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Abstract

Section 1.0 Introduction
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Th>» approach of dividing th* cor* into a number of region*, each of 
which wa* assumed to he hcusi ages«a«i, with step change* between adjacent

A Machine Code for Thermal Analysis of Pebble Bed Reactor 
Corea.

COOLBALL la an IBM 4M> machine program designed to calculate 
local ga* and ball temperatures. gas flow, and pressure toes as induced 
by non-uniform power generation and voidage within an axial flow Pebble 
Bod Reactor cor*. Thia code ha* been used •xtensively to atudy the 
thermal characteriatica of Pebble Bed Reactor core* in support of a 
broad program for th* development of the PBR concept.

Thia report presents the detail* tn the development and application 
of a machine program named COOL BALL, which haa been instrumental in 
demonstrating that there ar* no flow instabilities in a Pebble Bed Nuclear 
Reactor core. This work wa* prompted by report* that flow instabilities 
had been observed in a number of packed bed chemical reactors which 
possessed operating characteristics similar in certain respects to those 
of a nuclear reactor. Some support for the persistent rumors of flow 
instability can he found in the fundamental correlation for pressure drop 
in compressible fluid*. These relationships indicate that the specific 
pressure drop will be higher in regions of high temperature than in region* 
of low temperature. This would cause flow divergenc* from the high 
temperature sone which would cause the temperature to rise to higher 
level* which would accentuate the flow divergence and so on.

Analysis of this problem is complicated by the fact that specific flow 
paths through a packed bed defy description and. whereas locally condi
tions may differ from the average, one must average these differences 
before calculations can be made. Adding to the complication* is th* cyclic! y 
varying voidage which ha* been found to exist in packed beds of uniformly 
sissd particles in regions adjacent to cnet sin*r walls. Thee* complication* 
and the faedback effect referred to above indicated that a numerical-itera
tive approach would be required.

COOL.BAL.lt


In addition to the analysis of the fluid dynamics of pebble bed* and the 
detail* of the machine program. this report contain* a fully developed 
example problem in Section 4. 0.

Unfortunately the practical limitation* of hand calculation* ruled out 
anything but coarse grid structures with few *ubdivisions. Obviously by 
programming the calculations for machine solution much finer meshes 
could bo studied and reaulta could be obtained in reasonable times, thereby 
eliminating the dilemma entirely.

region* waa tried and found to be satisfactory. To achieve significance 
in th* results, relatively many subdivisions are required.



Section 2. • Pebbk Bod Fluid Dyiuunio

Parking of Spheres2. I
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(1) 
<2>

(>>
<4)

Actually * packed bed prepared in a random fashion could not be as 
ordered as implied in Figure 2.2. Smith et al (3) baaed on a study of ball 
contact points concluded that a randomly packed bed could be considered 
as a mixture of simple cubic and rhombohedral pa ciring configurations. 
More recently Wadsworth (4) in a carefully executed study of contact

Another method of recognising the regular packing configuration is 
by the arrangement and number of tangent neighbors associated with each 
sphere. Twelve points of contact are typical of rhombohedral packing 
while cubic packing has only six.

The packing of spheres in a pebble bed is of prime interest in the 
use of this configuration as a reactor core. In 1935, Graton I* Fraser (I) 
made a thorough study of the stacking of spheres and concluded that there 
are four formal stacking arrangements having voidages which vary <rom 
2b5h in the case of the rhombohedral packing to 40% in the case of cubic 
packing as shown in Figure 2.2, and its associated table. It should be 
noted that there are two orthorhombic and two rhombohedral cases listed 
in the table. These cases are identical as far as the ar ragementwf 
spheres is concerned but differ in their orientation with respect to the 
major axis of flow. Martin et al (2) have shown that this anisotropy is 
unimportant in the case of the rhombohedral packing but is important in the 
case of the orthorhombic packing.

The Pebble Bed Reactor core consists of a randomly packed, static 
bed, of spherical uranium-graphite fsri elements of a type as illustrated 
in* Figure 2. 1. These elements contain fissile and/or fertile material as 
a ceramic and provide the moderator and heat transfer surface in the 
reactor.

Foote, P.D., Busang. P. F.. Phys. Rev. 34 1271 (1929) 
Nat. Res. Council of Canada, Report MT-41 (1940)

Graton, JL. C. h Fraser, H. J. J. Geol. 43 795 k 910 (1935)
Martin, J. J., McCabe, W. I— •> Monrad, C. C., Chem. Eng. Prog.

47 91 (1951)
Smith. W.O. ,
Wadsworth, J.
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TYPICAL FUEL ELEMENTS FOR THE PEBBLE BED REACTOR

FIG. 2.1
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Void Distribution2. 2

(5) Benenati. R. F. fr Brosilov. C- A. 1. Ch. E. Journal, 7 (1961)

Three seta of detailed results for a bed having a d/Dp ratio of 
and an annular ring of 7.025 Dp in width, are shown in Figure 2. 3.

oo. 20. 3

points, using a technique similar to that of Smith, has shown that all randomly 
produced packing configurations tend toward rhombohedral. Thus a sphere 
having fewer than 12 contact points ia experiencing rhombohedral packing 
with one, two or more contacts missing, i.e. an incomplete rhombohedral 
array. Wadsworth concludes that in a randomly packed bed of hard, smooth 
homogeneous spheres, the local packing configuration is incomplete rhom
bohedral with the degree of incompleteness randomly distributed throughout 
the bed.

The most highly oriented region of a ball bed exists adjacent to con
tainer walls and any other smooth surfaces which may exist within the bed. 
These surfaces result in a radial variation of voidage within a bed of rand - 
domly packed spheres which varies from 100% at the surface to about 37% 
at a distance determined to be about five ball diameters in from the surface. 
This variation was determined (5) by an experimental technique which con
sisted cf pouring lead shot into a cylindrical mold and filling the void with 
epoxy resin which upon curing resulted in a packed bed. fixed within a cyl
inder. This cylinder was then machined to successively smaller diameters 
and the density of each annular ring which was machined off was determined. 
Knowledge <£ the densities of the plastic and lead pe. mit one to determine 
the relative volume of plastic and lead and hence th* voidage in each annular

These data show the maximum voidage at the interface between the 
outermost row of spheres and the wall. Proceeding in from the wall, the 
voidage decreases to a minimum at half a ball diameter, after which it 
starts to increase. It cannot increase to unity, however, since the second 
row of spheres rests in cusps between the spheres in the first row. Pro
ceeding in from the first row the pattern is repeated and since each row 
is more random than the row which precedes it. the voidage oscillates with 
a decreasing amplitude around a mean value. These oscillations are not 
completely damped out until a point is reached about five ball diameters in 
from the wall.
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Fluid Friction CharacteristicsZ. 3

£, <1>

where:

(6) Carman, P. C. 15 (1937)Trans. A. I. Ch. E.

-5-

The presence of a convex wall in a bed, such as would result from a 
graphite column containing control rods, has the same effect as concave 
surfaces on the orientation of balls adjacent to it. This is shown in the low
est curve of Figure 2. 3 which shows the void distribution in an annulus 
about 7 ball diameters wide. It should be noted that unless such solid sur
faces within a bed are spaced quite far apart, say 15 ball diameters, the 
average voidage in such a bed will be greater than the voidage in a bed not 
so perturbed.

Figure 2. 4 shows the integrated voidage as a function of the ratio of 
bed diameter to ball diamater and the distance from the wall, based on the 
above-mentioned void distribution studies. It can be seen that for small 
oeds or beds of Large particles (d/Dp < 20) the average void fraction is 
generally higher than the often-quoted 39%. This is also shown in Figure 
2. 5 (6). which shows that the voidage in a packed bed of uniform spheres is 
independent of the sphere diameter but is a function of the ratio of bed to 
sphere diameter. Wadsworth (4) who has experimentally confirmed this 
plot of Carman's has concluded that the wall voidage accounts for nearly 
all the voidage change with increasing container sise since the packing 
configuration (incomplete rhomuohedral) is not effected by container sise.

Dimensional analysis of the problem of determining the total pressure 
drop through randomly packed beds of spherical particles where the bed has 
an appreciable depth leads to the expression:

e d
Dp * Dp ' J

Ap is the total pressure drop through the bed 
vs the superficial fluid velocity, referred to the total face 

area of the bed
Dp is the particle diameter
L> is the bed length 
c is the voidage 
e is a representative dimension of surface finish 
d is the bed or container diameter
P is the loss associated with entrance and exit effects
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FIG. 2.5

Carman’s Relation between Porosity of 
Bed a Size of container
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Pressure drop through bed* of raadomly pa.cbu'd sphere* is usually 
correlated by plotting a modified friction factor f* vs. a modified Reynold* 
number Re’. defined as follows:

cn 
(•»

I

e

These two sets of results are in excellent agreement in that both 
show friction factor to be independent of Reynolds number in the high 
range. Tne principal difference is that the work reported on in NYO- 
9069 shows the friction factor to be independent of Reynolds number, 
to values about one order of magnitude lower than shown in (•)

Figure 2.6 presents a plot of friction factor C vs Reynolds number 
Re* for beds of randomly packed spheres as determined by a number of 
investigators, la general these data were obtained in bods where Dp was 
quite small and the ratio of d/Dp quite large. The data of curvefi were 
obtained (7) using J/d" and 1-1/2" diameter balls in beds approximately 

. 7-1/2" and 15” diameter for a d/Dp of 10 and 20. The data of curve fZ 
were also obtained (8) using relatively Large spheres.

It ha* been recommended (9) that a value of f* of 0. 51 be used for 
design of Pebble Bod Reactor cores where the bod has a d/Dp . 20 and 
modified Reynolds number is * 5000. Thi- value of P ha* therefore been 
used in developing ths program described in this report.

NYO-9B69 Pebble Bod Friction Factor *> Thermal Expansion Tests
HPC-15 Heat Tanssfor b Pressure Lams in Fluid Flow through 

Randomly Packed Spheres
MYO-9071 Progress Report-Pebble Bod Reactor Program

where CB is the superficial mass flow through the bed. i.e. Ga

2(7;
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Heat Transfer Characteristics2.4

/ < 
J «>

and a modified Reynolds number Re* defined as:

^e' <5>

for 25 < Re < 550 (6)

for a bed of voidage of 39%.

flow passage.

/r (?).31

-7-

The data of principal interest is that of Coppage (10) and Denton (8). 
The results of Coppage were found to be represented by the following 
expression:

0-2/

It will be noted that the data arc reduced in terms of the mass flow 
through the interstices of the bed itself and the hydraulic diameter of the 

The data can also be expressed in terms of mass flow at 
the face of the bed (Gs), particle diameter (Dp), and modified Reynolds
number (Re*), and made applicable for any gas, as follows:

Figure 2.7 presents a heat transfer correlation fos pebble bed from 
the data obtained by three investigators. These data are presented in 
terms of a heat transfer grouping j>, defined as:

(10) TR-No.-16 Heat Transfer h Flow Friction Characteristics 
of Porous Media - Stanford University

h

h
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(•)■w

—a-
J5 (9)

Js 100 < Re* < BO, OOO (10)•-5/re*

The retullt of Denton were found to be repretented by the following 
expreaaion .

which is the value that haa been used in developing the pragram described 
in thia report.

h■ T~

<9 ^>77
TSlSt5

The correlation of these data is remarkable, considering that the 
testa were run by different Laboratories at different times and over dif
ferent Reynolds number rsinges. One piece of data is simply an extension 
of the other and Ln view of the fact that the bulk of the data is that of 
Denton, we choose to represent the mean by tlie expression:

The data of Glasser fa Thodoa (11) is included in Figure i.l because 
their reaults were obtained a a mult suae oust y with their friction factor results 
an Figure 2. fa. Their values of J, at the extreme of the range tested 
bracket the Coppage-Denton data.

at a 
h Prt 66

GsCp

O. 72

ot Pr of 9.13 and voidage of 57%. Cxpreasang in terms of 
and an terms of the modified Reynolds number Re*:

(11) Glasser fa Thodoa Heat fa Momentum Transfer in the Flow of 
Gassi through Packed Bods - Ph. D. Thesis 
Hprthwestern Technical Institute

To allow for spread in experimental dad a atnd to insure that maximum 
specified temperatures will a.ot be exceeded, it haa been recommended 
(9) that jo be reduced by 15% for design purposes, or 

je - . 5»/Re*0'3 



>. 1 Problem Analysis

1.2 Codr Detail s

The problem was further eubdielded into one program whirl* 
developed the local hejt generation rate* and a second program which 
analyses the flow and temperatures resulting therefrom.

COOLBALL (parts I and II) io an IBM 450 machine code designed 
to solve for local gas and ball temperatures, gas flow and pressure loss 
as induced by non-uniform power generation and voidage within an axial 
flow Pebble Bed Reactor core. Input data required for COOLBALL I 
are normalised radial and axial power distribution and gross power. 
COOLBALL Il requires the system pressure, flow rate, fuel element 
else, matrix cell dimensions, certain thermodynamic properties of the 
gas as detailed later, and the complete output of COOl.BALL I.

A characteristic of a Pebble Bed Reactor core is that its coolant 
flow passages are interconnected radially as well as axially. This 
gives rise to radial coolant flow components which are effected by 
radial variation in temperature and voidage. Radial temperature 
variations stem from the radial power distribution whale radaal voidage 
distributions stem from the effect of the bed boundaries. Roughly 
parallel situations arise in chemical reactors in which cataliaed 
exothermic reactions take place in packed beds.

The technique employed for thermal and flow analysis ronaials 
of dividing the bed into annular rings and axial slices with the assumption 
that the system is homogeneous within each matrix cell resulting from 
this subdivision. Radial flow between adjacent matrix cells is only per
mitted at the boundaries of axial slices and it is assumed that there Is 
no resistance to radial flow al best points, i.e. the pressure is constant 
across any axial slice. The flow in each matrix cell is determined in an 
i(iterative process for each layer. The analysis proceeds layer by layer 
in the gas flow direction.

Section 1.0 Machine Program
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1.2. I COOLBA1X I

Table 1* | Hat* the card format for input ami output to COOI.BALL 1.

Figure 1. I show a the calculation flow sheet for thi* program.

Figure 1.2 indicate* Ute operating iMtrocUoaa for CCOLBALL 1.

1.2.2 COOLBALL II

-IO-

The program wa* written for the basic 4>SO using FOR TRANSIT I. 
All data moat Cher*for* be floating point n«mb*ra in the form 
. XXXXXXXXYY where XXXXXXXX represent* th* eight moat significant 
figure* ami TV a* SO plus the power of te* needed to relocate the decimal 
point.

Table 1.2 liata the last 15 card* of the program deck in the 
at end* rd 5 word per card formal. This deck muat, or course. be pre- 
coded by th* SB card SOAP-PACKAGE deck which contain* the 
FOR TH ANSI T interpretive routine* whach are commo* to all FORTRANSJT 
program*.

Before using the code, unit cell* ar* established by dividing the 
core into a convenient member of ananalar ring* (not to enceed 20) and 
asial layer* (not to enceed 20). Voidage distribution i* e a tab! i abed, 
baaed on d/Dp ratio of the bed or any perturbations in voidag*- that are to 
be introduced. Weight flow through the cor* is determined from the 
specified power output and temperature ria* through the cor*. 
COOI.BALL I ge aw rate a an average power output for *ach matria cell 
from the radial and asial power distribution. The input power distribution 
may be in the form of ratio* of local to average power or ratio* of local 
to peak power. The core specific power <BTU/*ec/ft ' bulk bed) may be 
the average or peah vain* but must be compatible with the power dis 
tribution.

In COOLBALL II, analysis proceed* layer by layer in th* gas (low 
direction. A* a atari, th* local man* velocity for each matria cell of the 
first layer 1* assumed to ecpaal the average mas* velocity which is read 
in a* input. The local temperature rise in each matrix cell of the first 
layer a* determined from a heat balance over the cell, and th* arithmetic 
mean temperature in th* cell is computed. Oaa Proper tie* in th* c*ll



»
TABL.E 1

♦
COOLBALL PART !CARD FORMAT

INPUT

Card CC7 >

I *
2 RP

1

4 blank blank blank blank blank blank ♦I

5 blankblank blank blank blank blank

blank blankblank blank blank *

OUTPUT

I blank4

I • o 10. I
s blank blank

4 blank

SO blank blank

power * 1.0. Q

• •

B

blank

man rr'u*1 
. powr

If (ewer than 20 natal laytr* ara used, unneceeaary natal power input 
cards may be eliminated and car re epond t ng iy fewer output cards will be 
produced.

2 J**

RPZ RP?

°».2

°7.l°2. I

HP,

°20. I

blank

°7.2

RPfc

*F20

AP20

°4. I °0.l

°O.»

°0.2

°lb.l

RP%

^2

FF4

°2.2

Q20. 20

°1>. >

°4.2

°l».l

I

°17. I°I5. I

°15.20

°10. I

°12. I °14.l

*F10

°I7.2O

RFI

°lb,20

RP(

RPj j

°IB. I

**12

*P10RP|4

°IO.2O

°1.2

°l.l

MF17

FF|4 

Q orQ

°IO. 20

♦ man

• If power profiles are normalised to maa■ 
be used, if however power profiles are normalised to avg 
■ 1-0. O must be used.

I

"”n

°..4
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p- < 11 >

(12)

(13)

(14)

(15)

Sub-

(16)

(1?)

-11-

Aa waa indicated earlier. a constant value of f* ■ 0.53 *ai u«ed. 
stituting the ideal gaa low density gives:

which upon removal of all terma which are constant in apy axial layer 
becomes*.

coh/srC

C K>

RMW Dp zXp €

*,r*t determined from the following equations:

- ^r77f=.)''rX

The appropriate exponenta have to be determined in advance for the gas 
in queation. The local maaa velocity through each matrix cell is then 
determined from:

£5

■ E3]5



(18)

For each layer, mixed mean outlet temperature is calculated from:

(19)

(20)3

The ball surface temperature is simply:

I 3 (21)

(22)

-1Z-

The corrected local gas outlet temperatures and pressure of the 
preceding layer furnish the inlet conditions for the next layer, the 
corrected mass velocities of the preceding layer serve as first assumptions 
for mass velocities in the next layer and so on until the entire core is 
traversed.

Finally the temperature in the center of the fuel ball in each matrix cell 
is obtained from

where T is the local average temperature in each matrix cell in the given 
axial layer. Using just the argument of the square root in equation (17). 
the relative mass velocity in each matrix cell of a given layer is determined. 
For each axial layer, a mass balance prescribes that:

from which actual mass velocities tn each cell are determined. The new 
mass velocities are used to compute new local average temperatures and 
the operation repeated until a predetermined agreement is reached between 
the assumed and calculated mass velocities.

Q

2

*= 25 d. i A i

The film temperature drop is determined from the expression:



where k. the coaducUvit* of irradiated graphite is given by

<*»>

Takle 3. 3 lasts the card format for input and output to COOLBALL II.

Figure 1. I shows the calculation flowsheet for this program.

Figure 3.4 indicates the operating inatructioua for COOLBAl.l. II.

-13-

where t is the average graphite temperature ia the ball and is determined 
by ate ration between equations 22 and 2 3.

COOLBALL Q is also a FORTRANSIT program and therefore all 
data and results are in the floating point form mentioned earlier.

Table 3.4 lasts the running deck in standard seven-per-card format. 
The word -01<LOC)8000 is listed m all unused drum positions.
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TABLE 4. 1

Characteristics of 750 tMW Core

Table 4. 3 lists the complete input to and output from COOLBALL II.

-14-

As an illustration of the use of the COOLBALL codes, there is 
presented the following analysis of a power reactor core of 750 tMW 
output such as might be used for a large central station power plant. 
Preliminary analysis of such a Pebble Bed Reactor results in the 
characteristics indicated in Table 4.1.

Diameter, ft 
Length, ft

Axial Upflow 
17.5 
14.0 
Helium 
550/1260 
755 
1000 
712. 5 
. 212 
3. 0

Table 4.2 lists the actual input to and output from COOLBALL I. 
It should be noted that the blank spaces indicated on the third card of the 
input are actually zeros and are required to fill out the unused radial 
positions (20 total). In addition, the third output card for each -axial 
slice contains zeros in the first six word positions.

Figure 4.1 shows the assumed radial and axial power profiles 
(see Ref. 9). A constant voidage of 39% was selected (since the core 
was surrounded by a reflector of smaller balls and the orienting effect 
of the wall was negligible). The core region was arbitrarily divided 
into eleven axial slices and fourteen annular rings, and the average 
power in each slice and in each ring determined.

Type 
Core 
Core 
Gas
Gas Temperature (inlet/outlet), *F 
Gas Flow, Lbs /sec 
System pressure, psia 
Core Gross Output, tMW 
Core Power Density, MW/Fp 
Fuel Ball Diameter, inches

Section 4.0 Illustrative Problem



1***310001

3 4 6 4 6 4 3 9 5 3

HO-’O5»J5)a*iiti>i>32»»7579753274504*253

38*7*1*053
410S4»4il5j

3144198353 
a 0 !> it a" J 5 j s J

172*4 33953 
1 3 3 90 7 0 4 S 3

354457*753 
2 59 «« 40 >5 3

34703*9*53 
4 39 9 54 955 3

104 3 73 035 3‘ 
74156*0352

3*74449553 
808*346*53

1354400051
1 1 O 570005 1

1739699753 
14402495 3 3

3615313533
2951 4 56 19 3

3343485453 
2749542 1 9 3

33 389903 5 3 
161969475 3

10 H7 312 3 5 3 
887655 96 93

3*91380553 
2 2 38 7 58 35 3

1346400051
1042500091

3 59 3 9 590 5 3 
27*2755753

3315834353 
1715484053

33237 36553 
2 57 35 3595 3

1080889953
9369190052

38 516 5 205 3 
3090860753

3185378153 
1 602341*5 3

1066038153
7616301653

3378067353
2403512853

3791951753 
1930464 7 5 »

OUTPUT
1633813053 
1059323553

3079337953 
1357358253

3373406353 
2301406753

31 18641 953 
3035**7453

1014357583 
6620771952

3396336953 
« x 3 17 70'7 ST

I 31*30 00 51 
7 7 7 5 0 000 5 0

1564753553 
99 868 3805 2

9779709658
6341770 ••58

301’72 6075 3 
1919344353

2 1036 37653 
I J 419 8 U* 5 3

33517 53453 
3075386553

80048 40553 
1379568953

3178405653 
3088575353

1164 400051 
6459800050 
30070000*3

3500537433 
1816604753

149564*353
10*6567353

310*144*33 
235803475 3

191*399757 
1393164453

390 856055 3 
2 3744797 5 3

INPUT
1300100051 1363400051

6247100050

3309439953
2 21 «* 131 353

3139636653 
14 , V 4 2 1 553

9347*03353 
*7*1045853

3235532953 
aij 717 4 & 4 3

30 3 1 7 1 Qu 5 3
19 S4w •89*3

1466956453
8 3 6 2 6 5 5 0 5 4

3798629253 
4265/14153

1599057353
12 r «r • • 5 4 5 3

3512892253 
3 77 9 97 8 8 77

1621334953
1 3~5 5 "3 78 5 5 3'

» 39 4 09 U 9 5 3 
2 3 <7 4 2 4 4 5 3

2160*53753 
i«/J«o4b5J

3533765053 
3 8 B 4 8 839 57

1 5 6 5 5*0 4 5 3 
1UB3 5U335 3

152138*353 
V* 3 1 1 8'7"**"*

16 309 6*55 3
177178 5 3

432>913353 
17*9 17 nvs-y

a 5 1 84>7 5 85 3 
16U74558S

339 196 205 3
1 *805 0 4 95 J"

1408170553
1016*56*31

TABLE 4.2
COOLBALL I INPUT & OUTPUT FOR 17.5 Ft. Dio * 14.0 Ft. 750 tMW PEBBLE BED REACTOR

23 17 731553 
19084*0357

2443998*53
1 5 5 1 3» o 4 a 3

1000 3
3 0 001 
3000 3
4 0 002 

—SO O O 3
6000 3 

~7OOO 8
8 0 00 3 
8000 8

1 O 0 O 0 3

130003 
130008 
160003 
150008 
160002 
1' t o o o a

800003 
810003 
830003 
230008 
840008 
35000 8 
8*0008 
370003 
380008
2 9 O OO 3 
300003 
310003 
380003 
330008

3 30471*253
2 4 2 3 O 5 3 5 5 5

2713138953’ 3*1*073353 
1771056553 16*9*73553

1705661053' 1669953453
125060*353 1154*70553

303803*053 
-2 80 70*99-53

3350758653 
2 49 4 4 4* v i 3

30097777 S3
14 * VO 7 8 33 3

3 7* 3291533
3 J-5 5 O ** <77

1 3 379 0 0 OS I 
973*300050 *96.’400050

337066*/* 5 3 
27 5 1 > 3 1S>3
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INPUT

ssoooonoso>40000004*

44

39*457*753
W'TT'S

3 3 43**5*91

io»e«i*»n

PMC I OF 4

3405300053 
1« dOo v vu > 1

TABLE 4.3
COOLBALL H INPUT B OUTPUT FOB 17.5 Ft Dig « 14 Ft. 750 tMW PEBBLE BED REACTOR

13*7300051 
l«<«4O00aa

3 3 7O**B<* » 3 
t t »1? JU> 3

* 7 * 9* 3*3 S 3 
*4*»71*1*3

)IU«»US) 
>71v* * S * 5 3

>74 5 0 4* >S3 
JUU»»?7» 3

3304711153
>4a30S>9»3

34*4*33* S3 
3S4U3v»C»3

a»»i»»it»3 
I33UH 4'7' 5 I

a»«7 I’*7 S 3 
1 <« *« *7 7* » 3

1 SO 5 5* O 4 5 3 
1O«9SO3»» 3

311 •« « 1 9 5 3 
»oiTtstyry

•34ItOJl»l 
3T3TO43111

1 4 
mITOOOSI 
31*950005*

1403176113 
1O1**S*9 53

33 37731553 
1 90•« *0 3 9 3

35 3 37«5 05 3 
4•*« * 9 1 9 •3

IS 30* *955 3
13 ) 1 « * > 9 9 3

37S3S915S3 
<• 1590***55

3350* S3 433 
4 *« 4 4 4* VS 3

143133*953 
1*5537**53

7343*9 445 3 
15*15404*3

3*0000005 0 
3*00000050

J»J»531** 3 
44371740*3

7*50000050 
XT * 430 005 5 
*73330005*

31441*3383 
HO»*4 3* 353

3*11713153 
1 7 Q «* «« * |J

1*3133*353 
••311*73*3

3* 00000050 
3*00000050

3***33*953 
4151750*53

3514171413 
1*07* 5S3S3

1 4**9 5*453 
*1444SSuS*

3*00000030 
3*00000050

317340**53 
>0**57* 3*3

3011719013 
1* 34* 4*75 3

300*7777*3 
14*0074353

3*00000030 
390*000050

S3»7»1*053 
110*444415

30 3303*053 
*107047113

3373013353 
17*»37**33

3391*33033
1 SOO 5 0 4 9 9 3

1 59*057*5 3 
117 444 *41 *

3140433713 
14 3 3 4 *•O 5 3

340705 *353 
17 4•*•« 3 5 3

7*50000053
i ■ p p - u o tthtt 7000000050 

1 BOOuuOUSx

4**1 3*0953 
J 4 J* ' »o J J 5

3 
T

4 4 4••*O 3 9 > 
TO i *r*i~r5- 3

3m15*34J53 
17 15*5 4U33

10*903*199 
*bxt5viV31

3 4 07 4 % *V * * 
> >1 * X7I337

1*5 545 0 OO1 
i«oUsvt'iisi 
14000000*1

104)740353 
T>'t' ryjuyn

40753*7**3 
I 3 3 73 5*753

*7 7* 7 0*•5 S 
4 14 1 7' 7 ex’-*"'*

3*790*7 > 9 > 
3403514*53

isaaaiaosa 
i o 5 * 3 a m3

3004*40*53 
I 779 3 53*5 3

333 >7 3S *53 
a 3 7 7" 5 3 3""*'* ">'

171*43 >753

>37340* 3*3 a a C 1 4 O 5 7 y j

1014**7**3 
5*7*1*3*

10*731*3*' 
a a 7's 5>>r»i

1*|*5***5331*5 >7*is* 
15 0 Fl ■ 1 73'3

13**OOOO*4 
lasooooosi 
3*000000*0 
y * 0 '□ C v <J U 5 U

I *•* *3 a 4 » 3
II 3 3*70 5TT

3*7444•553 
>0*8*9 573 3

39000000 >v 
JvuuuudU5w

3 4 7 O 3s•• * 3 
l""3"'yyr5' *737

44444

44444444

44444

**3195*053 
v » 0 ■ 9 o 7 3 J|

non 3*553 
1 >41**0*53

*3HU4444 444444

17*2X1***>

33*a0«O* * 3 
*3«»««««•>

lOOOOwOOS* 
1•O U OU0 05 1

1 000 3

4 0 00 3 
s o oo a 
so oo a 
7 o oo a 
■ o oea 
» o o o a 

io c oo a 
11o oo a 
ia o oo a 
444444- 

i* o oo a 
i* o oo a 
i7 o oo a 
ia o oo a 
1*0 00 3 
s o o u o a 
aio oo a 
>*0001 
a 3 o oo a 
>40001 
350003 
19 if it a t 
37000* 
aao oo a 
a* o oo a 
3 o ooov 
310008 
> r y-o ow 
330008

3*OS5SOS* 3 
a-3 7 4 4 7* >5 3

3 0w7 3 *0 7 * 3 
1*1*3 3* 3 5 3

41 >» S4 *• 5 J 
1 ■ >* 4^15 5 J

4 1010500094 
llvUwugOsi 

1*00000051 7000000050

•ooooooo«*» 
145**00055 
a* s*« ooo* a

4444444444-

*7 x >i 3> » * > i i rx o yr-sr*

3**00 OO.9 
3900000050 
jvvUtligdiv 
asooooooso ii

3*8 50 0 00 51 -onemn 71*1 TOO O 5 X 
«OI«»OCOS. lliO.OOOS. 4907000053

17095*1053 
I 7 305053 yy



3X3a7»«xxx
31 31O17* 31

3071113*11 
313011*111

Xioi’onoi* 
10118140*4 
1 *■•1 VS ■ 
UO’O»?» M

14t>«l?l>4 
X 301030714 ----

lO31i(33M
IO»V1WST3«-------
Xl«t«411S4 
noirooin-------

111*711114 
uiniim 
X•1•>»»114 
1714I1IIJ4

5 1

X »

1«*71411M 11171H

114TMQ114 
1•l»»O0SS«

si imitii 
311104*111

17101*1714 
1107314114 
3077104111 
311*701111

X a 407111K 
14O?*3»3|4

1417111414

10371111)4 
x o STS 1 rni

3 1 0» IM «11

1114101)14 14*(?O1114
1353I»I»S« 131*510114

1SOTSs

XJS 3 3 TW»»"> 
1101171*14

103**14014rviTrwnv

»• x»«

1040114014 
TO 3 3S WWS3 1

103*7*30*4 
TWWWm*

0404301*4 
iv JiJi i • 5 •

X*3**7*7*4 111*11*1*4

l*ii|4«7>4 1*1*1337*4 1«I17<<»|*4
JI 8 »7» IS8.M 
1*41740114

1 44** 10314 
1*01111314

117*031114 
X »1»O13134

1144* )*«** 
x x »n m as «

111*4**3*4 
153***1514

1*3)4444)4 13*3*071*4
x«iosrm*' nniiTxxi

144147**14 
117*730714

1*1314*4*4 
X S OV V-* 3 • s «

31 3307»* » X 
31 3»3»»I11

X 3 W 3 1 W ?• « 
1 »7»7>77»4

X 371X17111 
13«X*1*I*4

1**177403* 
XX S« J«P 358

1 X »«»O77J4 
10*1117434

«
13) 170)7*4
14) 1134314

X77J17Jill 
X *3104•» *4

37711J17M 
IS*’ 17 3 » » •

1111114134 
14*»0*«7*4

3 X XI1XTT1X 
3140734131

3
X 37IJII7T4 
X 300307714

X SO 3»3«154 
llt»*ISOS<

JI ITXn WWX 
31S4’» jusl

TXS11O111 
31111*70*1

***01010*3
117OI01XX1
134*1**1*4
II 3’1*115 4
1431Q43*a4

11110310)« 
11*11140*4

x:x «iii5ii 
31417 170*1

X37H7X 154 
II '1*04 1»4

**i*IJi*i 3 
10*411*4*4 
xa x »icii»• 
i:*ii»*i>4 
X X 41*0411 4 
ax 0)1*3*a 4

11*133*4*4 
X113470**4

1*4* 0*4'5* 
14 37 31*034

• ax 
sax

• ax 
TTST 4W^444430*31*1 

JiaVI 3 T^4
IffOTKIJ 
13138740*4 
r< i»7i«jfi 
1 > **x»»*♦ X 

111*1110*4

11 niTirrr XXIO17I1S4 
10*3340114 10***414*4

1110*433)4 I»lio«»151 1534447*1*
ion 31034 x 41*7 *»•»<_X4**7o3ti4

313311**11 3134*0(4*1 113*OOJ»S1
31401X3131 3x<xwvasx 31<I7J»111

X

3 3 S 33 3 a 
JTOHIJ

OUTPUT
3! 3I7U1111■S-r vrrrr
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T-rXT
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41111
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3 a c o ** • 3 5 i

>

154JO«5«5* 0 O S 41*?M14QM 1510

a? «»«S4i4*a«»i7S4 1 4| J4 JO1J4 147453105414(51)7054

1700914054i7«oooaai4 1?)1»5O4J4i»7ai9*s» 15»«O»55S4

307437S7»i1015011551 10)5114151

1554000151

19 4 1 7 1 J 35 415O5t>*55«

15'5553l>4

I

OUTPUT (conf.) 
Xio 5917414 xrm5703* I7»| y * y75rwrros* »» 5 <

1744709354 
1S<154*754

1105455054
I555J70554

1575556551 
y wavrm

>09*459954 1013717751 40599309 54 
ITSOilC*5 4

JO54I16551
J»l«y«373T

19939*9454 
1435475JI4

40499*4154 
17U5o5454

30454*1351 
3*5339 3311

1999915554
14 100 50339

17333'/ 1**4 
15 314-37354

301510*151 
3 3 <33676 51

31 1 *9997*4 
1*04353453

1710104054 
3**79533*54

1*7*14*554 
15 3 9 07**54

1913831054
3573919059

1*39531034
1531*14454

1749544554 
1807106136

1 9 001 *35 5 9 
1**304*054

X6877J4 9 5 4 
1 4 7* Qh *4*4

1 4**530354 
1 * 3 3 9h 3 9 >4

3 5000077X5 
137* *5*354

19990*4*54 
19 3* 39'3* 5*

3 616660)86 
14*6661>54

---------------------
19*59*5154

810*93*354
17 5*4*7*54

1789*99054 
166331T859

1933*0*454 
144* 43C954 
3333433954 
5017-90 *555

15 0* 9*0X59 
14**937054

1* 5931***4
159344Q754

8V*4*O3* 5 1 
314793*751

> iS » s j 9 4 ■ ST 
3195*4*351

3 0(1741 -61 
31*11 5 4 9 5 1

•3 "O' *"'51' 6 17 81 
31*737*551

300***3*51 
3130105351

3 9 5 8 *■* 5 7 5 1 
3110*38951

3950003 
4 6 6 U U 0 J 
3970003

PAGE 3 OF 4

3370003 
»T»roxt 
8390003 
8400 OC 3 
3410003

3 b 5 * 
3310457*51

99T67I6J38 
144*8004*4 
19*9815886 
14 7*1*31*4 
I66T67773« 
14* 1446*3 4

179«7h *4 5 4 
1 5 8 1 ■ 5 1 F8 *

17*33*3954 
1*30*0333*

177*39*054 
1 391889 336

30*5*7 4 6636
1913413854
*■ V * t* V V i 8 ■' 
30795*9551

304318*051 
3X85 4*85 5X

19 7 91 9 19 5 4

Jci4^j(J6bl 303175**51
33810*4751 564.*4*451

J u••u x <•»a 
3144795551

3*7**35151
3! I 5 II Si Si

1 SOtinTH 137337*1 3TW “ 
1445*51054 1400*44054 3430003 

rn o oox 
8450003 
»4<o oor 
3470003 
33*0003 
84*0003 
8500003 
8510013 
3510003 
3530003 
4 5 4 U U U 3 
>550003 
■85 80 OO 3 ~ 
8570003 

—3300303 
3590003 
16 UU UU J 
8910003 

------ 3333307 
3930003

a slii s 6 Jo i ; 
31*4800451

3X77333333 31473109 5 4 
1*593*0*94 17999948*4

61 X I • 3738 a- »TOI1*9154 
5*997*0594 1*114*5*54

1663675854 170X776X86 
__________________ 3 0 4101*451 

XT

1 * 63343734 rmr33 6 56 
143*903154 14019*7*54
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Figure 4.4 shcrws the radial variation of gas temperature at the 
outlet end of the core and clearly indicates the high gas temperature 
in the region of low flow and lower gas temperature in the region of 
higher flow near the walls.

Figure 4.6 indicates the percentage of the bed which is at any 
indicated temperature and compares this temperature distribution with 
the average graphite temperature.

Figure 4. 3 shows the change of bulk gas temperature with axaal 
position in the core. This is obtained from the mixed mean gas output 
temperature leaving each axial slice.

Figure 4.5 shows an axial slice through the core on the diameter. 
The region to the left of the centerline shows lines of constant graphite 
temperature while the region to the right of the centerline shows lines 
of constant gas temperature (solid) and lines of constant gas film 
temperature drop (broken). The relatively uniform temperature near 
the inlet end of the bed can be seen along with the effect of flow divergence 
as the gas passes through the bed.

Figure 4.7. another axial slice through the core along the centerline, 
shows lines of constant ball surface temperature (solid) and lines of 
constant ball center temperature (dot-dash). Also shown are lines of 
constant AT5. the temperature difference between the ball center and 
ball surface.

Figures 4.2 through 4.7 show the results of this analysis. Figure 
4.2 is an axial slice along a diameter and shows lines of constant gas 
mass velocity through the core. The flow divergence from the high 
temperature regions is clearly indicated and *mount» to slightly leas 
than 1O% in this case. The flow concentration in the low temperature 
region near the wall is also indicated. The remaining figures show 
the consequence of this flow divergence on the pertinent temperatures 
and temperature drops throughout the core.
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Symbol

Ai 
APJ

CpX

Wi
XMU 
6 
ALJ
ATfij 
d

G 
Gij 
GHj 
I 
J 
MW 
P

PT 
PrX 
Q 
Qm&x 
QiJ 
RPi 
t

COOLBALL NOMENCLATURE

•R

Identification

Frontal are, ft^ 
Local frontal area region i 
Normalised axial power layer j 
Avg. gas heat capacity, BTU/Lb “R 
Heat rapacity temperature exponent 
Ball u tame ter, ft 
Avg. mass velocity lbs/sec/ft2 
Local mass velocity, lbe/sec/ft^ 
Local mass velocity previous iteration, lbs/sec/ft 
No. of axial layers 
No. of radial regions 
Gas molecular weight 
Gas pressure, pwia 
Outlet pressure each layer, psi a 
Avg. gas Prandtl number 
Prandtl number temperature exponent 
Avg. power den ■tty. BTU/sec/ft3 bulk volume 
Maximum power density, BTU/sec/ft3 bulk volume 
Local power generation, BTU/sec/ft3 bulk volume 

Normalised radial power region i 
Local avg. graphite temperature, *R 
Reactor gas inlet temperature, “R 
Local gas inlet temperature in any matrix cell, *R 
Local avg. gas temperature 
Local gas temperature rise 
Core avg. gas temperature. *R 
Mixed mean outlet temperature. 
Local ball center temperature 
Local surface temperature, *R 
Total gas flow rate, lbs/sec 
Local gas flow rate, Ibs/sec 
Viscosity temperature exponent 
Convergence criterion on gas flow 
Length increment axial direction, ft. 
Local film temperature drop 
Local voidage 
Avg. gas viscosity, Ibs/ft/sec

Subscripts:

-16-

index defining radial region 
index defining axial layer

i
J

J w 
*•

H
M

M
M

I


