121.1 -U.l 
12 0.2900 O.109999S 21 873-2 *88 . t 111.8 IC t .8 122.1 -!*.$ 11 8.290' 0 . 10*3928 23 88J.5 8*5.5 8*8.5 110.8 122.1 -15 .7 
i * 0.2913 0.10C091! 23 9J1 . I * a i . 8 10«.O 913.9 *23.7 -12 .7 
i s 0.2*19 0.119*218 23 8*8.7 *0 t . 8 *o*.s 918.9 *2* .S -10.2 
t i 0.2922 0.1070*98 23 * 0 * . ) *10.» 112.2 9 1 * . * » 2 i . l - 8 . 1 
17 0.2*25 0 . 107*598 23 *o*.s 9 1 * . * 11*.« * 2 2 . ) 1 2 * . * - 7 .7 
19 0.2*31 0.10*7958 23 112.* 111.0 120.5 129.5 132.9 -7 .7 
19 0.9*99 0.2551298 21 •05.7 S17.1 5)0.8 5 ( 5 . ) 993.2 -71.2 
; 9 6.3*5* 0.97:85*8 21 • 85.0 5*5.7 919.7 701.1 7*«. 7 -101.8 
21 0.3027 O. I *2 * ( )£ 22 s a t . ) 85) .» 891.7 771.5 • *v .a -117.0 
22 0.2989 0.102S72E 22 92* . 1 719.0 130.7 • 12.0 892.1 -109.2 
2 ) 0.29*1 0.»>0510E 22 ( 8 * . * 7 5 1 . • 79*. 1 • 38 . * 10* . S -10.9 
29 0.2929 0.9)*2*9E 22 725.7 7 8 ) . * 7** . 5 •;;.* 911.1 -79.9 
2S 0.29 50 0.791t«)E 22 789.1 909.* • 2 1 . • • 9 8 . * 912.0 -51.9 
2 ( 0.2999 0.)17**1E 22 7*5.5 830.8 1 3 * . * 878.1 112.5 -97.3 
27 0.2951 0.919029E 22 919.1 897.1. 15*.7 883.7 • 12.* -37.8 
2e ' . 25 72 0.95*S*5E 22 838.2 890.9 (98.8 8*0.0 1 1 ) . . -30.2 
29 0.2991 0.197*89* 22 853.1 8 7 1 . * 878.8 8*5.3 1 1 * . 1 - 2 * . 2 
39 0.299* 0.978927E 22 899.1 880.* 89*-8 ***.* l l » . « -11-« 
J l 0.2**9 0.1877*78 22 879.2 889.1 1*1.2 103.2 115.5 -15.7 
32 0.29C1 0.949302E 22 88* . 9 *»» . 1 199.5 108.2 119.1 -12.9 
39 0.2*01 0.9*7**58 22 8*1.1 * » * . * too.* 111*. 7 1 1 * . 7 -10.2 
3» 0.2*0* O.*0*S*1E 22 8*8.5 *02.« to*.* •18.8 117.3 -1 .2 
35 0.2* '2 0.M8228E 22 *01.0 *07.0 199. 5 * I * . S 920.9 -7 .9 
39 0.2*18 0.*110*7E 22 * 0 * . l t l l . i 912.5 118.5 121.9 - 7 . 9 
37 1.1)91 0.298288E 21 • 0 ) . * 512.* 5J5.7 578.1 93* . ) -91.7 
39 0.3*93 0.53*7791 21 •81.2 5*0 . ) 910.* • • 3 . 1 779.7 - 1 0 8 . ' 
3 9 0.30 39 0.1191198 22 55*.» 853.0 (75.5 7*9.0 852.3 -115.9 
» 0 0.2*17 0 . ' (118*8 77 922.9 701.7 729.2 • M.S 889.5 -105.9 
• 1 0.29 31 0.92S7728 2 . 878.0 7*1.8 792.5 • 1 1 . t 8 * * . * -90 . ) 
• 2 0.3922 0.723**28 22 722.* 777.1 7 * 1 . * • •8 .8 V09.5 -7».« 

.«-. . 0.2*20 0.1557!** :? .-.« | so;.« . . . . I I * . J.... . . . 851.1 105. J . . . . -St . * 
• 9 0.2136 0.790* 9)8 22 7*8.2 823.3 (32.5 899.9 »0}.3 -»7.» 
•s 0.2999 0.9009318 22 811.1 8 3 * . * • • 7 . 1 979.3 M S . * - 3 7 . ) 
• 6 0.2*59 0.)1713)E 22 8)0.5 851.2 •51.0 992.) 905.7 - ) 0 . 2 
• 7 0.2999 0 . ) ) 0 ' 2 7 t 22 8*5 . ) 88*.0 99 * . * 993.3 909.1 -2». 2 
49 0.2915 0.)91151E 22 858.1 872.7 878.5 9 * 1 . * 109.9 - I I . * 
• 9 0.29'2 0.9**7138 22 898.0 ' *7». * • 8 2 . * 919.1 907.1 - I » . t 
50 0.2997 0 . 9 5 * 9 1 * ! 22 879.1 885.7 8)8.1 897.* • 0 7 . * -12.» 
S I 0.2991 0.9821*28 22 882.8 8*0 . * 8*2 . ) 100.1 10* . 1 -10 .1 
52 0.29*5 0.898*978 22 8*8.0 * * * . 2 1*5.8 103.1 *0( .S -8 .2 
S3 0.29*7 0.1702*78 22 8 * 2 . ) ***.) I * * . * • 0 5 . * 112.0 -7 .8 
5 * 0.2*01 0.8730<08 22 8*8.0 * 0 2 . ) * 0 ' . a 909.9 * I 5 . » -7 .8 
5> O.«0«0 0.215)238 21 901.5 509.2 5 1 * . 7 599.9 822.1 -*5.* 
59 i 7515 0.9*50178 21 • 79.1 5*2. ) •02.2 991.5 792.1 - 1 0 2 . * 
5 7 0 . i , » S 0.1773*02 22 5 * * . * 9 M . 2 9(9.1 7J2.7 9)9.1 - 1 1 2 . * 
S« O.i 4H 0.27(112! 22 ( 1 9 . ) * » * . 2 719.9 799.0 • 72.9 - 1 0 3 . * 
5 9 0.29 JO 0.3*5 3(28 22 898.9 7 ) * . * 752.) • 30 . * 9(9.5 - • » . * ( 9 0.2912 0.572)2)8 22 712.* 789.9 191.1 • 37.) 99) . 5 • 79.0 
9 1 0.2909 O.I0)2'>5t 22 7**,5 7*1.9 901.9 •••.* 99*. 2 -59.2 
9 2 0.2923 o . » : * 2 i : r 22 777.J 812.0 921.1 •57.5 •13.1 -»7.2 
93 0.2939 0.9*81*98 22 800.2 829.1 9 )5 . * • M . 5 973.8 -J7. 7 
( 9 0.2)93 0.999S57E 22 918.* 8 M . 2 •97.0 • 70.2 o>).9 -30.1 
95 0.2951 0.«77',«0E ti 933.1 851.7 • 5 9 . ) • 1 * . * 993.7 - 2 » . l 
99 0.2)57 0.997*758 22 8*5.7 8(0.2 1(3.9 • 39.9 8 9 ) . * -19.9 
97 0.2993 o . * * » ) ' i e 22 ass. 5 897.1 • 70.1 993.1 999.2 -15.5 
« 9 0.2991 0 . 1018(18 2) 8 8 ) . ) 872.7 •75.1 • 19.7 8*1.5 -12.5 
8 9 0.2997 0.1029058 23 8 8 * . ) 877.) • 79.2 • • 9 . 1 • 99. « -10.0 
70 0.2910 0 . 102*991 2) 879.* 881.0 •12.5 • • t . 7 815.1 - » . 1 
7 ! 0.2)7} 0 .10)1*5: 2) 87* . 1 885.1 • I t . * • 12.7 9*9.1 -7 .9 
72 0.29)0 0.10)99)1 2) 882.* 980.9 •90 . * • •8 .5 902.7 - 7 . * 
73 0.5122 o . ? : : » « J I 21 1*8.* • 97.2 510.* SSI.7 t o * , i • i t . ( 
79 O.J559 0.9*22321 21 • 70 . ) 573.1 592.0 • t 7 . i 7*9.9 -91.0 
75 O.JOil 0.19952/8 22 S'1.0 9 ) ) . 8 «5*.8 319.5 822.2 -10».0 
79 0.219* 0.2575951 22 90* .1 991.5 102.1 7)0.1 857.1 -101.9 
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TaUe 12. (Cfrt iwi) 

77 1.2*24 0 . MO* t i t 22 ( 57 .0 
7 1 C.2101 * . M 2 2 ] * I 22 700.2 
7 * C.21** 0 .72*»1U 22 715.1 
•• J . 1 7 « * . 7112*0* 22 7* J . I 
• 1 • - 2 t t l 0 . 7*090*1 22 70S. 5 
• 2 ••2112 * . 7*1*711 22 0 0 2 . * 
• J 0.2111 ->.717)Mt 22 010.0 
•• 0.2*25 0.0*7*011 22 021.7 
•« • . M M ( . •15*311 22 ( 1 1 . 1 
M • . 2 1 ) * O.I221t2C 23 •»*.( • 7 • - 2 » ) t O . I27** t t 2 2 •52 .7 
•• • . 2 0 * 1 t.011C7]t 22 057.7 
1 1 0.2*13 0.(35*521 22 • * 1 - 7 
I S • . 2 1 St 0.117(271 22 t t s . i 
• 1 0.S22* 0.20*120* 21 !*».* 9 2 • . 1 ( 2 * 0.7711151 21 MJ.O 
9 1 O.JtW 0.1511111 22 510.2 
*» • . » te 0 .2 ) )« )0 t 22 5 * 0 . * 
1 5 • .212] 0.11(1501 22 ( • 1 . 1 
M • .2702 *.«*<21St 22 ( • J . J 
97 9.2770 0.11(1121 22 7 1 * . * 
9 * • . 2 7 7 ] t . t i t f s t e 22 7 1 ) . * 
9 1 • . 2771 0 . ( ] t * * « t 22 7*5 .1 

1 M 0.277t 0.11SOSO1 22 7t2 .» 
1*1 0.2770 i . n r i m 22 7 » « . * 
1*2 • . 1 7 0 ) • • •SIS M l 22 007.5 
I t ] 0.2707 t . M S l t S I 22 1 1 * . I 
l i t • . 2701 0.171*(*1 22 123.5 
U S • . 2 7 1 * 0.S7M27I 22 129. 2 
I t * • . 2 T M O.MO*OSI 23 1 ) 1 . 1 
» 7 • . 2 7 0 * 0.K1S7S1 22 • 1 1 . 1 
1 1 * 0.2000 O.MS* t i l 22 110.7 
1 M • . S i l l 0. M l » l " » t 

H O • .1710 0.(11(221 21 • 5 1 . 7 
i n 0.1151 0.1120511 22 S1S.4 
112 0.2725 0.111)4*1 22 S71.J 
H I • .2127 0.2*57001 22 ( 10 .7 
1 1 * 0.271] 0.12**20t a ( 5 7 . * 
I I S • . 2 7 ( 1 0.17*0171 22 * * 1 . 0 
I K • . 2 7 * 1 O. I21t t * t 22 7 1 * . 2 
117 • . 27 *2 0 . *5)*22t 22 7 ) * . ) 
l i t 0.2710 0.5033351 22 750.1 
» l » 0 .27M 0.5*11021 22 7 * 3 . ) 
120 t .2735 0.511*211 22 7 7 1 . * 
121 0.271* 0 . 0 1 ) 1 2 1 22 7*1 .1 
122 C.2711 0,70(1*01 22 70* . ( 
129 0.271] 0.1155021 22 7 1 * . 1 
1 2 * 0.2712 0.1110111 22 7*0.5 
12? 0.2717 0.121(321 22 C02.0 
124 0.27*1 O . I 2 ) * * t t 22 I 0S .1 
127 0.55»7 0.1517(01 21 1*1.5 
1 2 1 • . • • 2 * 0.5172)11 21 1 5 * . I 
127 0 . 3 ) 1 * 0.10*11*1 22 5 1 * . 2 
l i t 0.1111 0.1*5*021 22 5*0 . * 
• 1 1 0.2172 0.11***11 22 ( 1 2 . 1 
112 0.2117 0.21**051 22 ( • 7 . 0 
1 1 ) 9.2*51 0 . 2 M 1 M I 22 ( 7 * . t 
1J» 0.2*25 0.2(72*11 22 * « * . 7 
1 ) S 0.2107 9 . » l 2 * 7 t 22 714.2 
l i t 0.271* o . 2 t * i * t : 22 7 2 * . * 
117 0.27*5 0.101*0*1 22 ' l l . O 
1J» .277t 0.11117*1 22 7*7. t 
1 1 * 0.277* 0.127222! 22 7SS.0 
M O 0.27 70 0.115*511 22 7 * 1 . ) 
111 0.27*7 0.115*111 22 7 * * . * 
112 0.27<* 0.1(3**11 22 771 . ) 
M l 0.27*2 O.JTW 151 22 771.0 
I I I 0.27(1 O . K D M l 22 770.2 
U S 0 . 0 o.v •50 .9 
1 1 1 0 . 0 0 . 0 •50 .0 
« • • ; 0 . 0 0 . 0 •50 .0 
l i t 0 . 0 0 . 0 •50 .0 
n« 0 . 0 0 . 0 •50 .0 
ISO 0 . 0 0 . 0 • 5 0 . 0 
151 0 . 0 0 . 0 050.0 
1S2 0 . 0 0 . 0 •50 .0 
I S 1 0 . 0 0 . 0 •50 .0 
1 S I 0 . 0 0 . 0 050.0 
15S 0 . 0 0 . 0 050.0 

i n t u n , rtucmit *» M M , ( • K C I I 112.* 

722 . ) 119.« 
7S).» 1 (1 .1 
772.9 7«1.» 
»*7.« 0 0 * . * 
111.1 • 2 0 . ) 
• 2 5 . * 0 ) 1 . i 
• I S . 7 0 M . 3 
• • 3 . 1 •«>.* •50 .5 •SJ.« 
•SS.O tSO-2 
• M . I 0*2.0 

•*).* M S . 2 
• * 7 . 7 011.2 
• 1 1 . ) •12 .9 
•10 .7 SOt.( 
5 ( 1 . 7 571.3 
* 2 0 . 1 * * 0 . 2 
• ( 7 . ) * • * . * 70S.* 722.* 
7 ) S . ( T*9 . ( 
7S1.1 l l t . S 
777 . * 1M.T 
792 . * 7 1 1 . * 

•*•.) • 0 * . ! 
01 ) .? • I t . 2 
• 2 1 . ) * 2 * . l 
•2T.« l i t . ) 
0 ) 2 . 1 •J» .7 
» ] * . • • M . 2 
• J l . l 1*1.1 
* • ) . * t *5 .2 
••>.• t * l . ( 
• 7 » . | »*».1 
S*4.2 «S* . * 
S i t . 7 » * * . l 
« * 2 . 1 **o.s 
( 7 1 . 1 (*«.* 7 0 * . t 720.0 
7 2 * . * 731.1 
7»5.1 1S*.5 
7 5 1 . * 7 * * . l 
770.S 771.0 
771 . ) 133.7 
7 * * . * 7*1.1 
712.2 7 1 * . 1 
7 9 * . 1 711.1 
•00 .7 002.1 
0O« 5 001.1 
t o t . t M 1 . 7 
• 1 1 . 1 013.0 
•07.7 M l . 7 
5 1 * . • 5*3.5 
517.1 (11.3 
* ) 7 . 2 ( S 2 . t 
• (».) ( ( 2 . 1 
• 1 7 . 1 7 * ) . * 
7 I0 .S 711.9 
72S.0 7 )2 . ( 
7 ) * . S 7*2.5 
70S.7 750.5 
75) .0 75 * . * 
751.0 7(2.0 
7 * ) . * 7 ( ( , 2 
7 * * . * 770.* 
772.0 7 7 1 . * 
777 . ) 771.1 
701.0 7«2.( 
701.5 7 M . 1 
150.0 104.0 
15O.0 1 0 * . * 
150.0 ] » • . * 
350.0 ) 0 
J 50.0 "•• r 

1SO.0 . . 4 
350.0 101.0 
150.0 ) 0 * . 0 
jsa.o 10* . 0 
150.0 10 * . 0 
150.0 10* . 0 
1 2 * . » 0.0 0.0 

M l . 2 
121.0 
t l l - O 
• * 2 . 9 
t * l . l 
•S4.S 
• S t . * 
0 *2 . ) 
0(5.2 
1(7.4 
1 ( 1 . * 
t i t . ) 
t i ; . « 
• 7 1 . 1 
5«5.1 
( • S . I 
111.1 
1(1.4 
l l t . S 
0O».( 
015.2 ' 
022.5 
t i l . 2 
•12.1 •)(.* 
119.0 
1*1.1 
t * * . t 
1*5.1 
• * 7 . 7 
•51.» 
19* . t 

17.« 
122.7 ((!.* 
129.0 
15*. 2 
171.1 
111.1 
7 ! * . * 
71J.1 
117.1 
001.0 
• • 3 . 7 
• • 5 . 1 
•C7.1 
•01.4 
• 12.5 
• K.I 
• 11.4 
531.2 
(22.S 
( l l . ( 
1 1 * . * 
7 K . ( 
719.1 
157.0 
7*2.1 
7««.) 
7 * * . * 
712.0 
17* . 1 
775.1 
171.0 
7(0.0 
715.) 
711.1 
752.* 
101.0 
301.0 
101.0 
301.0 
3(1.0 
301.0 
104.0 
1CI.0 
1 0 * . * 
) o * . o 
3C..0 

r o « * i i i o R i n 

t i l . t •!•-• 
•19 .9 
119.1 
1 1 1 . ] 
• 1 1 . 1 
117.4 
111.2 
171.2 
117.1 
•11 .4 
• 1 1 . t 
• • 1 . 7 
M S . ) 
SOU* 
1 2 1 . S 
1 *9 . ) 
035.1 
•S1.0 
• S t . * 
•S9.S 
•50 .2 
05 * . 0 
OSS.* 
*S».» 
OS*. I 
•SJ .1 
• 5 ) , I 
• 5 ) . 2 

• S4.» 
• S I . I 
1*1.2 
S M . ( 
t o * . * 
1 (1 .4 
1 M . 7 
• 11.2 
$21.* 
•2J.» 
•22.4 
120.9 
• 19.4 
t i t . ) 
• 17.5 
•11 .0 
1 1 * . 1 
• l * -5 
• 1 9 . 1 
122 . * 
• 2 5 . 1 
S t t . ) 
* t 2 . t 
74S.S 
1 1 * . 1 
791.0 
714.4 
791.0 
792.0 
791.1 
7 1 t . ) 
717. C 
7 l « . i 
7*5.4 
7tS. 7 
717.2 
791.7 
79S.S 
799. t 
104.0 
104.0 
301.0 
301.0 
) • • . n 
104.0 
104.0 
301.0 
301.0 
104.0 
304.0 

751. » 

- M . 1 
-1J -2 
-S9-S -*!.* 
-rt.i 
- J O . l 
- 2 4 . 1 
- 11 .1 
- I S . ) 
- 1 2 . ) 
-9 .9 
-0 .0 
- t . t 
- 1 . 9 

-S1.1 
-91.4 

- 1 1 1 . 4 
-91 .9 -•(.• 
-11 .» 
-SO.S 
-•*.» 
- 1 7 . 1 
• 2 9 . . 
- 2 1 . 1 
•10 .1 
- I S . I 
- 12 .1 
-9.7 
- 1 . 1 
- t . 1 
- t . 1 

- S l . t 
- 1 1 . S 
- 9 1 . 1 
- M . 1 
-00.4 
- k l . ( 
-55.2 
-44. S 
- I S . * 
- 2 0 . ) 
-22 . S 
-17.9 
-14.3 
-11 .4 

- 9 . 1 
- t . ) 
- 1 . ) 
- 1 . ) 

-52.) 
-10 .4 
-M.9 
-M.7 
-71.1 
- S I . 4 
- I t . ) 
- H . l 
- ) 1 . 1 
- 2 * . 7 
-11 .7 
-IS. 7 
-12.S 
-10 .0 
- * . * 
- 0 . * 
- * . * 
- * . l 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

t . e root* («*7i 1.7*7*1 0) 

« T 9 t « r t i t r n i i T t n r r t t T m » o « t i m m r m y s t i L L i n u r t c i roce/r i i • • 4 . 1 -110.2 

coiotLirio* ni i i i i COOIT I D e 
coMour i f t f i icTicus er i l l r o i t i t c f i i r r t m c i T r i n i t r o n s , t i e c (s«t l i n e m i w i 1 4 ) . * * , 14*) 

125 0.0021*15) 725 0.122(77*1 525 t .<* l *07?> 
100 0.10*»l)72 700 o . t j i i o m 5 0 0 0.17*151*1 
• 7 5 0.2**715*5 •15 0.t7723)«t «7S • . • * 7 t * t 2 ! 
• 5 0 0.11*72225 ( 5 0 0.OM01CIO • 5 0 • .995*02*1 
025 0 . I 0 1 H I I 5 • 2 5 0 .112K1O • 25 0.1991I0M 
• 0 0 0.5715)3*1 ( 0 0 0.12711;*) 4 * 0 * . l « * * l l l < 
»»5 O.IUMSIO J»S • . • • l i i i l l 115 i.ctiiwtc 
150 0.77tOI21t 550 0.19* 17*13 150 I.OOOtOOM 

tOTI l CM T M I t l 0.1*2 n * O T N M l TOftt CtCrl T i l l I I i . i * ] ( t u r n ro* M i o t i e e t i t i t c o r i t i 
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TaUe 12. (Cmla-mi) 

-TB-ta- cas ceoua aucioa ta t iau . n n m i B coat, o m ttasxoa ». t . n i t i*ai — «a u r n . • 

taa-Ta sianx raoaue. n a a u ats i i t s n i i i m c T I B * U . n a a i i u c i 

i r r ren caaraoi fUl iBirs 
imn n > r u i toot, t.rtoa i r i c 
< D U I / B ratssaat a c r aaa r i ia c a n c 
in.Br (-1/0.1/1- ru iac i a/ craist/ inoar) -1 
i r o n j - v o . i / ? - Tanwnasvssccac aaacti a 
m o i l t ra iuatr xr .BE. t (anaasi a 
m r coaaecrioa n o m i coaaactniTT a 
traac I B I T i r r r i a 
lair i t irt . omca a 
ant aaaotu orinas c 
ran. ILHEBT crcitrat. a- sraor, 1- cr i a 

naaTiac rciar coaraot r u u a u : — 
•BID raicrtoa 
xaisr t n r u n i ! tci 
i n r r racssatr omi 
• ISS noo B»TE (ac/si 
CBaacrmsTic • m i m i c aiaiaria tea) 
lertanct attract 
aicoT'iiwe Bract mcriaa 
sracirira rona u r t t 
•iitasio* or crtt roa ROT i n o n t (Ci) 
ran. noias or roag atrraut teat 

last aiatas or siatcar atTtaiat tea) 
carter T t i r ranne tcj 
rtaeace aBiTiri it i 
t n n i coaaacTittTt a a t i i r t i a 
coarEacaacE cairtaia 

a.a 
a.acaa* t i 
a.c 
a.acca »» 

a.e 
a.iicoa oe 
a 
c 
a . . > 01 

a.;:aoa oi 
o.caaa oi 
a.iccaa ot 
o.iccoa oi 
o.o atixaaa era naa xa stcoaa 

o-o a.» o.a o.o a.sotaoa-ti a.a a.a 
•xinon atiort argoitntrr - - * * i i * * o * a , naoar i t t iua ta ~ itaaco BOBS 
tot a or xarooo - i . i t m le OOES aci aatca I«CI»T- o . i tMt ia 
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Data for the thermal hydraulics calculation originated as follows: 

Nuclear data User input to Input Processor 

PBLINS record on CONTROL. User input to DUTLIN 

Geometry description on GEODST User input to DVENTR 

Point power density on PWDINT VENTURE ncutronics 

Zone power density on ZNPOWD VENTURE neutronics 

Temperature results on ZNTEMP THR-TH thermal hydraulics 

The control over the hydraulics calculation included assigning the inlet orifice blocking 
at the zone level and setting the orifices to cause equal average outlet temperatures. Note 
that there are four coolant channel blockings and the coolant flow rates per unit area and 
pressure drops associated with each were calculated as follows for the conditions specified 
initially: 

3.M**t 01 
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Block 1 2 3 4 

Coolant mass flow rate 1.4440-3 1.8071-3 1.2887-3 1.3803-3 

(kg/s-cm2) 

Pressure drop (atm) 

Orifice 0.1015 0.0 0.1401 0.1185 

Flow loss 0.2071 0.3086 0.1685 0.1901 

Sum 0.3086 0.30S6 0.3086 0.3086 

Peak surface temperature 930.0 883.8 919.8 930.3 
(°C) 

The pressure drop data include only that through the fuel assemblies and exclude loop, 
vessel entrance and exit and axial reflector losses. 

7. PROGRAM CONSIDERATIONS 

This code has some double precision type assignments to avoid the inaccuracy of half 
precision word length made standard by the computer manufacturer. It is reasonable to 
assume that such special assignments and associated function names would be altered with 
a simple processor prior to compiling the source deck on a long word machine. An effec­
tive processor would eliminate REAL*8 statements and double precision notation of func­
tion references. 

Memory allocation is made problem dependent by use of special features of the local 
operating system. Equivalent capability on another type of computer could be effected 
only with source deck changes. 

The source deck is basically standard ANSI-X3.9-1966 Fortran. Major changes would 
be necessary before it would conform with the -1978 Fortran standard. 

Due to the large size of some of the routines and associated compile tables, consider­
able compiler capability is needed that may not be available. Locally with the Fortran H 
compiler, 450K bytes (115,200 short word) storage is needed. 

Key information about the code is presented in Fig. 8. Included are interface data 
file usage, the roles piayed by the subroutines, and the program overlay structure. Overlay 
is not used for data blocks. 
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IRFOBRATIOR A BOOT T 9 t OBNL "T55-TK" THEENAL HTDBAOLICS CODE 

DATE: SEPT, 198 3 

IRTE9FACE DATA FILES 

FILE DATA USE 

GEODST SEOHSTEI DESCBIPTIOS, HESHPOIB* AHD ZORE LOCATIONS 
PBDIRT POWER DENSITY DATA BY HESHPOJNT 
ZNPOWD POWER DERSITT (FOB ZONE, SG^OKE TEH P S , VOL FEACTS) 

THIS POWER DERSITT I S USED I F THESE I S BO "ZHPOWD" FILE 
CFHIST REDTBOH FLOI EIPOS08E, COHTIROCOS POELIHG, OR 
EXPOHT RE0T30H FLOI EIPOSORE, FIXED FOEL 
TBEHHA SPECIAL DATA FOE CERTAIN FIXED FOEL OPTIORS 
ZRTEHP TEHPEBATOfiE BESOLTS FOB SUBSEQUENT OSE BY OTHER CODES 
TDATAS SATE THEBBAL HTDBAOLICS BESOLTS FOB BECOTERT 

—ORLT A SIBGLE VERSION I S PBEHITTED TO EXIST 

SIRCE ORLT ORE VERSION OF THE FILE "TDATAS" I S ABHITTED. DATA CAR 
ROT BE RECOVERED ABD SAVED SIHOLTANEOOSLY FOE THE SAHE CASE 
— FILE RUBBERS AOTOHATICALLY ASSIGRED IRDEX OPWARD 

ARD DEPEND OH PAST ASSIGNMENTS AFFECTIHG SAVE SELECTION 

IRFORHATIOR ABOOT THE IRDIVIDOAL SOBEOOTIRES 

BOOTIHE RARE PRIHART BOLE 

HAIR HAIR ROOTISE, DOES SORE INITIAL CHECKING 
I R I L FILE HEADER READING, CHECK INSTRUCTIONS AND DATA 
STRT LINE ROUTINE THAT CONVETS DATA ARRAY SPACE 
GTDA MANAGE DATA STORAGE AND ACCESS FROH ITERFACE FILES 
GEOD ACCESS DATA FSOH GEOSETBY IRTEBFACE DATA FILE 
PDRD ACCESS POWER DENSITY, EXPOSURE DATA 
PBST SELECTS CALCULATION PATH, OVERSIDE DEFAOLI DATA 
GRAC ESTIMATION OF THE THERHAL CONDUCTIVITY 
TBAR .1ANAGEE ROUTINE TO CALCULATE PEBBLE TERPERATUPES 
XOOT WRITES THE TERP2RAT0RE INTERFACE DATA FILE 

HERE BEGIN THE 2 - 0 PEBBLE BED OPTION ROUTINES 
HPBL DIRECTS THE TW0-DIH2NSI0NAL CALCULATION 
BLOC DATA PROCESSING, HEAT SOURCE, VOID FRACTIONS, 
I N I T INITIALIZES THE THERHAL HYDRAULICS PROBLEH 
TRAC SPECIAL EDIT FOR CHECKING DETAILS 
IDEE SOLUTION PROCEDURE BY ITERATION 
HFLU PRODUCES AUXILIARY INFORHATION DUPING ITERATION 
POUT THERHAL HTDRAULICS PRINTOUT, TWO DIHENSIONS 
CLTE MANAGES THE PEBBLE TSRPERATURE CALCULATION 

(CON'T) 

ETC. 

Fig. 8. Information About the THR-TH Thermal Hydraulics Code. 
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c 
c 
c 
CEOF 

HEBE BEGIN THE 3 - 0 FIIED FOEL OPTION ROUTINES 
TRIP MANAGER FOR THE SOLID CORE. FIXEH FOEL MODEL ( 3 - D ) 
BLAA SOLVES l - D FLOW IN PARALLEL CHANNELS 
CTPP THERMAL CELL CALCULATION HANAGEB 
ZBAR SOLVES 2 -D THERHAL CELL PROBLEMS 
ZBAX INITIALIZES 2 - 3 THERMAL CELL PROBLEMS 
GRID NOLTIGP.ID RELAXATION SOLUTION MANAGER 
BXIT SOLTIGRID COLLAPSE ROUTINE 
FXIT HOLTIGRID SOLUTION ROUTINE 

THESE ARE THE t - D PEBBLE BED OPTION ROUTINES 
PBL1 FLOID FLOW FOB ONLI THE ONE-DIMENSIONAL HODEL 
CALT PEBBLE TEMPERATURE CALCULATION 

TPESE ARE SYSTEM STANDARD UTILITY ROUTINES NOT SPECIAL HERE 
SEEK DATA FILE MANAGEMENT SERVICE EOOTINE 
h T T E DATA TRANSFER SERVICE ROUTINE, QUALIFIED WRITE 
PEED QUALIFIED DATA BEAD, EiiTRT POINT IN "RITE" BOOTINE 
TIBER ACCESS CP COHPOTER TIME, EIC. 
GETCOR MEMORY SPACE ALLOCATION FOR DATA ARRAYS 
FRECOR RESORT SPACE BELEASE 

BLOCKING THE PROGRAH INTO OVERLAY LEVELS 

OVERLAY LEVEL 

A 
A 
B 
B 
C 
C 
c 
B 
c 
c 
D 
D 
B 

ROUTINES 

I N I L 
PBST 
GTDA,GEOD,PDKD 
HPBL,HFLU 
BLOC,INIT,TEAC 
PDEX,IDE5 
POUI rCLTE 
TRIP 
BLAA 
CTPR,ZBAR 
ZBAX 
GRID,HXIT,FXIT 
PBL1,CALT 

(THE ALIAS IN THE SYSTEM 15 CONFIDENTIAL? 

MEMORY REQUIREMENT (SHORT WOPDS) 

PROGRAM 2 7 , 8 0 0 ( 5 7 , 3 0 0 WITHOUT OVERLAY) 
SYSTEM ROUTINES 8 , 2 0 0 
MINIMUM DATA AP3AYS . 2 0 , 0 0 0 ( 1 6 4 , 0 0 0 EXAMPLE, VIFTUAL HEMOFY) 

TOTAL 5 6 , 0 0 0 ( 2 0 0 , 0 0 0 NOT UNUSUAL) 

Fig. 8. (Continued) 
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8. GLOSSARY WITH THERMAL HYDRAULIC CODE IMPLICATIONS 

The following definitions are presented to clarify usage. Specifically, much of the ter­
minology may be said to have come from the reactor core physics analysis area, albeit pro­
vincial even there. 

Acceleration. The iteration solution process is acceter-*~* by multiplying the calcu­
lated change in the iterate value of a dependent variable by an acceleration coefficient 0, 
typically fi = 1.40 for the hydraulics problem and B = 1.75 for the thermal cell prob­
lems. If B < 1, the procedure is one of dampening possibly needed for stability. 

Blunder. That which produced an error, more often having human source than 
machine (as developers always say, "check the input first!"). 

BOLD VENTURE. The name of the computation system, both production and work­
ing versions being available for application (development versions separate). 

Condensed Edit. A summary of information about UK. modules used and key results 
appears in the condensed edit for a computer run. The key temperature data for each 
thermal hydraulics problem solved are in a one line edit. Note that the reference power 
level is included for checkings and a list of the interface data files that exist on termination 
is printed. 

Convergence. The results of an iteration process are assumed to be acceptable when 
certain convergence criteria are satisfied. The maximum relative iterate change in a 
dependent variable (coolant temperature, pressure) over the mesh is arbitrarily tested 
against this criterion in this code. A relaxed criterion is also used for testing the core pres­
sure drop changes. 

Coolant Channel. An axial traverse up or down (or sideways) along the direction of 
coolant Flow, used here in reference to average heat removal conditions in a discretized 
grid by gas coolant flow in a cylindrical hole. 

DEBUG LEVEL EDIT. Generates considerable output of little interest except to the 
programmer. The negative option can be of interest to display only the iterative data for 
the thermal ceil problem. 

Discretization. The basic equations involve derivatives and/or integrals. For solution, 
values of the dependent variables are calculated at discrete locations and the applicable 
equations are solved in difference form, for example d^/dx = (*, - ^m-\ijXn - XH-X), in 
the lowest order, linear approximation. 

Dominant Error Vector Eigenvalue. The error content of a dependent vector, such as 
the coolant temperature values for a grid of meshpoints, is expected to take on a simple 
form asymptotically as the number of iterations increase (with a fixed procedure). When 
linearly independent, this dominant error vector is characterized by its eigenvalue A, often 
estimated with a mathematical norm involving sums of iterate changes. For a convergent 
process, A < 1, so that A" tends to zero, n being the iteration count. 

DUTLIN. The name of the special user input data processes used to process formatted 
model control instructions. 
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EDIT LEVELS. Reference edits are usually adequate except when a solution is to be 
studied in detail. Specifying a higher edit level generates output of certain data supplied 
(power densities). 

Energy. The bask unite of energy in this application are power times time (P = 
dE/dt), watt-sec = joules = 4.186 Gm-eal = 107 ergs = 6.242 X 10'» eV. 
Roughly 3.1 X 10~" watt-sec of energy is produced upon the fission of a heavy atom. 

Entrance and Exit Losses. The coolant channel diameter is assumed to be very small 
relative to the plenum sizes, so entrance and exit flow losses are calculated with a simple 
model. Note that losses associated with the manifold and direction changes and entering 
and exiting the pressure vessel are not included. 

Exit Pressure. The coolant is expected to enter the exit plenum at a common pressure. 
An acceptable solution to a problem would display equal mean and minimum coolant exit 
pressures. 

Fluence. Product of flux and time (J+dt), usually involving only the high energy flux 
and used to predict the consequences of atom lattice damage on heat transport properties. 

Fuel Temperature Distributions. The cumulative volume fractions of all of the fuel 
having temperatures exceeding values of a reference grid are estimated and reported. 
These data are a simple approximation based on a linear interpolation using the calculated 
average and peak values for each fueled zone. Evidently the more meshpoints and the 
more zones used in a problem, the better is this approximation. 

GOSIZE. Job control computer memory allocation for a job, appro? iiatery 4* 
WORDS + 300, where WORDS is in k short words for data storage and 3<)0 allows for 
the computation system modules, in bytes. Note that an allocation of W O K C J for the 
system is increased by 20 for the thermal hydraulics code since it is a relatively small code 
in its load module form with program overlay. 

Input Processor. The code module in this system that is used to generate interface 
data files one-to-one from free form format user input data. 

Interface Data Files. Codes are controlled regarding task assignments and options with 
a record in the file CONTRL, record PBLINS for this code. Special data may be sup­
plied in the Tile THERMA. Data are read from the latest (highest) version of the 
GEODST, EXPOHT, PWDINT, ZNPOWD files; temperature results may be written on 
the ZNTEMP file, and data may be saved on or recovered from the TDATAS file. Files 
are managed in this system so that logical unit numbers are assigned and determined with 
special programmed procedures. 

Mass Coolant Flow Rates. Mass flow rate is reported on a basis of one cm2 of core 
area normal to the direction of flow, kg/sec. 

Memory. A certain amount of the computer memory is required to store the data for a 
problem (in addition to that for the code), typically increasing as the problem site is made 
larger (increase in meshpoints and zones). The thermal hydraulics problem is stored in the 
computer memory (no data moved in and out from disk during the solution process). For 
targe problems (many meshpoints), the computer may have to operate in the virtual 
memory mode, whereby disk space is used and data transferred by the operating system as 
necessary. The thermal hydraulics code can not initially determine the memory require­
ment for a problem since inactive meshpoints must be deleted. 
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Muttigrid. An acceleration process that involves solving coarser and coarser grids of 
meshpoints to a size that can be solved directly, then returning through the levels to con­
struct a new distribution of the estimate of the original fine mesh problem solution. 

Multiplication Factors. The value of k ^ for the reactor indicating the ratio of the 
neutron generation rate to the total loss rate; this value should be near unity in modeling 
the core of an operating reactor. 

Orificing and Orifice Block. Several of the coolant channels may be assigned the same 
blocking number to indicate that the flow in them is under the influence of a single orifice. 
With the orificing option, the pressure drops across the orifices are adjusted to effect flow 
rates that result in a preferred condition, such as minimum peak coolant channel surface 
temperatures by block. Note that to be realistic, the coolant channels assigned to an orif­
icing block would have to be neighbors, although such neighbors can wrap around boun­
daries when rotational or reflecting surface conditions model geometric repetition. Note 
also that radial power density flattening (enrichment variation), flux supression in new fuel 
assemblies (burnable poison), and preferred control rod positioning can significantly reduce 
coolant block orificing requirements. The summed pressure drop along a coolant flow rate 
includes the associate orifice pressure drop. 

POINTERS TO DATA LOCATIONS. This is information that is edited to support 
programmer effort in study of the capability or extending it, not of interest to the analyst 

Power Density. The local heat source rate having the neutron fission as the dominant 
contribution, typically an average for the local discretized region, usually expressed in ther­
mal watts per second. 

Power Weighted Fuel Temperature Solution of the equation JPTdv/JPdv, an effec­
tive temperature for auxiliary core analysis support calculations. 

Print/Microfiche. Local capability exists for selective edit media. 

Reversing the Coolant Flow. The ability to reverse the direction of coolant flow (from 
the reference direction) is offered as a user convenience but is of secondary importance 
since a core design and mode of operation are for a known flow direction. The geometric 
description for the neutronics calculations might be reversed, so exercising the option 
avoids revising the description. The effects of reversing the flow might be of interest, 
although likely a higher fuel loading toward the coolant inlet is used to hold down tem­
perature peaking. 

Reynolds Number. The ratio of inertia forces to viscus forces, GD/p, where G is the 
mass flow rate, D the characteristic diameter of the channel and p the fluid viscosity. 

Subzone. A somewhat abstract accounting of nuclide densities seldom applicable to the 
prismatic fuel element core; a zone contains 0 or more subzones. Consider a point reactor 
model: if 1 /4 of the core is refueled each time, the accounting of materials and exposure 
effects can be modeled by assigning 4 subzones, eacl contributing 0.25 fraction (or less) to 
the zone material and the contents of each representing a different exposure age. Thus 
such representation may be used in special cases but normally only when the representa­
tion is net explicit of all three dimensions. Subzoms can be used to represent special 
materials. For example the zone content could be one iuel composition while the subzone 
could be another, representing differences within or between fuel channels. Thermal cell 
calculations are done at the subzone level. 
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Surface Temperature. Refers to the conditions at the surface of the coolant channel 
surface. 

Temperatures for Coolant Flow. If the coolant inlet and outlet temperatures are speci­
fied, the coolant flow rate is set as necessary to remove the beat 

Thermal Cell. Reference to the representative geometry modeling the locality near the 
fuel channel and the coolant hole for calculation of the temperature distribution required 
for removal of the heat. 

Time, Computer. The primary cost components of computer calculations are the capi­
tal investment, the software (development), and operation. Bask charges to users must be 
allocated, and the primary way to do this is to measure the central processor use time and 
charge proportionally to it. Often an effective processor use time is determined by adding 
in auxiliary cost component equivalents, locally the disk-core data transfer assessment 
being significant Reported herein is just the measured central processor time used in a 
task. (Note that sucL summed over time falls short of total elapsed time.) Of some 
interest is clock time for a job because the facilities are tied up this long, but shared multi­
tasking confuses the issue, as well as impacts the fact that clock time depends on the 
current job stream and is sensitive to the computer operating details and the time of day 
and week. 

Two-Dimensional to Three-Dimensional. A procedure is implemented to use the 
power density data from a two-dimensiona' neutronics problem with extension in a third 
dimension in the direction of coolant flow. Special user data are supplied for such a calcu­
lation. Note that the heat source from the neutronics code is for a plane normal to the 
direction of coolant flow, so supplemental information is needed to define the axial coolant 
traverse and to detail the axial power distribution. 

Uncertainly Information. The thermal cell problems are solved with the thermal con­
ductivity values multiplied by 0.9 to display the effect on calculated temperatures as a 
measure of reliability. 

VENTURE. The neutronics code ?ised in this system to produce the neutron flux dis­
tribution in space and energy and to generate the power density data at the meshpoint 
level for use by the thermal hydraulics code as the heat source. 

Void Fraction. Refers to the volume fraction associated with the coolant channels. 

Zone. A region typically three-dimensional in a problem within which the nuclear pro­
perties are assumed to be constant and the nuclide concentrations uniform (homogeneous), 
excepting where subzone nuclide concentrations are involved. Often the data have been 
somewhat weighted to account for fine-scale heterogeneities such as fuel pins and coordi­
nate direction dependent neutron transport properties. Macroscopic nuclear data are cal­
culated for zones with contributions from subzone contents included when applicable. For 
exposure calculations in this computation svotem, the energy-dependent zone-averaged flux 
values are used, and at any point in time there is one set of nuclide concentrations for each 
zone (and one for each subzone when subzo.nes are used). Typically the zone volume frac­
tion (of material in) is subtracted from unity to give the local void fraction of the coolant. 
Thermal cell calculations are done for mean and extreme conditions in each heated zone 
and subzone. 

Zone Temperatures. Since thermal cell calculations are done on a zone basis, zone 
values of coolant (fluid), surface, peak surface, shell, fuel (west), peak fuel (center) tem­
peratures are edited. 
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