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ABSTRACT

Over-all fuel and graphite temperature distributions were calculated
for a detailed hydraulic and nuclear representation of the MSRE. These
temperature distributions were weighted in various ways to obtain nuclear
and bulk mean temperatures for both materials. At the design power level
of 10 Mw, with the reactor inlet and outlet temperatures at 1175°F and
12250F> respectively, the nuclear mean fuel temperature is 1213°F. The
bulk average temperature of the fuel in the reactor vessel (excluding

..-the volute) is 1198'F. For the same conditions and with no fuel per-
meation, the graphite nuclear and bulk mean temperatures are 1257°F and
1226°F, respectively. Fuel permeation of 2§ of the graphite volume
raises these values to 1264°F and 1231°F, respectively.

The effects of power on the nuclear mean temperatures were combined
with the temperature coefficients of reactivity of the fuel and graphite
to estimate the power coefficient of reactivity of the reactor. If the
reactor outlet temperature is held constant during power changes, the
power coefficient is - 0.018> ~/Mw. 1If, on the other hand, the average

of the reactor inlet and outlet xejnperatures is held constant, the power
coefficient is - 0.047$% (LMw.
k
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INTRODUCTION

This report is concerned with the temperature distribution and ap-
propriately averaged temperatures of the fuel and graphite in the MSRE
reactor vessel during steady operation at power.

The ‘temperature distribution in the reactor is determined by the
heat production and heat transfer. The heat production follows the over-
all shape of the neutron flux, with the fraction generated in the grephite
depending on how much fuel is soaked into the graphite. Fuel channels tend
to be hottest near the axis of the core because of higher power densities
there, but fuel velocities are equally important invdetermining fuel tem~
peratures; and in the fuel channels near the axis of the MSRE core the
velocity is over three times the average for the core. Variations in
veloelty also cccur in the outer regions of the core. Graphite tempera-
tures are locally higher than the fuel temperatures by an amount which
varies with the power density and also depends on the factors which gov-
ern the heat transfer into the flowing fuel.

The mass of fuel in the reactor must be known for inventory calcu-
lations; and this requires that the mean densibty of the fuel and the
graphite be known. The bulk mean temperatures must therefore be calcu-
lated.

The temperature and density of the graphite and fuel affect the
neutron leakage and absorption (or reactivity). The reactivity effect
of a local change in temperature depends on where it is in the core,
with the central regions being much more important. Useful quantities
in reactivity analysis are the "nuclear mean" temperatures of the fuel
and graphite, which are the result of weighting the local temperatures
by the local nuclear importance.

The power coefficient of reactivity is a measure of how much +the
control rod poisoning must be chenged to obtain the desired temperature
contrel as the power is changed. The power coefficient depends on what
temperature is chosen to be controlled and on the relation of this tem-
perature to the nuclear mean temperatures.

This report describes the MSRE core in terms of the factors which

govern the temperature distribution. It next presents the calculated



temperature distributions and mean temperatures. The power coefficient
of reactivity and its effect on operating plans are then discussed, An
appendix sets forth the derivation of the necessary equations and the

procedures used in the calculations.

DESCRIPTION OF CORE

Figure 1 is a cutaway drawing of the MSRE reactor vessel and core.
Circulating fuel flows downward in the annulus between the reactor vessel
and the core can into the lower head, up through the active region of the
core and into the upper head.

The major contribution to reactivity effects in the operating reactor
comes from a central region, designated as the main portion of the core,
where most of the nuclear power is produced. However, the other regions
within the reactor vessel also contribute to these effects and these con-
tributions must be included in the evaluation of the reactivity behavior.
The main portion of the core is comprised, for the most part, of a regular
array of close~-packed, 2«in. square stringers with half-channels machined
in each Tace to provide fuel passages. The regular pattern of fuel chan~
nels is broken near the axis of the core, where controlerod thimbles and
graphite samples are located (see Fig. 2), and near the perimeter where
the graphite stringers are cut to f£it the core can. The lower ends of
the vertical stringers are cylindrical and, except for the five stringers
at the core axis, the ends fit into a graphite support structure. This
structure consists of graphite bars laid in two horizontal layers at
right angles to each other, with clearances for fuel flow. The center
five stringers rest directly on the INOR-8 grid which supports the hori-
zontal graphite structure. The main portion of the core includes the
lower graphite support region. Regions at the top and bottom of the core
where the ends of the stringers project into the heads as well as the
heads themselves and the inlet annulus are regarded as periphersl regions.

The fuel velocity in any passage changes with flow area as the fuel
moves from the lower head, through the support structure, the channels,
and the channel outlet region into the upper head. The velocities in most
channels are nearly equal, with higher velocities near the axis and near

the perimeter of the main portion of the core. For most passages, the
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greater part of the pressure drop occurs in the tortuous path through the
horizontal supporting bars. This restriction is absent in the central
passages, resulbting in flows through these channels being much higher than
the average.

The variations in fuel-to-graphite ratio and fuel velocity have a
significant effect on the muclear characteristics and the temperature
distribution of the core. In the temperature snalysis reported here, the
differences in flow area and velocity in the entrance regions were neg-
lected; i.e., the flow passages were assumed to extend from the top to the
bottom of the main portion of the core without change. Radial variations
were taken into account by dividing the core into concentric, cylindrical

regions according to the fuel veloclty and the fuel-to-graphite ratio.

Fuel Channels

The fuel channels are of several types. The number of each in the
final core design is listed in Table 1. The full-sized channel is the
typical channel shown in Fig. 2. The half-channels occur near the core
perimeter where faces of normal graphite stringers are adjacent to flat-
surfaced stringers. The fractional channels are half-channels extending
to the edge of the core. The large anmulus is the gap between the graphite
and the core can. There are three smmuli around the control-rod thimbles.
The graphite specimens, which occeupy only the upper half of one lattice
space above a stringer of normal cross section, were treated as part of

a full-length normal stringer.

Table 1. Fuel Channels in the MSRE

Channel Type Number

ll-gize - 1120
Half=-size 28
Fractional 16
Large annulus 1

Thimble annuli 3
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Hydraulic Model

Hydraulic studies by Kedll on a fifth-scale model of the MSRE core :
showed that the axial velocity was a function of radial position, pri-
merily because of geometric factors at the core inlet. As a result of
these studies, he divided the actual core channels into several groups
according to the velocity which he predicted would exist. This division
was based on a total of 1064 channels with each of the control-rod-thimble
annuli. treated as four separate channels. He did not attempt to define
precisely the radial boundaries of some of the regions in which the chan-
nels would be found.

Since the total number of fuel channels in the core is greater than
the number assumed by Kedl, and since radial position is important in
evaluating nuclear effects, it was necessary to make a modified division
of the core for the temperature analysis. For this purpose the core was
divided into five concentric annular regions, as described below, based
on the information obtained by Kedl. The fuel velocities assigned by

Kedl to the various regions are used as the nominal velocities.

Region 1

This region consists of the central 6-in. square in the core, with -
all fuel channels adjacent to it, plus one-fourth of the area of the
graphite stringers which help form the adjacent channels. The total
cross=-sectional area of Region 1 is 45.0 inc2 and the equivalent ?adius
is 3.78 in. The fuel fraction (f) for the region is 0.256. This region
contains the 16 channels assigned to it by Kedl plus the 8 channels which
he classified as marginal. Because of the cylindrical geometry around
the control-rod thimbles, six of the channels which were marginal in
Kedl's model have the same flow velocity as the rest of the region. It
was not considered worthwhile to provide a separate region for the two

remaining channels. The nominal fluid velocity is 2.18 ft/sec,

lE° S. Bettis et al., Internal Correspondence.
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Region 2

This region covers most of the core and contains only normal, full-
sized fuel channels. All the fuel channels which were not assigned else=~
where vere assigned to this region. On this basis, Region 2 has 940 fuel
channels, a total cross-sectional area of 1880 in.2, a fuel fraction of
0.224, and equivalent outer radius of 24.76 in. (the inner radius is equal
to the outer radius of Region 1), and a nominal fluid velocity of 0.66
ft/sec.

Region 3

This region contains 108 full-sized fuel channels as assigned to it
by Kedl. The total cross-sectional area is 216 in.a; the fuel fraction
is 0.224; the effective outer radius is 26.10 in.; and the nominal fluid
velocity is 1.63 ft/sec.

Region 4

This region was arbitrarily placed outside Region 3 even though it
contains marginal channels from both sides of the region. All the half-
channels and fractional half-channels were added to the 60 full-sized
channels assigned to the region by Kedl. This gives the equivalent of
78 full-sized channels. All of the remaining graphite cross-sectional
area was also assigned to this region. As a result, the total cross-
sectional area is 245.9 in.2; the fuel fraction is 0.142; the effective
outer radius is 27.58 in., and the nominal fluid velocity is 0.90 ft/sec.

Region 5

The salt annulus between the graphite and the core can was treated
as a separate region. The total area is 29.55 in.g; the fuel fraction
is 1.0; the outer radius is 27.75 in. (the inner radius of the core can),

and the nominal fluid velocity is 0.29 ft/sec.

Effective Velocities

The nominal fluid velocities and flow areas listed above result in
a total flow rate through the core of 1315 gpm at 1200°F. All the veloci-
ties were reduced proportionately to give a total flow of 1200 gpm. Table
2 lists the effective fluid velocities and Reynolds numbers for the various

regions along with other factors which describe the regions.



Table 2. Core Regions Used to Calculate Temperature Distribubtions in the MSRE

Number of Total Cross- Effective Effective Flow
Full-sized secbional Area Fuel Outer Redius  Fluid Velocity Reynclds  Rate
Region  Fuel Channels (in.®) Fraction (in.) (£t/sec) Number {gpm)

1 12% 45.00 0.256 3.78 1.99 3150 72

2 ko 1880. 0.224 2h .76 0.60 oks T9l

3 108 216.0 0.22k 26.10 1.49 2360 22k

b 78 2k5.9 0.1k2 27.58 0.82 1300 89

5 0** 29.55 1.000 27.75 0.26 121 2l
1200

%
Plus 3 control-rod~thimble annuli.

F*%
Annulus between graphite and core shell.

#T
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Neutronic Model

The neutronic calculations upon which the temperature distributions
are based were made with Egquipoilse 3A?2’3 a 2=-group, 2-dimensional, nmulti-
region neutron diffusion program for the IBM-7090 computer. Because of
the limitation to two dimensions and other limitations on the problen
size, the reactor model used for this calculastion differed somewhat from
the hydraulic model.

The entire resctor, including the reactor vessel, was represented in
cylindrical (r,z) geometry. Three basic materials, fuel salt, graphite
and INOR were used in the model. A total of 19 cylindrical regions with
varioug proportions of the basic materials was used.

Flgure 3 is a vertical half-section through the model showing the
relative size and location of the various reglons. The region composi-
tions, in terms of volume fractions of the basic materiasls, are summa~
rized in Table 3.

Regions J, L, M, and N comprise the main portion of the core. ‘This
portion contains 98.7% of the graphite and produces 87% of the total power.
The central region (L) has the same fuel and graphite fractions as the
central region of the hydraulic model. However, the outer boundary of the
region is different because of the control-rod-thimble representation.
Since it was necessary to represent the thimbles as a single hollow c¢yl-
inder (region K) in this geometry, a can containing the same amount of
INOR as the three-rod thimbles in the reactor and of the same thickness
was used. This established the outer radius of the INOR cylinder at 3 in.
which also is close to the radius of the pitch circle for the three thim~
bles in the MSRE. The central fuel region was allowed to extend only to
the inside radius of the rod thimble. The portion of the core oulside
the rod thimble and above the horizontal graphite support region was

homogenized into one composition (regions J and M). The graphite~fuel

QT. B. Fowler and M. L. Tobias, BQUIPOISE-3: A Two-Dimensional, Two-

Group Neutron Diffusion Code for the IBM-7090 Computer, ORNL-3199 (Feb. 7T,
1962).

3. w. Nestor, Jr., FEQUIPOISE-3A, ORNL=3199 Addendum (June 6, 1962).
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Table 3. Nineteen~Region Core Model Used in EQUIPOISE Calculations for MSRE

radius Z Composition
(in.) (in.) (Volume percent) Region
Region inner outer bottom top fuel graphite INOR Represented

A 0 29.56 Th.92 T76.0kL o) 0 100 Vessel top

B 29.00 29.56 - 9.14 Th .92 0 0 100 Vessel sides

c 0 29.56 ~10.26 - 9.14 0 0 100 Vessel bottom

D 3.00 29.00 67 .47 Th .92 100 0 0 Upper head

E 3.00 28.00 66.22 67 .47 93.7 3.5 2.8

F 28.00 29.00 0 67 .47 100 0 0 Dovncomer

¢ 3.00 28.00 65.53 66,22 ok .6 5.4 0

H 3.00 27.75 64 .59 65.53 63.3 36.5 0.2

I 27.75 28.00 0 65.53 0 0 100 Core can

J 3.00 27.75 5.50 6k .59 22.5 7.5 0 Core

K 2.94 3.00 5.50 Th.92 0 0 100 Simnlated
thimbles

L 0 2.94 2.00 64 .59 25.6 Th.4 0 Central
region

M 2.94 27.75 2.00 5.50 22.5 T7.5 0 Core

N 0 27.75 0 2.00 23.7 76.3 0 Horizontal
stringers

0 c 29.00 - 1.h1 0 66.9 15.3 17.8

P 0 29.00 - 9.1k 1.4l 90.8 0 9.2 Bottom head

Q 0 2.94 66.22 T4 .92 100 0 0

R 0 2.94 65.53 66.22 89.9 10.1 0

S 0 2.94 64 .59 65.53 43.8 56 .2 0

LT
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mixture containing the horilzontal graphite bars at the core inlet was
treated as a separate region (N).

The main part of the core, as described in the preceding paragraph,
does not include the lower ends of the graphiie stringers, which extend
beyond the horizontal graphite bars, or the pointed tops of the stringers.
The bottom ends were included in a single region {0) and the mixture at
the top of the core was approximated by 5 regions (E, G, H, R, and S).

The thickness of the material contained in the upper and lower heads
{regious 0, Q, and P) was adjusted so that the amount of fuel salt was
equal to the amount contained in the reactor heads. As s result of this
adjustment the over-all height of the neutronic model of the reactor is
not exsctly the same as the physical height. The upper and iower heads
themselves (regloms A and C) were flattened out and represented as metal
discs of the nominal thickness of the reactor material.

Ie the radisl direchion outside the main part of the core, the core
can (region 1), the fuel inlet annulus (region F) and the reactor vessel
(region B) were included with the actual physical dimensions of the re-
actor spolied to them.

The materisls within each separate region were treated as homogeneous
mixtures in the calculations. As a result, the calculations give only
the over-all shape of the fiux in the regicns where inhomogeneity exists

bazaguse of the presence of two or more of the basic materials.

NEUTRONIC CAICUIATIONS

The first stepr in the neutronic caleulations was the establishment
of the fuel-salt composition reguired for criticality. A carrier salt
combaining TO mol w IiF, 5% BeFs and 5m ZrFqs was assuned. The LiF and
ZrTe concenbratlons were held constant and the BeFo concentration was
reduced as the concentration of UFyg was increased in the criticality
search. TZ@ uranivm was assumed to consist of 93% U235; 5% U238 1% U
23

and 1% U . This isotopic composition is typical of the material ex~

234

pected to be avsilable for the reactor. The lithium to be used in the
manufacture of the fuel salt conbtains 73 pon L169 This value was used in
the calculations. No chemical impurities were considered in the fuel mix-

ture. A1l of the calculations were made for an iscthermal system at 1200°F.
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The criticality search was made with MODRIC, a one-dimensional, multi-
group, multiregion neutron diffusion program. This establighed the criti-
cal concentration of UF4 at 0.15 mol %, leaving 24.85% BeF,. The same
program was used for radlal and axisl traverses of the model used for the
Eguipoise 3A calculastion to provide the 2-group constants for that program.
The spatial distributions of the fluxes and fuel power density were cb-
tained directly from the results of the Eguipoise 3A caleulation. The
same fluxes were used to evaluabte the nuclear importance functions for

temperature changes.,

Flux Distributions

The radial distribution of the slow nsutron flux calculated for the
MSRE near the midplane is shown in Fig. 4. This plane contains the maxi-
mum value of the flux and is 35 in. above the bottom of the main part of
the core., The distortion of the flux produced by absorptions in the simu-
lated control-rod thimble, 3 in. from the axial centerline, is readily
apparent. Because of the magnitude of the distortion this simplified
representation of the control-rod thimbles is probably not adeguate for an
accurate description of the slow flux in the lmmediate vicinity of the
thimbles. However, the over~-all distribution is probably reasonably
asccurate. The distortion of the fiux at the center of the reactor also
precludes the use of a simple analytic expression to describe the radial
distrivbution.

Figure 9 shows the calculalted axial distribution of the slow flux
slong s line which passes through the maximum value, 7 in. from the verti-
cal centerline. The reference plane for measurements in the axial direc-
tion is the bottom of the horizontal array of graphite bars at the lower
end of the main portion of the core. Thus, the outside of the lower heed
is at -10.26 in.; the top of the main portion of the core is at 64.50 in.;
and the outside of the upper head is at 76.04. The shape of the axisal
distribution in the msin portion is closely approximated by a sine curve
extending beyond it at both ends. The equation of the sine approximetion

shown in Fig. 5 is
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= sin[?$?7 (z + &.36)} R

(¢a%n

with the linear dimension given in inches.
The relation of the slow neutren flux to the other fluxes (fast,
fast adjoint and slow adjoint) is shown in Pigs. 6 and 7. These figures

present the absolute values for a reactor power level of 10 Mw.

Power Density Distribution

A function that is of greater interest than the flux distribution,
from the standpoint of 1lts effect on the reactor temperatures, is the
distribution of fission power density in the fuel. For the fuel compo-
sition considered here, only 0.87 of the total fissions are induced by
thermal neutrons; the fraction of thermsl fissions in the main part of
the core is 0.90. In spite of the relatively lerge fraction of nonthermal
fissions, the over-gll distribution of fuel fission density is very simi-
lar to the slow-flux distribution. The radial distribution is shown on
Fig. 4 for a direct comparison with the thermal flux. The axial fission
density distribution (see Fig. 8) was Titted with the same analytic ex-
pression used for the axial slow fiux. The guality of the fit is about

the same for both functions.

Nuclear Importance Functions for Temperature

The effects upon reactivity of local temperature changes in fuel and
graphite have been derived from first-order twoe-group perturbation theory
and are reported elsewhereek This snalysis produced weighting functions
or nuclear importance functions, G(r,z) for the local fuel and graphite
temperatures. The weighted average temperatures of the fuel and graphite
obtained by the use of these functions msy be used with the sppropriate
temperature coefficients of reactivity to calculate the reactivity change

associated with any chenge in temperature distribution.

2¥4B° E. Prince and J. R. Engel, Temperature and Reactivity Coefficient .
Averaging in the MSRE, ORNL TM-379 (Octcber 15, 1962).
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The temperature weighting functions are evaluated in terms of the
four £l ts: B G, B, G, B, $ ena g, g, ici
our flux products: 1 P10 P 9 0, 94 and o o e coefficients
applied to the various terms depend on the material being considered, its
local volume fraction and the manner in which temperature affects its
physical and nuclear properties. Since the weighting functions are evalu-
ated separately for fuel and graphite, a particular weighting function
exists only in those regions where the material is represented.

Figures 9 and 10 show the axial variation in the weighting functions
for fuel and graphite at the radial position of the maximum fuel power
density. For both materials the axial variation in the main part of the

core is very closely approximated by a sine-gquared. The function:

e 2 K
sin [m (z + bro'?l)]

is plotted on each of the figures for comparison. The wide variations at
the ends result primarily from the drastic changes in volume fraction
and the apparent discontinuities are the result of dividing the reactor
into discrete regions for the Eguipoise 3A caleulation.

The radial temperature weighting functions Tor both fuel and graphite
near the core midplane are shown in Fig. 11. Because of the peculiar shape
of the curves, no attempt was made to fit analytic expressions to these

functions.

FUEL TEMPERATURES

The fuel temperature distribution in the reactor has an over-all shape
which is determined by the shape of the power density and the fuel flow
pattern. Within the main part of the core, where the fuel flows in dis-
crete channels, temperature variations across each individual chamnel are
superimposed on this over-all shape. These local effects will be touched
on later (page 37 ) in the section on graphite-fuel temperature differences.
The present section deals with the over-all shape of the fuel temperature
distributlon and average temperatures. These were calculated for a reactor
power level of 10 Mw with inlet and outlet temperatures at 1175 and 1225°F,
respectively. The total fuel flow rate was 1200 gpm.
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Over=-all Temperature Distribution

In describing the over-all fuel temperature distribution it is con=~
venient to regard the reasctor as consisting of a main core, in which most
of the nuclear heat 1ls produced, and a number of peripheral regions which,
together, contribute only a smell amount tp the totel power level. O0f the
19 reactor regions used for the neutronic’calculations (see Fig. 3), 14
combain fuel and 10 of these were regarded as periphersl regions. The
four remaining fuel-bearing regions (J, L, M, and N) were combined to
represent the main part of the core. On this basis, the maein portion ex-
tends radially to the inside of the core shell and axially from the bottom
of the horigzontsl graphite bars to the top of the uniform fuel channels.
This portion accounts for 87% of the total reactor power. The volute on
the reactor inlet was neglected in the temperasture calculations because

of its physical separastion from the rest of the reactor.

Periphersl Regions

Since only 13% of the reactor power is produced in the peripheral r
regions, the temperature variations within them are small and the details
of the temperature distributions within these regions were not calculated.
The mean temperature rise for each region was calculated from the fraction
of the total power produced in the region and the fraction of the total
flow rate through it. The inlet temperature to each region was assumed
constant at the mixed mean outlet of the preceding region. An approximate
buli-mean temperature, midway between the region inlet and outlet tempera~
tures, was assigned to each peripheral region. Table 4 summarizes the

flow rates, powers and fuel bemperatures in the various reactor regicns.

¥Main Core

The wide variations in fuel tempersture, both radially and axially,
in the main part of the core necessitate a more detalled description of
the temperature distribution.

The average temperature of the fuel in a channel at any axisl position
is equal to the channel inlet temperature plus a rise proportional to the
sum of the heat generated in the fuel and that transferred to it from the
sdjacent graphite as the fuel moves from the channel inlet to the specified

point. The heat produced in the fuel follows very closely the radial and
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Teble 4. Flow Rates, Fowers and Temperatures
in Reactor Regions

a Flow Powerb Temp . Riseb Av. Temp.
Region (gpm) (kw) (°F) (°F)
D 1157 L5k 2.4 1224 .7
E 1157 151 0.8 1223.1
F 1200 251 1.3 1175.6
G 1157 105 0.5 1222.4
H 1157 11k 0.6 1221.9
J 1157 8287 43 da
L L3 159 22 a
M 1157 192 1.0 d
N 1200 68 0.3 )
0 1200 69 0.3 1177.1
P 1200 134 0.7 1176.6
Q 43 12 1.7 1200.9
R 43 2 0.3 1199.9
S 43 2 0.2 1199.7

aRegions not containing fuel are excluded.

bAt 10 Mw

C\,. = oy - O
With Tin LI75%F, Tout 1225

@Actual temperature distribution calculated for this
region. See text.

axial variation of the fission power density. Since the heat production
in the graphite is small, no great error is introduced by assigning the
same spatial distribution to this term. Then, 1f axial heat transfer in
the graphite is neglected, the net rate of heat addition to the fuel has
the shape of the fuel power density. The fuel temperature rise is in-
versely proportional to the volumetric heat capacity and velocity. Thus
@),

oC

4
T, (r,2) = T, (z zo)+éj G E P.(r,z) dz (1)
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where Qf is an equivalent specific power which includes the heat added to
the fuel from the graphite. The channel inlet temperature, Tf(z = 0), is
assumed constant for all channels and its value is greater than the reactor
inlet temperature because of the peripheral regions through which the fuel
passes before it reaches the inlet to the main part of the core. The volu~
metric heat capacity, (pcp)f, is asgsumed constant and only radial variations
in the fuel velocity, u, are considered. It is further assumed that the

radial and axial variations in the power-density distribution are separable:

P(r,z) = A(r) B(z) . (2)
Then
Q) zZ
Tf(I‘;Z) = Tf(Z =0) + (pgp?f ﬁ%i% { B(z) az . (3)

If the sine approximation for the axial variation of the power density

(Fig. 8) is substituted for B(z), equation (3) becomes

Tf(r,z) = Tf(z =0) + EK%%E%H{QQS a - cos[7¥°? (z + 4°36)} }~. (&)

In this expression, X is a collection of constants,

1.1 ey (5)
7 (pCp)f ?
and
= e
o = === (0 + 4.36) . (6)

The limits within which (4) is applicable are the lower and upper
boundaries of the main part of the core, namely, O <z < 64.6 in. It is
clear from this that the shape of the axial temperature distribution in
the fuel in any channel is proportional to the central portion of the
curve [1 - cos B]. (The axial distribution for the hottest channel in the
MSRE is shown in Fig. 1k, where it is used to provide a reference for the
axial tempersture distribution in the graphite.)




The radial distribution of the fuel temperature at the outlet of the
channels is shown in Fig. 12 for the reference conditions at 10 Mw. This
distribution includes the effects of the distorted power-density distri-
bution {Fig. 4) and the radial variations in fuel velocity. At the refer-
ence conditions the main-core inlet temperature is 1177.3°F and the mixed
mean temperature leaving that region is 1220.8°F. The additicnal heat re-
guired to raise the reactor outlet temperature to 1225°F is produced in
the peripheral regions above the main part of the core. Also shown on
Pig. 12 for comparison is the ocutlet temperature distribution for an ideal-
ized core with s uniform fuel fraction and uniform fuel velocity. For this
case the radial power distribution was assumed to follow the Bessel func-
tion, Jo(z.h r/R), which vanished at the inside of the core shell. The
distribubtion was normelized to the same inlet and mixed-mean outlet tem-

peratures that were calculated for the main portion of the MSRE core.

Nuclear Mean Temperature

At zero power the fuel temperature is essentially constant throughout
the reactor and, at power it assumes the distribution discussed in the pre-
ceding section. The nuclear mean temperature of the fuel is defined as
the uniform fuel temperature which would produce the same reactivity change
from the zero-power condition asg that produced by the actual fuel tempera-
ture distribution.

The nuclear average temperasture of the fuel is obtained by weighting
the local tempersgtures by the local nuclear importance for a fuel tempera-
ture change. The importance function, G(r,z), includes the effect of fuel
volume fraction as well as all nuclear effects (see p. 22 et seq.). There-
fore

" jw Tf(r,z) G(r,z) dav
Tf = (7)

Jw G{r,z} av
v

In carrying out the indicated integration for the MSRE, both the numerator
and denominator of (7) were split into 11 terms, one for the main part of
the core and one for each of the fuel-bearing peripheral regions. For the

. .
e ey o) e S Ve T
peripheral reglons, the fue

1 tempersture in each region was assumed constant
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at the average temperature (see Table 4). The volume integrals of the
weighting functions were obtained by combining volume integrals of the
flux products, produced by the Equipoise 3A calculation, with coefficients
derived from the perturbation calculations. For the main part of the core,
the temperatures and temperature weighting functions were combined and
integrated analytically (in the axial direction) and numerically (in the
radial direction) to produce the required terms. The net result for the

fuel in the MSBRE reactor vessel is

Tf* = T, +0.762 (TOut - 2,0) (8)
A similar analysis was performed for a uniform cylindrical reactor
with uniform flow. In this case the fuel power density was assigned a
sine distribution in the axial direction and a JO Begsel function for
the radial distribution. Both functions were allowed to vanish at the
reactor boundaries and no peripheral regions were considered. A tempera=-
ture weighting function equal to the product of the fuel fraction and the
square of the thermal flux (or power density since both have the same shape

in the ideal case) was used. For this case:

Tf* = Tin +0.838 (Tout - Tin) (9)
The principal reason for the lower nuclear average fuel temperature
in the MSRE is the large volume of fuel in the peripheral regions at the
inlet to the main ?art of the core and the high statistical weight assigned
to these regions becasuse of the high fuel fraction. The existence of the
small, high-velocity, low~temperature region around the axis of the core
has little effect on the nuclear average temperature. Actually this
"short-circuit” through the core causes a slight increase in the nuclear
average temperature. There is lower flow and larger temperature rise in
the bulk of the reactor than if the flow were uniform, and this effect

outweighs the lower temperatures in the small region at the center.

% See appendix for derivation of equations for the simple case.
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Bulk Mean Temperature

The bulk mean fuel temperature is obtained by integrating the local,
unweighted temperature over the volume of the reactor. As in the case
of the nuclear mean temperature, the large volume of low-temperature fuel
at the inlet to the main part of the MSRE core makes the bulk mean tempera-
ture for the MSRE lower than for a simple, uniform core

MSRE: Tf = Tin + O°1+6(T0ut - Tin) (10)
Uniform Core: T, = T, + 1/2 (T@ut - Tin) (11)

GRAPHITE TEMPERATURES

During steady-state power operation, the mean tempersature in any
grephite stringer is higher than the mean tempersture of the fuel in the
adjacent channels. As a result, both the nuclear mean and the bulk mean
temperatures of the graphite are higher than the corresponding mean tem- -
peratures in the fuel.

In general, it is convenient to express the graphite temperature in -
terms of the fuel temperature and the difference between the graphite and
fuel temperatures. That is:

Tg = T+ AT (12)

where AT is a positive number at steady-state.

Nearly all of the graphite in the MSRE (98.7%) is contained in the
regions which are combined to form the main part of the core. Since the
remainder would have only a very smell effect on the system, only the main
part of the core is treated in evaluvating graphite temperstures and dis-

ributions.

Iocal Temperature Differences

In order to evaluate the local graphite-fuel temperature difference,

it is necessary to consider the core in terms of a number of unit cells,

each containing grephite and fuel and extending the length of the core.
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In calculating the local temperature distributions, it is assumed that no
heat is conducted in the axial direction and that the heat generation is
uniform in the radial direction over the unit cells. The temperature
distributions within the unit cells are superimposed on the over-all re-
actor temperature distributions. The difference between the mean graphite
and fuel temperstures within an individual cell can, in general, be broken
down into three parts:

1. the Poppendiek effect, which causes the fuel near the wall
of a channel to be hotter than the mean for the channel;

2. the temperature drop across the graphite-fuel interface,
resulting from heat flow out of the grasphite; and

3. the difference between the mean temperature in a graphite
stringer and the temperature at the interface, which is
necessary to conduct heat produced in the graphite to the
surface.

These parts are trested separately in the following paragrephs .

Poppendiek Effect

As may be seen from the Reynolds numbers in Table 2 (page 14), the
fluid flow in most of the core is clearly in the laminar regime and that
in the remainder of the core is in the transition range where flow may
be either laminar or turbulent. In this analysis, the flow in the entire
core is assumed to be laminar to provide conservatively pessimistic esti-
mates of the temperature effects.

Equations are avallable for directly computing the Poppendiek effect

5,6

for laminar flow in circular channels or between infinite slabs; (i.e.,
the rise in temperature of fluid nesr the wall associated with interral
heat generation and relatively low fluid flow in the boundary layer).
Since the fuel channels in the MSRE are neither circular nor infinite in
two dimensions, the true Poppendiek effect will be between the results

predicted by these two approaches. The method used here was to assume

DHo F. Poppendiek and L. D. Palmer, Forced Convection Heat Transfer
in Pipes with Volume Heat Sources Within the Fluids, ORNL-139% (Nov. 5,

1953 ).
H. F. Poppendiek and L. D. Palmer, PForced Convection Heat Transfer

Between Parallel Plates and in Annuli with Volume Heat Sources Within the
Fluids, ORNL-1701 (May 11, 1954).
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circular channels with a diameter such that the channel flow area is equal
to the actual channel area. This slightly overestimstes the effect.
For circular channels with laminar flow and heat transfer from

graphite to fuel, the following equation applies:

58 (13)

o, rwz [ 1 (1 + P:rw q_w) -8 }
This equation is strictly applicable only if the power density and heat
flux are uniform along the channel and the length of the channel is in-
finite. However, it is applied here to a finite channel in which the
pover density and heat flux vary along the length. It is assumed that
the temperature profile in the fluid instantanecusly assumes the shape
corresponding to the parameters at each elevation. This probably does
not introduce much error, because the heat generation varies continuously
and not very drastically along the channel. If it is further assumed
that the heat generation terms in the fuel and in the graphite have the
same over-all spatial distribution, the Poppendiek effect is directly
proportional to the fuel power density. This simple proportionality
results from the fact that, in the absence of axial heat conduction in
the graphite, the rate of heat transfer from graphite to fuel, 9, is
directly proportional to the graphite specific power.

Tenperature Drop in Fluid Film

Since the Poppendiek effect in the core is calculated for laminar
flow, the temperature drop through the fluid immediately adjacent to the
charmel wall is included in this effect. Therefore, a separate calculation

of film temperature drop is not reguired.

Temperature Distribution in Graphite Stringers

The difference between the mean temperature in a graphite stringer
and the temperature at the channel wall cannot be calculated analytically
for the geometry in the MSRE. Therefore, two approximations were calcu-
lated as upper and lower limits and the effect in the MSRE was assigned a

value between them.
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One approximation to the graphite sitringer is a cylinder whose cross-
sectional area is equal to that of the more complex shape. This leads to
a cylinder with a radius of 0.9935 in. and a surface-to-volume ratic of
2.01 in.,“l° If only the fuel-channel surface (the surface through which
21l heat must be transferred from the graphite) of the actual graphite
stringer is considered, the surface-to=-volume ratio is 1.84 in.“l, There-
fore, the cylinder spproximation underestimates the mean graphite tempera-
ture. The second approximation is to consider the stringer as a slab,
cooled on two sides, with a half-thickness of 0.8 in. (the distance from
the stringer center line to the edge of the fuel channel). This approxi-
mation has a surface~to-volume ratic of 1.25 ino“l which causes an over-
estimate of the mean graphite temperature. The value assigned to the
difference between the mean graphite temperature and the channel-wall
temperature was obtained by a linear interpolation between the two ap-
proximations on the basis of surface~to-volume ratio.

For the cylindrical geometry with a radially uniform heat source in
the stringer, the difference between the average temperature in the stringer

and the channel wall temperature is given by:

e om .l ETe W)
g w8 Tk ’
g
For the slab approximation:
: N 4
T, - Ty = 3 ol (15)

Application of unit cell dimensions for the MSRE and linear interpolation

between the two approximations leads to

i - ,u?a
Tg - T, = 9.97 x 10 kg . (16)

Net Iocal Temperature Difference

The two temperature effects described by Equations (13) and (16) mey
be combined to give the local mean temperature difference between graphite
and fuel,



Lo

PfrWE 11 <é + Pf rw ) ~‘8
* TR, 8 : (17)

L

AT = 9.97 x 10

(}qwlng

Since both terms in this equation are directly proportional to the power
density, the local temperature difference may salsc be expressed in terms
of a maximum value and the loecal, relative power density.

AT (v, z) = sz 22 Z) (18)

m P
m

Maximum local Values

The maximum values of the local graphite-fuel temperature difference
may be obtained by applying the appropriate specific powers to Equation
(17).* Because of the dependence on specific power, the temperature dif-
ferences are strongly influenced by the degree of fuel permeation of the
graphite which affects primerily the graphite power density. The effects
were examined for 0O, 0.5, and 2.0% of the graphite volume occupied by fuel.
In all cases it was assumed that the fuel in the graphite was uniformly
distributed in the stringers and that the specific powers were uniform in
the transverse direction for individual graphite stringers and fuel chan-
nels. Table 5 shows the maximum grsphite-fuel temperature differences

for the three degrees of fuel permeation, at the 10-Mw reference condition.

Table 5. Iocal Graphite-Fuel Temperature
Differences in the MSRE

Graphite Permeation Maximum ILocal
by Fuel Temperature Difference
% of graphite volume ) (°F)
0 62.5
0.5 65.8
200 75‘5

*In these calculations, it was assumed that 6% of the reactor power
is produced in the graphite in the sbsence of fuel permeation. This value
is based on calculations of gamms and neutron heating in the graphite by .
€. W. Nestor, (unpublished ). The thermal conductivities of fuel and graph-
ite were assumed to be 3.21 and 13 Btu/hr £t°F, respectively.
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In the above computations, it was assumed that fuel which scaked into
the graphite was uniformly distributed. This is not the worst possible
case. Slightly higher temperatures result if the fuel is concentrated
neay the perimeter of the stringers. To obtain an estimate of the in-
creased severity, a stringer was examined for the case where 2% of the
graphite volume is occupied by fuel. It was assumed that the salt con-
centration was 15% of the graphite volume in a layer extending intd the
stringers far enough (0.05 in.)-to give an average. concentration of 2%.
The salt concentration in the centrsl porticn of the stringers was assumed
to be zero. The specific power in the graphite was divided into two parts:
the contribution from gamma and neutron heating which was assumed uniform
across the stringer, and the contribution from fission heating which was
confined to the fuel-bearing layer. This resulted in an increase of 2.C°F
in the maximum graphite-fuel temperature difference at 10 Mw. This in-
crease vwas neglected because other aspproximations tend to overestimate

the temperature difference.

Over~all Temperature Distribution

The over-all temperature distribution in the graphite is obtained by
adding the graphite~fuel temperature difference to the fuel temperature.
Figure 13 shows the radial distribution at the midplane of the MSRE for
10-Mw power operation with no fuel soskup in the graphite. The fuel tem-
pergture distribution, which is a scaled-down version of the corresponding
curve in Fig. 12 to allow for axial position, is included for reference.
Figure 14 shows the axial temperature distributions at the hottest radial
position for the same conditions as Fig. 13. The fuel temperature in an
adjacent channel is included for reference. The continuously increasing
fuel temperature shifts the maximum in the graphite temperature to a
position considerably above the reactor midplane.

The distributions shown in Figs. 13 and 14 are for the mean tempers-
ture within individual graphite stringers. The local temperature distri-
butlons within the stringers are superimposed on these in the operating

reactor.
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Nuclear Mean Temperature

The nuclear mean graphite temperature is obtained by weighting the
local temperatures by the graphite temperature weighting function. In
general

Jw T (r, z)+ aT(r, z) | G (r, z)av
T%‘:—“? V[f Jg a7)

& jv Gg(r, z) dv

Substitution of the gppropriate expressions leads to an expression of

the form

p ¥ T b, (T
= hin TPV

-T, }J+b
g in

AT (18)

ut 2

where 'bl and b2 are functions of the system.

The nuclear mean graphite temperature was evaluated for three
degrees of fuel permeation of the graphite. Table 6 lists the results

for the reference condition at 10 Mw.

Bulk Mean Temperatures

The bulk mean graphite temperature is obtained in the same way sas
the nuclear mean temperature, but without the weighting factor. The
bulk mean graphite temperature for various degrees of graphite permestion
by fuel are listed in Table 6.

Table 6. Nuclear Mean and Bulk Mean Temperature
of Graphite®

Graphite Permeation

by Fuel Nuclear Mean T Bulk Mean T
% of graphite volume) (°F) (°F)
] 1257 1226
0.5 1258 1227
2.0 1264 1231
®At 10 Mw reactor power, T, = 1175°F, Tt = 1225°F.
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POWER COEFFICIENT OF REACTIVITY

The power coefficient of a reactor is a measure of the amount by which
the system reactivity must be adjusted during a power change to maintsin a
preselected control parameter at the control point. The reactivity adjust~
ment is normally made by changing control rod position(s) and the control
parameter is usually a temperature or a combination of temperatures in
the system. The reactivity effect of interest is only that due to the
change in power level; it does not include effects such as fuel burnup
or changing poison level which follow a power change.

The power coefficient of the MSRE can be evaluated through the use
of the relationships between reactor inlet and outlet temperstures and
the fuel and graphite nuclesr average temperatures developed above. These
relationships may be expressed as follows for 10-Mw power operation with

no fuel permeation:

Tt ® Ty * 50°F (19)
# - °

Tp = T, -1.9F , (20)
* , o .,

Tg = T . 31.6°F . (21)

Although these equations were develcped for fuel inlet and outlet tem-
peratures of 1175 and 1225°F, respectively, they may be applied over a
range of temperature levels without significant error.

In addition to the temperature relations, 1t 1s necessary to use
temperature coefficients of reactivity which were derived on a basis
compatible with the tempersture weighting functions. The fuel and graph-
ite temperature coefficients of reactivity from first-order, two-group
perturbation thecmy7 are -4.4 x 10&5 °le and =7.3 x 10&5 Qle, respectively.

“hus

Ak = =(b.k x 1077) ATf* = (7.3 % 10“5) ATg* . (22)

7B° E. Prince and J. R. Engel, Temperasture and Reactivity Coefficient
Averaging in the MSRE, ORNL TM=379 (Oct. 15, 1942},
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The magnitude of the power coefficient in the MSRE is strongly depend-~
ent on the choice of the control parsmeter (temperature). This is best il-
lustrated by evaluating the power coefficient for various choices of the
controlled temperature. Three conditions are considered. The first of
these 1s a reference condition in which no reactivity change is imposed on
the system and the temperatures are allowed to compensate for the power-
induced reactivity change. The other choices of the control parameter are
constant reactor outlet temperature (TO = const) and. constant average of

ut

. +3 T _ =const). In all three cases
in out

the initial condition was assumed to be zero power at 1200°F and the change

inlet and outlet temperatures (3 T

associated with a power increase to 10 Mw was determined. The resulbts are
summarized in Table 7. It is clear that the power coefficlent for the ref-
erence case must be zero because no reactivity change 1s permitted. In the
other cases the power coefficient merely reflects the amount by which the
general temperature level of the reactor must be raised from the referencé
condition to achieve the desired control.

Fuel permeation of the graphite has only & small effect on the power
coefficient of reactivity. For 2% of the graphite volume occupied by fuel,
the power coefficient based on a constant aversge of reactor inlet and cut-
let temperatures is -0.052% %E/Mw (vs. -0.047 for no fuel permeation).

Table 7. Temperaturesa and Associated Power Coefficients
of Reactivity

7 T p ¥ o ¥ Power

Control out in £ g Coefficient
Parameter (°F) (°r) (°r) (°F) (% ok/k/Mw)
No external control 1184.9 1134.9 1173.0 1216.5 0

of reactivity
T@ut = const 1200 1150 1188.1 1231.6 - 0.018
Tin * Tout
——5—"% = const 1225 1175 1213.1  1256.6 - 0.047

®At 10 Mw, initially isothermal at 1200°F.
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DISCUSSION

Temperature Distributions

The steady-state temperature distributions and average temperatures
rresented in this report are based on a calculational model which is only
an approximation of the actual reactor. An attempt has been made to in-
clude in the model those factors which have the greatest effect on the
temperatures. However, some simplifications and approximations have been
made which will produce at least miror differences between the predicted
temperatures and those which will exist in the reactor. The treatment of
the main part of the core as a series of concentric cylinders with s
clearly defined, constant fuel velocity in each region is one such simplifi-
cation. This approximation leads to very abrupt temperature changes at the
radial boundaries of these regions. Steep temperature gradients will wn-
doubtedly exist at these points but they will not be as severe as those
indicated by the model. The neglect of axial heat transfer in the graphite
also tends to produce an exaggeration of the temperature profiles over
those to be expected in the reactor. It is obvious that the calculated
axial tempersture distribution in the graphite (see Fig. 14) can not exist
without producing some axial heat transfer. The effect of axial heat trans-
fer in the graphite will be to flatten this distribution somewhat and reduce
the graphite nuclear-average tewmperature.

Some uncertainty is added to the calculated temperature distributions
by the lack of accurate data on the physical properties of the reactor mate-
rials. The properties of both the fuel salt and the graphite are based on
estimates rather than on actual measurements. A review of the temperabure
caleulations will be reqguired when detailed physical data become available.

However, no large changes in the temperature pattern are expected.

Temperature Control

It has been shown that the power coefficient of the MSRE depends upon
the choice of the temperature to be controlled. Of the two modes of con-

trol consldered here, control of the reactor outlet temperature appesrs to

10}

. s .
e e e becguse the smaller power coefficient reguires less
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control-rod motion for a given power change. However, the magnitude of
the power coefficient is only one of several factors to be considered in
selecting a control mode. Another important consideration is the quality
of the control that can be achieved. Recent studies of the MSRE dynamics
with an analog com.puter8 indicated greater stability with control of the
reactor outlet temperature than when the average of inlet and outlet was
controlled.

8

3. J. Ball, Internal correspondence.
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APPENDIX
Nomenclature

specific heat of fuel salt,
volume fraction of fuel,

Total circulation rate of fuel,
Temperature weighting function,

heat produced per fission,

thermal conductivity or neutron multiplication factor,

equivalent half-thickness of a graphite stringer
treated as a slab,

length of the core,

relative specific powver,

equivalent specific power (absolute),
rate of heat transfer per unit area,
radius,

equivalent radius of a fuel channel,

equivalent radius of a graphite stringer treated
as & cylinder,

radius of the core,
time,
temperature,

local transverse mean temperature in a single fuel
channel or graphite stringer

fuel nuclear mean temperature,
graphite nuclear mean temperature,
bulk mean temperature of fuel in the reactor vessel

bulk mean temperature of the graphite,



Romenclature - cont'd

u velocity,

Vfc volume of fuel in the core,

X dimensionless radius, 2;&%2;& 3

b4 axial distance from inlet end of main core,
o’ defined by (6),

o

fraction of core heat originating in fuel,
defined by (5),

density of fuel salt,

macroscopic fission cross section,

neutron flux,

iak R~ h$4 D 2R

adjoint fiux,

AT local temperature difference between mean temperature
across a graphite stringer and the mean temperature
in the adjacent fuel,

Subscripts

f fuel,

g graphite,

in fuel entering the reactor

out mixed mean of fuel leaving the reactor,

W wall, or fuel-graphite interface,

1 fast neutron group,

2 thermal neutron group,

m maximum value in reactor.




Derivation of Fquations for a Simple Model

Fuel Temperature Distribution

Consider a small volume of fuel as it moves up through a channel in

the core. The instantanecus rate of temperature rise at any point is

oy H5f(r, z) (a1)
N R al
Q(QCp)f
In this expression it is assumed that heat generated in the graphite
adJjacent to the channel is transferred directly into the fuel (i.e.,
is not conducted along the graphite), which accounts for the fraction ©.
In the channel being considered, the fuel moves up with a velocity,

u, which is, in general, a function of both r and z.

gg- = (e, z) . (a2)

The steady-state temperature gradient along the channel is then

aT T/t B2y ¢(x, z)

3 " %oV "8, ulr w) (23)
Iet us represent the neutron flux by
_ 2405 \ . mz
@(r, z) = ¢m I, < = ) sin & . (k)

Assume further that the channels extend from z = 0 to z = L (ignoring
the entrance and exit regions for this idealized case). The temperature
at z = 0, for all channels, is Tin' The temperature up in the channel

is found by integration



o2

e ,T J"Z HZ%ﬁm JO (? 405 > N <}ﬁa> o)

in T Jg e(pc o ulr, Z)

For convenlence in writing, let us define

1% O
0

(ap), = : (6)

- BT, (e7)

Q.) L J (x)
2 ) = 1+ L O(XZ)(l~cosgﬁ) )

in “(pcp)f u(x,

and the temperature at the outlet of the channel,

Q(Qf)m L JQ(X)
Tin * n(pCp)f u(x, L)

T(x, L) = . (a9)

Now let us calculate the mixed mean temperature of the fuel issuing
from all of the channels. This requires that we weight the exit tempera-

ture by the flow rate. The total flow rate is, in general,

F = jnR 2 £(r, z) ulr, z) ar . (a10)
o

For the idealized case where f and u are uniform throughout the core:

F = T{REfu . (a1l)

The general expression for mixed mesn tempersture at L 1s then

out foR 2w £(r, L) ulr, L) T(r, L) ar . (a12)

Substitution of (a9) for the temperature gives




h@g) L R
Tt T, * m fo fr, L) r Jo(x) dr

]

]

h(Qf)mL< R 2 fe.uo5

Ty, * F(pcp)f 5305 fx, L) x Jg (x) ax

For the ldeal case where I is constant, integration gives

LE
T = T, <+ A(Qf%m
out in F(pCp)f

2
2{1 ) (2.4) 3, (2.k)

From {allk) we find that
(T - T, ) F(pCp)f (2.4)

out in

(Q.) =
m 4 LfR° 3, (2.4)

which may be rewritten as

[Ploc)), (T, 4 - T ol 2.405 |
@p), = L Py J §J !EJlZQ.hO‘j)J

(al3)

(alk)

(al5)

(al6)

The first term in (al6) is simply the average effective value of the

fuel specific power (including heat transferred in from the gr@phite).

The second and third terms are, respectively, the maximum-to-average

ratlos for the sine distribution of specific power in the axial direction

and the JO distribution in the radial direction.

Substituting (alé) in (a8) gives

, 2:505 F Ty = Tip) o)

T (x, z) = T, 2 - Jl(g'u05) u(x,z) *

= COS

This equation will be used in subsequent developments because

f?—) . (a17)

it leads

to expression of the average temperatures in terms of the reactor in-

let temperature and the fuel temperature rise across the reactor.



Fuel Nuclear Mean Temperature

The nuclear mean temperature is obtained by weighting the local tem~
perature by the nuclear importance, which is also a function of position,
and integrating over the volume of fuel in the core. For the idealized
cage the importance varies as the square of the neutron flux. Thus the

nuclesr mean tempersture of the fuel is given by

xR AL 2

f f T (r, z) ¢ (r, 2) 2 £(r, z) dr dz

o ¢

T, = . (218)
R ,.L 5

Jﬂ Jﬁ ¢ (r, 2z) 2xr £(r, z) dr dz

o o

when (ak) is substituted for ¢(r, z), the denominator, which is

2
¢° V. » becomes
Em'v = 2 2 JﬂR J~L flr, z)r J 2(2bo5r sin® (% )ar az
fe n Y5 Y% ? o R L ’
(2l9)
For constant f, integration gives
-5 n L ¢m2 £ R 5
@ Voo = 5 J; (2.405) . (220)
With the substitution of (ak), (all), (al7) and (a20), and assum-
ing £ and u to be constant, (818) becomes
(0, =T ) 2.405 L
e g e 7 [0, 30 sl 0
2.405 J, (2.ho5)L © ©
(i - cos %E‘) dx dy . (a21)
Integration with respect to z results in
* (Toue = Tin) .2.405
N J x JO3(x) ax . (a22)

(2){2.405) 51‘3 (2.405) "o
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Graphical integration with respect to x yields

fg‘b’osx Jo3(x) dx = 0.564 . (a23)
o]

Thus, the final result for the idealized core is

W
T

[

p = Ty v 08B (T 0 -T) (a2h)

el Bulk Mean Temperature

The bulk mean temperature of the fuel in the core is

R L
J' j' Tf(r,z) 2xr £r,z) dr dz
o "o

5o — . (225)
£y j' Jﬁ 2 f(r,z) dr dz
c o
The denominator is the volume of fuel in the core. Considering only
the idealized case sgain
- 2 -
Vee = mRLE (a26)
Substituting (all) and (al7) into (225) for comstant f and u gives
7. . 2.405 xf (T, - T, ) fR fLrJ <2,u05r> N
T, = . o R
£ in 2 Vfc Jl(z.hOﬁ) o Yo
(1 - cos -If-f—%) ar dz (a27)
which is readily integrated to give
(T T, )
= out ~ "in°
Tp= T, + 5 (a28)

The equations for evaluating the nuclear and bulk mean temperatures
of the fuel have been presented to illustrate the general method which
must be employed. An idealized core was used in this illustration to
reduce the complexity of the methemztical expressions. This technique
may be applied to any material in any reactor by using the appropriate
temperature distributions and weighting functions. The results obtained
by applying this method to the fuel and graphite in the MSRE are pre-

sented in the body of the report.

gch
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