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Abstract

. The general analytical eguations relating the core power density
and the gas film temperature drop at the fuel surface to the principal
reactor parameters are presented for both axial flow and radial flow pebble
bed cores. Charts are included which show the power density and gas film
temperature drop as functions of fuel ball diameter, pumping power-to-heat
removal ratio, gas temperature rise per unit length of gas passage, and the
gas pressure. The effects of voidage, system temperature and gas properties
are considered along with factors causing hot spots. The effect on interior
temperature of variations in the gas film heat transfer coefficient around
the fuel surface was investigated with the IBM TO4 computer for cases of in-
terest.

¥

Neglecting hot spots, the power density obtainable in the prismatic
core is more than four times that of the pebble bed core for equal maximum
fuel temperatures. The extra degree of freedom available in design of pris-
matic core coolant passages permits the designer always to select a combination
of parameters that is superior to the optimum combination for the pebble bed
reactor.

It is therefore clear that the fuel handling system, including
perhaps the reactor meaintenance, will have to be considerably more economi--
cal in the case of the pebble bed reactor in order for that reactor to compete
with 1ts prismatic counterpart.
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Nomenclature

total core face area perpendicular to the direction of
coolant flow, ft2

outside radius of core, ft

specific heat, Btu/lb °F

ball diameter, ft

modulus of elasticity, psi

hot spot factor for the gas film temperature drop due
to variation of heat transfer coefficient around the

ball

hot spot factor for the gas film temperature drop at
radial position J, dimensionless

hot spot factor for the gas temperature rise at radial
position J, dimensionless

hot spot factor for the gas film temperature drop at
the wake of a cluster, dimensionless

friction factor, dimensionless

mass flow rate per unit core area perpendicular to the
direction of flow, 1b/hr-ft2

mass flow rate per unit core area at the inlet of the
radial flow cores, 1b/hr-ft2

8

mass-force conversion coefficient, 4.18 x 107, ft/hr2

heat transfer coefficient, Btu/hr-fte- °F
core power density, Btu/hr-ft3
core power density, kw/L

thermal conductivity, Btu/hr-ft2-°F/ft
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#

core length, ft
equivalent diameter (prismatic cores), ft.
molecular weight, 1b/mol

ratio of outer radius to inner radius for the radial flow
cores, dimensionless

pressure, lb/ft2
pressure drop, lb/f’c2

Prandtl number, dimensionless

heat removal from the core, Btu/hr

heat removal, Btu/hr |

core radius, ft

corgvradius at the inlet of the radial flow cores, ft
Reynolds number, dimensionless

heat transfer area per unit core volume, fte/ft3
temperature, °F

inlet temperature, °F

ball surface temperature, °F

ball center temperature, °F

gas temperature riée, °F

gas temperature rise per unit core length, °F/ft
gas film temperature drop, °F

temperature difference between ball center and ball surface,
©
F

temperature, °R
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core volume, ft3

pumping power, Btu/hr

pumping power-to-heat removal ratio, dimensionless
distance from gas inlet, ft

distance from ball center, ft

coefficient of thermal expansion, in/ in - °F
void fraction, dimensionless

ratio of the local core power density to the average
core power density

ratio to the length of pebble bed core to the length of
prismatic core ’

viscosity, 1b/hr-ft
density, lb/ft3

ratio of the pressure of pebble bed core to the pressure
of prismatic core

Poisson's ratio, dimensionless
tangential thermal stress, psi

ratio of the pumping power-to-heat removal ratioc of the

pebble bed core to the pumping power-to-heat removal ratio
of prismatic core

Subscripts

equivalent

any radial section

a particular radial section
average

prismatic



Subscripts (cont.)

[}

radial position at distance r from the core center

pebble bed

distance along the core from the gas inlet
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INTRODUCTION AND SUMMARY

In the fall of 1960 two studies of the pebble bed reactor concept were
completed at ORNL.(h)(8) The first study involved the preliminary design
of a 10 Mwt experimental reactor, and the second study was concerned with
the design of an 800 Mwt power station. Extensive calculations of the heat
transfer characteristics and temperature structures of these two reactors
were carried out, but only part of the work was reported at the time. The
purpose of this report is, therefore, to present the complete heat transfer
analysis along with a more quantitative comparison of the pebble reactor
with the streamlined, or'brismatic",type of reactor.

The general analytical equations relating the core power density and
the gas film temperature drop at the fuel surface to the principal reactor
parameters, both for the axial flow and the radial flow pebble-bed cores,
were used to prepare charts showing the relations between the major para-
meters. In particular the core power density and gas film temperature drop
are shown as functions of ball diameter, pumping power-to-heat removal ratio,
gas temperature rise per unit length of gas passage, and the gas pressure in
the operating ranges of interest. The effects of voidage, system tempera-
ture and the properties of the gas used are also considered, along with
the factors causing hot spots.

The possibility of hot spot formation in packed clusters of balls,
especially in the vicinity of points of contact, was investigated. The

effect of variations in the gas film heat transfer coefficient around the
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balls on internal temperatures ﬁas investigated with the IBM TO4 computer
for the cases of interest. Charts are presented to show the temperature
distribution in the core and the effects of radial variations in core
voidage on temperature distribution.

Although the radial-flow pebble bed core has a characteristically low
pressure drop, the radial mismatch of gas flow and power density and the
neutron leakage at the center inlet make this concept very unattractive
compared to the much simpler axial flow cores. Of the latter, the down-
flow core is not subject to bed levitation, but the core support structure
lies directly in the hot exit gas stream. Until the design of a reliable,
dimensionally stable structure 1s demonstrated, however, only the axial
upflow core may be seriously considered.

The high heat transfer coefficients obtainable in axial flow pebble—
bed cores are accompanied by high pumping power requirements resulting
from the eddy losses associated with expansion and contraction of the
coolant passages in the direction of flow. Compared to the pebble-bed
core, the heat transfer coefficient for a given mass flow rate is low in
the prismatic core, but a higher flow rate can be obtained for the same k
pumping power-to-heat removal ratio. Neglecting hot spots, the power
density obtainable in the prismatic core is more than four times that of
the pebble-bed core for equal maximum»fuel temperatures, and it is even
greater when allowance is made for the wider variations in hot spots
characteristic of a randomly packed bed.

The most realistic comparison is obtained between the two types of

reactors, howvever, when each has been independently optimized to match
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a given power output at fixed steam conditions. When this is done the
prismatic reactor appears to be more attractive because the extra degree
of freedom in the design of the coolant passages permits the designer
always to select a combination of parameters that is superior to the
optimum combinetion for the pebble bed reactor.

It is therefore clear that the fuel handling system, including
perhaps reactor maintenance, will have to be considerably more economical
in the case of the pebble bed reactor in order for that reactor to compete

with its prismatic counterpart.



The General Analytical Equations

Using an energy balance coupled with the heat transfer coefficient and
the friction pressure drop equations, the average core power density for an
axial flow pebble bed reactor can be expressed as a function of the princi-

pal reactor parameters as follows: (derivation in Appendix A)

173 ¢ 21T .15k 0.577
K, = 192 (1€_e y0-735 ug.l% QPM O 13 QL m) Qw)

The gas film temperature drop over the fuel element surface is not
included in this equation; it is left as a variable quantity the magnitude
of which depends upon the parameters on the right-hand side of Eq. (1), but
it can be expressed as a function of these parameters, as shown in Eq. (2):

(derivation in Appendix A)

] L 0.52 cpo'”3 py0-66 PM)o.346 1.5
At = 1.60 —F M p 1
m (1.l 036 \T s

Q;fg‘l.173<wd)').173

For pebble bed reactors with cylindrical cores, it is possible to

(2)

arrange the flow of coolant gas in the radial direction. In such cases,
the foregoing equations, which are for the axial flow pebble-bed cores,
cannot be used because, with the radial flow cores, the flow passage area
varies in the radial direction. Using a similar procedure to that for the
axial flow cores, the following equations were derived for the outward

radial flow cores: (derivation in Appendix B)
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The average core power density is:

1.577
K = 320 c 1.73 Cp Qm)l.lSh B o.735C_>t >1.577
(1 -¢ )0-735 0156 \T © T

8

(e]

0.577 (3)

) 1
Q (n2 - 1) (l - n_o'73)o'577

The gas film temperature drop at a distance r from the center of the core

is:
0.52 ¢ O-173 p,0.66 3.346
Aty = 3.06 - R %M) Dt
mr (1 -c ) . h .3 S
1.173 0.173 0.7
(2 @ =) >
ro ro (n2 _ l)(l - n—0.73)0.173

It is to be noted that the film temperature drop at the outlet can be

obtained by teking r = a .

Parametric Study of Pebble Bed Reactor Cores

The principal reactor parameters which affect the core design are all
explicitly included in the foregoing equations. Once the type of coolant
gas and the pressure level of the reactor are selected, it is convenient
to plot K and At against the ball diameter. (6tm/L) and (W/Q) may be
selected as the independent parameters in such a chart for the axial flow
cores, while (n) and (W/Q) may be selected as independent parameters for

the radial flow cores.
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Figure 1 shows such a chart for the axial flow pebble-bed cores
for € = 0.39 and helium as the coolant gas at a mean temperature of 950°F.
In order to illustrate the effect of pressure in the operating ranges of
interest, the charts were prepared for 1000, 600, and 300 pisa pressures.
The data presented in Fig. 1 can easily be applied to other mean gas tempe-
ratures, voidages, and gases by multiplying the values of Kh and Amm
obtained from this chart by the appropriate correction factors given in
Fig. 2.

Fig. 1 can be used to design the core in the following manner. The
reactor power, the gas pressure, and the gas temperature rise <5tm) through
the core should be chosen along with values for (Km) and (Stm/L). These
fix the core diameter and the core length. The core diameter should be
such that the corresponding pressure vessel thickness will not exceed the
limit imposed by manufacturing feasibility, and the ratio of the core length
to core.diameter will satisfy the reactor physics requirements from the neu-
tron economy standpoint. Having established suitable values for Km and
(Stm/L), the chart in Fig. 1 can be used to determine values for (Ds) and
(W/Q). The ball diameter should be such that the allowable thermal stress
limits will not be exceeded. Knowing the properties of the fuel element
material, the limiting thermal stress line can be evaluated and plotted on
the chart. A typical limiting thermal stress line for the graphite balls
is shown superimposed with dashed lines on Fig. 1, assuming the limiting
stress is 2000 psi, the thermal conductivity is 8 Btu/hr-ft2-°F/ft, the

nodulus of elasticity is 1.5 x 106 psi, Poisson's ratio is 0.3, and the
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coefficient of thermal expansion is 3 x lO-6°F (Appendix C). The pumping
power-to-heat removal ratio for a good balance between capital charges and
power costs 1s usually from 0.5 to 1.0%. However, in the case of axial flow
pebble-bed unrestrained cores with upward coolant flow, levitation of the
balls limits the pumping power-to-heat removal ratio to a value less than
that economically justifiable. With the above limitations in mind, suitable
values of (DS) and (W/Q) can be determined from Fig. 1, and these define
the corresponding value for Amm.

In a typical arrangement for radial flow pebble-bed reactors, the
cooling gas enters the core through a cylindrical passage at the center and
flows radially outward through the core. The core power density and the
gas film temperature drop over the surface of the balls for such cores are
given by Egs. (3) and (4). The additional parsmeters introduced into these
equations are Ty and n, where n is the ratlo of the outer radius to inner
radius of the core. Using Egs. (3) and (4), parametric charts similar to
those in Fig. 1 can be constructed for the radial flow cores if any two of
the three parameters (ro, n, Stm) are also fixed. Figure 3 shows such charts
for the radial flow cores for which Ty and tm were fixed, but n was taken
as an independent parameter. From Eq. (h) it can be seen that the film temper-
ature drop increases with the radius, and higher film temperature drops are
expected to occur at the outer perimeter. Therefore, the film temperature
drops given in Fig. 3 are for those at the outer perimeter of the core.

The data in Fig. $ can be adjusted for other gas mean temperatures, voidages

and gases using the correction factors given in Fig. 2.
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The data presented in Fig. 3 can be used in the design of outward
radial flow pebble bed reactors by following a procedure similar to that

given above for axial flow cores.

Fuel Element Temperature and Hot Spot Problems

The fuel element surface temperature is equal to the sum of the local
gas temperature and the film temperature drop from the fuel element sur-
face to the gas. The internal ball temperature drop may be added to the
fuel element surface temperature to give the ball center temperature.

Neglecting the v;riation of power density in the core and the hot
spots, the fuel surface and the fuel center temperatures at a distance x
from the core inlet of the axial flow cores are:

t =

X
5,X tinlet * L 8tm * A‘tm (5)

Variations in the core power density both in the axial and radial
directions, coupled with nonuniformities in the coolant flow through the
core cause some spots to run much hotter than others so that the above
simple relations for the fuel element temperature need modification.

Recent Canadian researchl indicates that the local heat transfer
coefficient varies around the balls in a closely-packed infinite bed of
spheres. For the coolant flow rates in the range of interest, the local

heat transfer coefficients near points of contact of the balls were found
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to be half or less of the average heat transfer coefficient for the ball
as a whole. Such low local heat transfer coefficients tend to increase the
local surface temperatures. In order to estimate this effect, the tempera-
ture distribution in the ball was calculated for several cases of interest
using a generalized heat conduction code for the IBM-TOL computer.2 The
relaxation nets used to divide the ball into differential sections and the
manner in which the ball properties were computed in the differential
sections are explained 1n Appendix D. The following simplifying assump-
tions were made:

1) Each ball has seven contact points uniformly distributed over
the ball surface.

2) The heat transfer coefficient is a minimum at the contact point,
increases with distance from this point, and has symmetry about this point.
Computations were made for l-l/2—in.-diam grephite balls having a

thermal conductivity of 10 Btu/hr-ft2-°F/ft. The heat generation rate
within the ball was assumed to be uniform and was taken as 50 w/cm3.
Figures 4a, b, and c show the temperature distribution in such balls
having an average film heat transfer coefficient of 610 Btu/hr-ft2-°F for
three different distributions of the heat transfer coefficient around the
ball. Figures lta and b are for average-to-minimum film heat transfer coef-
ficient ratios of 2 and 3 respectively; while Fig. 4c is for a uniform heat
transfer coefficient of 610 Btu/hr-ft2—°F. The temperatures shown on the
figures are all in degrees Fahrenheit above the reference bulk coolant

temperature which was taken as zero. Figures 5a, b, and ¢ are the results
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of similar calculations for an average film coefficient of 305 Btu/hr-ft2—°F.
From the results of these calculations it is concluded that varying

the film coefficient over the ball surface while keeping its average value

constant has little effect on the ball center temperature; only the tempera-

tures near the surface are affected. For balls with a variable heat trans-

fer coefficient, the film temperature drop at the hot spot may be from 20

to ho% higher than the temperature drop with a uniform heat transfer
coefficient. The hot spot factor due to the variation of heat transfer coef-

ficient around the ball will be represented below by Fh AL
2

The variation in the voidage of pebble-bed cores is another factor
which affects the coolant flow rate and consequently the fuel element
temperature. In a randomly-packed bed of spheres the voidage at the wall

3, and for small cylin-

is greater than the voidage at the center of the bed
drical cores this variation is quite pronounced. In order to estimate the
effects on the gas temperature rise and the film drop of these variations
in core voidage caused by the wall, an analysis was made fpr a simplified
core model. It is assumed that the voidage varied only in the radial direc-
tion with symmetry about the central axis, and that there was no radial
mixing of the coolant. The derivation of the hot spot factors for such a
model is given in Appendix E, and the results (for axial flow cbres) are

as fol;ows:

The hot spot factor for the gas temperature rise at a radial section

J is:
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e 1.T3
S A, =
F _oimt P (1 -e1)%T3 (7)
i, et - e 1.73
]
A

(1 - e_)0~735
dJ

and the hot spot factor for the film temperature drop over the ball

surface at a radial section j is:

T
IPRIRICIRY Ql—ej) )
These factors can be evaluated only if the radial distribution of the core
voidage is known.

(3)

Schwartz gives the distribution of core voidage as a function of
ball diameter and distance from the wall for cylindrical cores. These data
indicate that voidage varies from about 60% at the wall to 30% in the core
center for cores with core diameter to ball diameter ratios in the range of
8 to 16.

In a randomly-packed bed of spheres, closely-packed cluéters may be
formed in some regions. The coolant flow is reduced through such clusters
because of the increased resistance to flow. The reduced flow rate in-
creases the gas temperature rise. The coolant velocityvin the wake of the
cluster is also reduced, causing a reduction in the local heat transfer
coefficient and an increase in the film temperature drop. The hot spot
factor which applies to the film temperature drop in the wake of the cluster

will be represented by the symbol, FW The maximum surface and internal
2

AL°
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fuel temperatures at any given point in an axial flow core can be obtained
by introducing these hot spot factors into equations (5) and (6) in the

following manner:

| Bt *
(ts)j,x ~ tin * A$m (E}uﬁm Fj,Am F&gﬁm 7j,x) T Fj,ﬁt g. 73 dx
(5-a)
(¢). =~ t. +4at (F, . F y. )+ %% F ::7 ax + Aty
c’j,x ¥ Vin il 3Ot Tw,At 75,x T 3,8 [ 73 c ’j,x
O
(6-a)
where

Knl Q D° ) .
+ = . — 3 7
Auc = Eifziftng > (see Appendix C)

The core power density distribution for a 10-Mwt, axial flow, 18-in.-dia,
10-ft-long, cylindrical, pebble-bed core with 1.5-in.-dia balls is shown in
Fig. 6.(u) In this core the gas inlet temperature was 550°F, the average
gas temperature rise TOO°F, and the average film temperature drop 130°F. A
simplified estimate of the hot spot temperatures for this reactor is given
in Table I, assuming & uniform voidage throughout the core. However, the
voidage is not uniform at the core wall and the non-uniformity cannot be neg-
lected where the ratio of core-to-ball diameter is small., By assuming that
the voidage varied in a manner similar to that given by Schwartz(S), the hot

spot factors, F, were calculated from equations (7) and (8),

i, 8t JyaNv

and are given in Table II as a function of distance from the core wail.

and F,
i
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TABLE T

Simplified Hot Spot Temperature Estimate
for the 10 Mwt Pebble-Bed Reactor Experiment
(Uniform Core Voidage)

Gas inlet temperature 550°F
Average gas temperature rise TOO°F
Average film temperature drop 130°F
Average temperature drop through ball 170°F
Hot zone factors for film temperature drop:
Power density Factor, 7j,x 1.5
Wake Factor, FW,A$ l.S
Non-uniform heat transfer coeff. Factor, Fh,Am 1.3
Hot zone factor for the gas temperature rise: 1.6
Film temperature drop at the hot spot, (130 x 1.5 x1.5 x 1.3) = 380°F
Gas temperature at the hot spot, (550 +.1.6 x T00) = 16T0°F
Hot ball surface temperature = 2050°F
Ball temperature drop in the hot zone, (1.5 x 170) = 255°F
Hot ball internal temperature = 2305°F

These factors, together with the other hot spot factors, were used in esti-
mating the ball center, ball surface and gas temperatures at the top and
bottom regions of the core for the power distribution shown in Fig. 6. The
resulting temperature distribution in the core is shown in Fig. 7 for the
case of no radial gas mixing. The temperature distribution of a uniform
voidage core was also included on this figure for comparison. For the case

of uniform voidage, temperatures are higher at the wall, which is consistent
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with the power distribution of Fig. 6. But, for the variable voidage, the
increased gas flow near the wall depresses the gas temperature in that region,
shifting the maximum gas temperature away from the wall. An isothermal plot
of gas temperature for the core with variable voidage is shown in Fig. 8.
Since no radial mixing of the coolant was considered in the calculations,
the results are pessimistic. However, the results indicate the nature of
the problem, the approximate magnitude of the effects, and the location of
the hot zones.

The temperature distribution for a 20-ft diameter axial flow pebble-bed

(8)

core was calculated from the power distribution given by a multigroup
calculation and is shown in Fig. 9. Because the voidage variation caused
by the wall extends to about three ball diameters from the wall and affects
a small region compared with the core diameter, a uniform core voidage was
assumed for the calculations. However, higher voidage near the wall will
cause some reduction in the gas temperature in the wall region from that

shown in Fig. 9 without any pronounced effect on the temperature in other

regions.
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TABLE IT

, Factors for Film Temperature Drop and Gas
Temperature Rise Resulting from Variable Core Voidage
for the 10 Mwt Pebble Bed Reactor Experiment

F

Distance in Fi,Am i,dt
Ball Diameters Film Temperature Gas Temperature
From the Wall Drop Factor Rise Factor
0] - 0.25 1.1 0.3
0.25 - 0.50 1.1 0.8
0.50 - 1.00 1.2 1.3
l hand 2 103 1‘7
2 - 6 (Core-center) 1.4 2.2

A Comparison of Pebble-Bed Cores with Cores Having Prismatic Fuel Elements

The high transfer coefficients obtainable in pebble-bed cores, or in
cores with variable coolant flow cross sections, are usually accompanied
by high pumping power requirements. This results from the eddy losses asso-
ciated with expansion and contraction of the coolant passage in the direction
of flow, In cores having prismatic fuel elements (i.e., tubes, plates, etc.)
the coolant flow passages are uniform longitudinally. Compared with the peb-
ble bed core, the heat transfer coefficient for a given mass flow rate is low
in the prismatic core; but a high flow rate can be obtained for a given pump-
ing power-to-heat removal ratio in the prismatic core.

It is important, therefore, to compare the characteristic reactor sizes
and operating pressures associated with these two types of core, for the
same output, recognizing, of course, that the optimum design conditions are
not the same., In other words, the most meaningful comparison is one in which

the two reactors have been imleperidently optimized to deliver a given
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net power at fixed steam conditions. This comparison is best arrived at
by development of the power density and gas film temperature drop ratios of
the two cases in terms of the various parameters already used.

The average core power density for prismatic cores is (App. F):

re 1.556 ¢ BN 1.111 c 1.556 0.556
K = 2670¢| °p } = ] 0.666 T &t W
m Lo LT Pe [ —i?=} {Q] 2
and the film temperature drop is:
o 1.111 uo.778 0.222 sy L-111 0.111
At = s2.7[-R FEM] 1.355 [ _m ] fyj
o 52.7 Lk o 0.k ]l_T D L L 1LQ (10)

A completely general correlation, arrived at by ratioing the equations
for the densities and gas film temperature drops for the two cases is too
cumbersome to use. It is better, therefore, to employ equations (1), (2), (9),
and (10) in relation to a specific reactor concept. For example, a fairly
large power station for which reactors of these types might be attractive would
be one designed to produce, say, 325 Mwe (800 Mwt ) a steam temperature of
lOSOOF.(8) The coolant gas and its inlet and outlet temperatures would be
the same in each case. With helium as the coolant, and effective inlet and
outlet temperatures of 550°F and 1250°F, respectively, equations (1), (2),

(9), and (10) give:

1.556 0.556
K = 1.99 x 107 ¢_p T-11p 06667 l;-] [E (11)
mp PP e Ly Q
D
1.111 0.111
At = 3.0h x 10% p0'222 p 1.333 fl—] Tﬂ:i (12)
mp P e LLp |.Q D
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1.73

: 1.577

K = 1.50 x 10" s p 1.154 _ 0.735 [1

me (l - € )0'735 s s L

S
[E] o (13)
Q S
0.52
st - ge| 3 ] 506 15 [%j 1.173 t 0.173
ms L (1 - ¢ )1052 5 .
S

(1%)
where subscripté P and s refer to the prismatic and the pebble bed cofes
respectively. The core lengths appear independently because the reactor
powers have not yet been taken into account.

Rather than deal in terms of power density, the power station designer
is more directly interested in the size of the reactor which he must enclose
in a pressure vessel. The right circular cylinder of largest volume which
can be enclosed in a sphere of given diameter has an aspect ratio (L/Dc)
of 0.7. However, a reflected core of this geometry which has the highest
neutron efficiency has an aspect ratio of 0.92, although there is not much
loss in economy for aspect ratios between 0.7 and 0.92. Since very large
pressure vessels of spherical form are cheaper than cylindrical vessels
with domed ends, the shape of the pressure vessel does not enter into the
comparison. The choice of aspect ratio does not, therefore, affect the
comparison importantly, and equal values for the prismatic and pebble-bed
cores have been arbitrarily chosen although the choice biasses the compari-

son slightly in favor of the pebble bed concept.



Thus:

ms

K L3

_mp S (15)
L3
Y

In order to simplify the comparison, the core length, pressures and
pumping power-to-heat removal ratios of the two cases are expressed in the

following way:

L = AL
s P
P = TP
S P
(w/a), = &(w/a), (16)

The relations between corresponding dimensions of the prismatic and pebble
bed cores are obtained by combining equations (11), (13), (15), and (16) to

yield:

0.702( ) 516 0.468 0.015
A= 6'1*3[ £ esl.2€16 :[[p 811 0. 40‘:][ o 516][ o 032 0. 015]

g &Q

(17)
Similarly, equations (12), (14), and (16) yield:
. ' e o 0.062
Abm . e 5[(1 _ €S)l.52}r )\1.173 }’ Del.333l‘r LP ]
ST c 0.52 .03k 0.17-1L 152 170,184, [0.082
s T £ D, Pp Q%)

D

(18)
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or, eliminating A,

At 0.824 2.125 1.882
mr =[S Ui Tr a P
ms L . L1.OWT L ;1.298 p.6L9 L D 2-125
S S
1, 0.079 (19)

[ D ]

L Ppo.161 @i) :'079

In equations (17) and (19) the exponents of the terms in the last brackets
are so small that the average values for these terms may be used without
significant error over the operating ranges of interest. In the ranges of
LP = 5ft to 15ft, pressures from 300 to 70O psia, and (W/Q) = 0.003 to
Q015, the values of the brackets in equations (17) and (19) may be taken
as 0.7T74 and 0.298 respectively with an extreme error of only % 3.2% in
equation 17 and + 19% in equation 19. Hence equations (17) and (19) be-

come approximately

0.702 0.516 0.468
A = 1.98 [ep (1 - <)) :{[ 1 1[ Pe ] (20)
es1.216 TO.8J.1 §o.l;o5 DS.516
0.824 2.125 1.882
Tm g1 [ S (-<g) ] 1 ] Pe J (21)
At ) €sl.9lr( . T1.298 50.61@ D52.125

Thus the core sizes are directly related to four characieristic groups:
the voidages, the gas pressures, the equivalent diameters of the flow passa-
ges, and the pumping power-to-heat removal ratios. The gas film temperature

drops are similarly related.
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The voldage in pebble-bed cores is not a variable if the fuel is of
uniform size, and its value is approximately 0.39(3©>for reasonably large
bed (compared to fuel diameter). Substituting €, = 0.39 in equations (20)

and (21), yield:

- ¢ 0.702 D 0.468 (22)
- ol e 22
A= 12 FEm o.uo5][ D 0.516]

T 3 s

0.824 1.882

At € D
I 199 [ 2 < (23)
X L 1.298 g0.61»9] Dse.les ]

Consideration of Voidage in the Prismatic Core

It is clear from equation (22) that the prismatic core will be con-
siderably smaller than the pebble bed core for equal operating pressures.
Under this condition there is an incentive to hold the prismatic core void-
age to a low value in order to minimize fuel cycle costs(B), and a void frac-
tion close to 0.1h would be chosen. On the other hand, if the designer
should prefer a lower gas pressure for the prismatic core (i.e. a larger
core) the void fraction need not be held as low. A fraction as high as
0.25 might be acceptable although not necessarily optimum. Substantially
higher fractions would not be given much consideration because of the
increasing penalty associated with fuel cycle costs or reactor size without
a corresponding reduction in other problems or costs. Let us choose a
value of 0.20 as representative of well-designed, high-performance pris-
matic cores. Equations (22) and (23) become:

D 0.468
e
Moo= 3'9ll: . 0.516] L 5811

S

1
3

o.u05] (24)
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At r D 1.882 (25)
mp 53.7 e 1 25
Atms L D82.125:l [ T1.298 50.649]

Fig. 10 shows a comparison of the core length, core volume and film
temperature drop for the prismatic and pebble bed cores as obtained from
equations (24) and (25), in terms of the equivalent hydraulic diameters
and fuel ball sizes. The curves shown are for the particular combinations
of pressure ratios and pumping power-to-heat removal ratios shown. The
comparison shows immediately that the prismatic core is considerably smal-
ler for the same power output than its pebble bed counterpart, or its
operating pressure and pumping power are lower. On the other hand, the gas
film temperature drop is generally higher in the prismatic core if the
core is much smaller than the pebble bed core. Considering the fact that
prismatic fuel elements are easily designed to have much lower internal
temperature drops than the matching pebble bed fuel elements, higher surface
temperatures can be tolerated withoult exceeding the maximum allowable fuel
temperature. Furthermore, the core radial temperature distribution can be
made quite uniform by orificing the fuel channel inlets in the prismatic
core, a step impractical for the pebble bed core, thus enhancing the tol-

erance for high average fuel surface temperatures.

Axial Flow Pebble Bed Limitations

Since the fuel levitation problem is aggravated as the fuel ball size
is reduced, the designer is limited in the power densities he can achieve
in unrestrained axial upflow beds. As a result, either uneconomically
low power densities and pumping power-to-heat removal ratios are accepted,

or schemes of wunproven feasibility are resorted to in order to prevent



- 27 -

the fuel from fluvidizing or bouncing in the gas stream. In the pebble bhed

(8)

reactor chosen here for comparison the design was optimized with respect
to all these parameters, and even then 1t required fuel balls 2.5 inches in
diemeter and was limited to an average power density of 6.6 w/cm3. The W/Q
had to be held to 0.003 whereas a value of 0.01 is acceptable for the pris-
matic cores. In this particular reactor the core height was 12.4 ft; the
average gas film temperature drop was 126°F and the gas pressure was TOO
psia.

In conclusion, the fuel handling, and perhaps the reactor maintenance,
for the pebble bed reactor will have to be considerably easier and more

economical than that for the prismatic reactors for the pebble bed reactor

to be competitive.
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APPENDIX A

Heat Transfer and Pressure Drop Relations for Axial Flow Pebble Beds

An expression for the core power density as a function of the principal
system parameters can be derived as follows.

The friction factor for a randomly-packed bed of spheres is:
1.27
R e (a-1)
€

where

Re = -= | (A-2)

The heat removal from the core is:
@ = 6 AcC) ot (4-3)

The average core power density may be defined as:

K = & - S _ (A-b)

The relationships for pressure drop and pumping power are:

2
AP - 28 o L
= -—rg Ds
= 15 (- )BT 0BT a7 (a-5)
€3 pD 1.27 s
s
and
AP Gs
W = AW (A"'6)
From Egs. (A-3) and (A-6):
W 1 AP
q ° T8 eC_ ot (A-7)
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Combining Egs. (A-5) and (A-7) gives:

1.73 0.27 -1
Q 778 3 024 c, Dsl.27\ L

€
From Egs. (A-3) and (A-4):

Kﬁ;
G, = T sr (4-9)
P m

Substituting (A-9) into (A-8) and solving for K :

778 2.57T 0.57T 61.73 CE;.577 pl.lSA Dso,735
= & QQ) e )0.735 “0,156
1.57T
Qi':]'n"l) (A-10)

Assuming the coolant to be a perfect gas:
PM
° = TN T (A-12)
Substituting Eq. (A-11) into Eq. (A-10):

L.57TT  O.577

(&

1.57T
K = 192 et G QPMJ A54 p 0.735 Q ey
(1 - 0-735 0.156

(a-12)

One important parameter not included in Eq. (A-12) is the film tempe-
rature drop. It can be derived by considering the heat transferred from
the surface of the fuel balls as follows.

The heat transfer surface per unit core volume is:

6 (2 -¢) 2/ g3 (4-13)
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Hence,
K, & = h[ -6-%—516—1] At (A-14)
From Ref. L:
h o= 0.5 (1 -¢)°3 G C, py~0-66 p-0.3 - (A-15)

Subtituting Bq. (A-9) into Eq. (A-15) and eliminating G:

6tm~0.7

0.3
_ 0.3 0.3 ; -0.66 4 0.7 ~m
h = 0.5(1-¢) o, pr 53 K T ) (4-16)

]

Substituting Eq. (A-16) into Eq. (A-1L4):

1.3
D 0.66
1 s Pr 0.3/ 8t_\.T
At = = K m A-17
m 301 e )i cp°'3 03 m = ( )
Substituting Eq. (A-12) into Eq. (A-17):
0.52 0.173 .. 0.66
At = 1.60 - T : 5 1;2 PM——T— D'3%D1‘52 (A-18)
m (l —c ) .5 u . 3 ]
1.173
Stm (\H) 0.173
L Q

Equation (A-12) gives the core power density in a core of uniform voi-
dage and uniform power distribution. Either Eq. (A-17) or Eq. (A-18) can
be used to obtain the film temperature drop at the fuel ball surface.

For the cores with power output varying throughout the core, the power
density and film temperature drop at any point are:

K = 7Km
At =y Ot (A-19)



where

7

..32...

local core power density

average core power density
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APPENDIX B

Heat Transfer and Pressure Drop Relations for Radial Flow Pebble Beds

The core power density can be derived as a function of the parameters

of a radial flow pebble bed as follows.

From Eq. (A-T):

8
AP = [ 4P
1
o
From Eq. (A-5):
@ = ¢ 6B ar
s
where
1.2 0.2
o - B(1-¢) TRt
1 g 3 Py 1.27
€ s
r
G, = G ==
s or

Substituting Eq. (B-5) and Eq. (B-3) in Eq. (B-2) and integrating:

1.73
c (Go ro)

A o [ro-o.73 _ a-0.73]

0.73

Define n:

(B-1)

(B-2)

(B-3)

(B-4)

(B-5)

(B-6)

(B-7)
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Substituting Eq. (B-6) and Eq. (B-T) into Eq. (B-1) and solving for G, :

0.577
(W/Q)O.STT

0.57T -0.737 0.577
Cl [1 - n J

6, - @6&}”77 0.577 cp°°577 (%&)

(B-8)
By definition the power density is:
2nr LG C_ 5t
K - Q - 0 O p m
o 1t(a2 - roe) L n(a2 - roe) L
26 C_ &t
Or K - .2 D m (B-9)
m 2
(n - l) o
Substituting Eqs. (B-4), (B-8), and (A-11) into Eq. (B-9):
1.577 1.57T7
320 e 173 Qp. EM)1.154 5 0-735<\§EE‘ H..0.57’{'
X _ (l _ €)0.735 HO.156 T / ] ro Q
m 2 -0.7340.577
(1’1 = l) (l - n ) (B-lO)

The film temperature drop at the surface of the ball can be evaluated

as follows:

From Eq. (A-1k4):

K D
m S
M = B (T -¢€) (3-11)
From Eq. (A-15), Eq. (A-2) and Eq. (B-5):
0.7
G r | i 0.3
L = 0.5 (1 -¢)°3 <:127§9-) c, Pr 0.66 —35—5 (B-12)
o

S
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Solving Eq. (B-9) for G and substituting in Eq. (B-12):

-0.7

0.5 (1 -¢ D ' T 0.7 2 0.7
h = K r gn - l}
(2)0.7 DSO.3 Pr0.66 QI‘O ) m [O T ]
(B-13)
Substituting Eq. (B-13) into Eq. (B-11):
0.66
_ 1 Pr 1.3 0.3
At o= 0.54%2 T3 03 03 D, K (B-14)
(1 -¢) ¢, 0

0.7

St 0.7
[(ro) r (ng-l)l

(o]
Substituting Eq. (B-10) into Eq. (B-14) we obtain At . in terms of the pump-

ing power-to-heat removal ratio:

L0.52 c°l73P°66 o O
3.062 R 0.356 ( =)

(
At =
mr 0.173
(n® - 1) (1 - 09 T3)

()" (g™ -

346 1.




- 36 -

APPENDIX C

Thermal Stress and Temperature Drop Within the Ball

The tangential stress in a ball is:5
. s/2 Ng
B 2 T 2 1 2
oy = th [ =2 rP e [ rfe-r] ()
L. (Ds/2) o )
where
y = distance from the ball center

Assuming uniform heat generation rate in the ball, the heat balance

equation for heat transfer at distance y from the ball center is:

I_{(_:Q%'ny?’) R SCRTON-— (c-2)

Integrating Eq. (C-2) with the boundary condition T = Q0 at y = Ds/2

1

gives:

[2,

X S 2

T s ®TE oIS 'yJ (c-3)
Substituting Eq. (¢-3) into Eq. (C-1) and integrating between y =0

and y = DS/2 gives the tangential stress at the ball surface as follows:

D 2

o B 5 K
Ot = I5R (I V) 2) T-< (c-4)

The temperature drop between the ball center and the ball surface can be

found by substituting y = 0 in Eq. (C-3):

Dy ° (c-5)
st = ey (3



- 37 -

APPENDIX D

Effects of Local Variations in Heat Transfer Coefficients on the Temperature

Distribution and Thermal. Stress Within a Fuel Ball

The three-dimensional steady-state heat conduction problem for the Dball
was reduced to a two dimensional problem and relaxation calculations were
carried out assuming:

1) uniform heat generation rate within the ball,

2) uniform thermal conductivity,

3) uniform bulk gas temperature around the ball,

4) uniformly distributed contact points over the ball surface, and

5) a gas-film heat transfer coefficient distribution symmetrical about

the contact point.

Figure 11 éhcws the model used to approximate the two-dimensional heat
conduction problem in the ball. In this figure, point A corresponds to the
ball center, B to a contact point, and AB is the axis of symmetry. Hence,
this figure represents the portion of the sphere obtained by rotating this
figure about the AB axis. It was assumed that no heat is conducted across AB
and AC, and that the heat transfer coefficient increases along AC in the C
direction. Forvseven points of contact the angle © is about 45 degrees.

Consider a nodal point O at a distance (m.A4) from the AB axis.

Assume that point O is thermally connected to the four adjacent points, each
a distance (Ag) apart from O, as shown in Fig. 11.

The temperature of the nodal point, To, must satisfy the equation:

151 C; o (Ty -T)+Q, = 0 (D-1)



where
C;,_, = the thermal conductance (i.e., kx area/length) between
points i and o,
Qo = +the rate of heat generation at o.

Because of symmetry about the AB axis, Ci-o and Q‘o can be evaluated

as follows:
_ _ k2xmAbLDg _
Clvo = O30 = Ay = 2nkmdd (D-2)
( 1
k 2 (m Ag --Z—Az)Az 1
Gy = = 2xk Qm - E)M, (D-3)
Ay !
k2n<m/_\z +%A2)Az 1
o = Ny = 2nk &m + é-) Ag (D-4)
Qo = 21 n Azqu_ (p-5)
where
d- = heat generation rate per unit volume of the ball
k = thermal conductivity of the ball material

m 1, 2, 3, ete.

Dividing the entire surface into fine square nets and evaluating ci-o

and Q‘o in a manner as described above, the problem was coded using the

(2)

"Generalized Heat Conduction Code" for the IBM-TO4 computer.
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APPENDIX E

Hot Spot Factors Resulting from Variable Core Voidage

Consider an axial flow, cylindrical pebble-bed reactor core and assume
that the core voidage varies only in the radial direction with cylindrical
symmetry about the central axis. Divide the core into (n) concentric
cylinders. Assume that each of these sections is at some constant voidage,
and that the pressure drop across the length of each section is the same
regardiess of the voidage.

Consider any section i. The pressure drop for this section is
(from Eq. (A-5) ):

(1 _61)1.27 , 027

AP = 13 i L 1.73

= g € 3 o 157 G4
i D
i s

(E-1)

Since AP, L, and DS are assumed to be the same for all &uiiong Eq. (E-1)

can be solved for Gi as follows:

e - x eil.73 piO.578

(E-2)
i (l - ei)0.735 Hio.156

where

X = +the term which is the same for all sections,

Now, define (Gé) as that gas flow rate (1b/hr-ft2) which would
result - if the core voidage were uniform over the whole core cross section.

and equal to the mean voidage (ee) of the core., Then, for the same total
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gas flow rate through the core, we have:

i=n
G A = > G A (E-3)
e i= i7i
where

n

A = +total cross section area of the core = 2 ‘Ai
i=1

Ai = ¢ross section area of section i

Now, consider a particular section j. Assume that the heat to be
removed from the section j is the same when the voidage in this section is

replaced by Ge and the gas flow rate by Ge‘ Then: .

= A, , ot = A 8t
qJ J CP GJ mj J Cp Gy me
or (E-4)
Ge
Stmj = atj— S'tme

Substituting value of G from Eq. (E-2) into Eq. (E-5) with appropriate

subscripts:
ien c _1.73 o 0.578
2 Ay 3 io 158
8t - i=1l (l - € i) .735 p'i : ~ (E-'6)
mJ .73, 0.518 e T Fist P

A[ €Jo 'J016:]
(1 - ej) .135 Hj <15
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Neglecting the effect of temperature onpandu , the hot spot factor for

the gas temperature rise in section J, Fj st becones:
2
n €;1.73
s A, Q)
i=1 (1 - ei) -135
. = : E..
Ty, ot 173 (2-7)

[ eJ
A

T 10.735 ]
(l ej)

The hot spot factor for the film temperature drop for section J,
Fj At cen be evaluated by considering the heat transfer in this section
J

as follows:

q; = (vol), s h At = (vol)j S, hy At (E-8)

From Eq. (A-15):
h o= Kk (2-¢)%36%7 03 (E-9)
where
K' = +the term which is the same for all sections.
From Eq. (A-13):

s = " (E-10)

Substituting Eqs. (E-9) and (E-10) into Eq. (E-8) with appropriate

subscripts and solving for At

5
G..0.T 1 -¢ 1.2 p_ 0.3
e e e
At = = — — W E-11
J (Gj) Ql—ej ) Q“j) Ame ( )
From Eq. (E-L4) and E-6):

b _ . (E-12)

G T, 0t
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Substituting Eq. (E-12) into Eq. (E-11):
0.7 - ee)ﬁ‘S Mg 103 ~
sty = %y, Qr:e‘j' Qq) Mpe = Fyap Ofpe  (B-13)

Neglecting the temperature effect on 1, the hot spot factor for the

film temperature drop for section J becomes:

1 € 1.3

_ 0.7 " e _
e = T (175 (B2h)
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APPENDIX F

Heat Transfer and Pressure Drop Equations for Prismatic Fuel Elements

The term prismatic core refers to those cores having longitudinally

uniform flow passages, such as given by tubular or rectangular fuel elements.
Following a procedure similar to that in Appendix A, the core power

density for the prismatic cores can be calculated as follows:

£ = 0.046Re” 0% Rer (6) (F-1)
Re = G Dy (F-2)
)

In a core with uniform power distribution, the heat removal from the core
is:

Q

(A ) @ c, %, (F-3)

The average core power density may be defined as:

K . 9 _ &
m  core volume =~ AL (F-4)

The pressure drop and the pumping power are given by:

2
_ G L
& o= e f
_ oo e® 02 g
g P b 12 (F-5)
e
and,
W= (AG)G??-E—B— (F-6)

From Egs. (F-3) and (F-6):



AP

W = 1

W (F-7)

Q 778 PC, Bt
Combining Egs. (F-5) and (F-T):

E;)_ 0.002 L8 ,0-2 L (5-0)

QQ T TS eg 2, pl.2 st
o m
‘ D e
From Eqs. (F-3) and (F-4):
K
_ m L
¢ = <& (F-9)
D m
Substituting Eq. (F-9) into Eq. (F-8) and solving for K :
1.555 1,111 _ 0.666 1.555
_— 8 )0.556 w)0.556 E’P - Lp .'De ] Stm
= Il—-—g -~ € + .
m (\0.092 (\Q 0.111 (\ T
' K (F-10)
Assuming the coolant to be a perfect, gas:
PM
o= TEILT (F-11)

Substituting Eq. (F-11) into Eq. (F-10):

+:955 1.111

- 1.556
C 3t 0.5%
= 3 M 2
% = (267200 S (T 7

Deo.666< =) (Y

(F-12)

r .
The gas film temperature drop can be derived as follows:

s = %ﬁi ££2/£t3 (F-13)
e
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Le
K = hsSat = h&-ﬁe—)Atm (F-14)
no= 0.023-15——Re0'8 prO-H Ret (7)
e
0.4
k Pr 1 .0.8
= 0.023 58 55 G (F-15)
M D,
Subétituting Eq. (F-9) into Eq. (F-15):
0.8
0.8 K
1 k Pr
= °'°2<€o.8>Q 08 uo <5‘c) 02 (r-26)
e

Substituting Eq. (F-16) into Eq. (F-14) and solving for At
0.8 . .
C Bt
1/ 1w p M m 1.2, 0.2
At = ( )( p 2k (F-17)
m 0.092\ €0.2) X Pro.h L) e m

Substituting Eq. (F-12) into Eq. (F-17), to eliminate K , ve get:

l 111 O 778 0.022 1.111 0.111

At o= 5207 ( Pro’h ) %M) . D 333( ) QQ)

(r-18)
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