AT RIS
bR 1
=

o

OAK RIDGE NATIONAL LABORATORY
operated by

UNION CARBIDE CORPORATION
for the

U.S. ATOMIC ENERGY COMMISSION

ORNL- TM- 379 / ‘\7”/
COPY NO. - ,C/§/

DATE - October 15, 1962

TEMPERATURE AND REACTIVITY COEFFICIENT AVERAGING IN THE MSRE

B, E. Prince and J. R. Engel

ABSTRACT

Use is made of the concept of '"nuclear average temperature" to re-
late the spatial temperature profiles in fuel and graphite attained during
high power operation of the MSRE to the neutron multiplication constant.
Based on two-group perturbation theory, temperature weighting functions
for fuel and graphite are derived, from which the nuclear average tempera-
tures may be calculated. Similarly, importance-averaged temperature co-
efficients of reactivity are defined. The values of the coefficients cal-
culated for the MSRE were -k.k x 1079/°F for the fuel and -T.3 x 10-5 for
the graphite. These values refer to a reactor fueled with salt which does
not contain thorium. They were about 5% larger than the values obtained
from a one-region, homogeneous reactor model, thus reflecting the varia-
tion in the fuel volume fraction throughout the reactor and the effect of
the control rod thimbles on the flux profiles.
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INTRODUCTION

Prediction of the temperature kinetic behavior and the control rod
requirements in operating the MSRE at full power requires knowledge of
the reactivity effect of nonuniform temperature differences in fuel and
graphite throughout the core. Since detailed studies;have recently been
made of the core physics characteristics at isothermal (1200°F) conditions,l
perturbation theory provides a convenient approach to this préblem. Here,
the perturbatioﬁ is tﬁe’change in fuel and graphite temperature profiles
from the isothermal values. In the following section the analytical
method is presented. Specific calculations for the MSRE are discussed
in the finel section of this report. i

- ANALYSIS

The mathematical problem considered in this section is that of
describing the temperature reactivity feedback associated with changes
ir reactor power by use of average fuel and graphite temperatures rather
than the complete temperature distributions. The proper averages are
derived by considering spatially uniform temperatures which give the same
reactivity effect as the actual ﬁrofiles. The reactivity is given by the
followingAfirst-order perturbation formula:3
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Equation 1 relates a small chénge in tﬁé'effective multiplicafion con-
stant ke'to a perturbation OM in the coefficient matrix of the two-group
equations. The formulation of the two-group equations which defines the

terms in (1) is:
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or, writing (2) in matrix form:

m;m- = 0 (3)
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In equation 1, & is the adjoint flux vector,
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A similar expression holds for [® , F®] with the elements of the F matrix
replacing OM. '

Temperature Averaging . . :
Starting with the critical, isothermal reactor (ke =1, T = To),
consider the effects on the neutron multiplication.constant of changing

‘the fuel and graphite temperatures to Tf(r,z) and Tg(r,z). ‘These effects
may be treated as separate perturbations as long as 6k/k produced by each
change is small. Consider first the fuel. As the temperature shifts firom

be to Tf(r,z), with the graphite temperature held constant, the reactivity

chenge is:
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If the nuclear coefficients comprising the matrix M'do not vary rapidly
with temperature, 6M can be adequately approximated by the first term
in an expansion about T, '
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In equation (6), m is the coefficient matrix:
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Now, consider a second situation in which the fuel temperature is changed

*
from T o to Tf uniformly over the core. The reactivity change is:

b
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We may define the fuel nuclear average temperature Tf as the uniform

temperature which gives rise to the same reactivity change as the actual

temperature profile in the core; i.e.;

[cb*, m(Tfo) (Tf* - Tfo) @} = ‘:é*, m(Tfo) ‘Tf (r,z) - Tfo><1> —‘ (L0)

%
Sipce Tf is independent of position it may be factored from the scalar
product in the left hand side of (10):
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In an analogous fashion, the nuclear average temperature for the
graphite is defined by:
*
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Temperature Coefficlents of Reactivity 7

| -Importance-averaged temperature coefficients- may-be derived which-
are consistent with the definitions of the.nuclear average temperatures.
Again consider the fuel region. Let the initial reactivity perturba'bion
correspond to T, assuming a profile Tﬂ(r,z) about the initial value T, :

8", m(T, ) (T, (r,z) - T, ) &]
- f' fo [é*ﬂm] fo | (lh)

If a second temperature change is now made (Tf - Tfe)’ '
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Subtracting, and using the definition (11) of the fuel nuclear average
temperature: - ' ' ‘
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This leads to the relation defining the fuel temperature coefficient of
reactivity:
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end a similar definition may be made of the graphite temperature coeffi-
cient:
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It mey be seen from the preceding analysis that the problem of ob-
taining nuclear average temperatures is reducible to the calculation of
the weighting function contained in the scalar product:
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G(r,z) = & nod (19)

In the two-group formulation, the explicit form of thé m matrix is:
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vhere the derivatives are taken with respect to the fuel or graphite
temperatures in order to obtain Gf or Gg, respectively. It is con-
venient for numerical evaluation to rewrite the derivatives in loga-

rithmic form; e.g.,
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Thus, carrying out the matrix multiplication implicit in (19):
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‘To eva.lua.te the lea.kage terms in (2.1. )s a further simpllfication is ob-
ualned by us:Lng ‘the crltica.lity rela.tions for the unper’curbed fluxes
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Inseftmg the above relations into (2L) ‘and regrouping terms resu.];t‘s in:
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Equation (2L4) represents the form of the weighting functions used in
numerical calculations for the MSRE. The evaluation of the coefficients
B for fuel and grephite is discussed in the following section.

APPLICATION TO THE MSRE: RESULTS

Utilizing a calculational model in which the reactof composition was
assumed uniform, Nestor obtained values for the fuel and graphite tempera-
ture coen‘.’fic:i.en*t;s.,+ The purpose of the present study was to account for
the spatial variations in temperature and composition in a more exact
fashion. In this connection, two=-group, 19-region calculations of fluxes
and adjoint fluxes have recently been made for the MSRE,:L using the
Eqﬁipoise-3A 23 program. These studies refer to fuel salt which con-
tains no thorium. The geometric mcdel representing the reactor core
configuration is indicated in Fig. 1. Average compositions of each
region in this figure are given in Table 1.

The resulting flux distributions, which are the basic data required
for calculation of the temperature weighting functions, are given in
Figs. 2 and 3. These figures represent axial and radial traverses, along
lines which intersect in the region J of Fig. 1. The intersection point
occurs close to the point R = 7 in., Z = 35 in. of the grid of Fig. 1,.
and corresponds to the position of maximum thermal flux in the reactor.

To compute the temperature weighting functions (Eq. 24), the log-
arithmic derivatives

=

=&
1
i
=

B:

X = D, Vi, I, I

For each group must be numerically evaluated. Here, certain simplifying
approximations may be made. It was assumed that the diffusion and slow-
ing down parameters D and Zh vary with temperature only through the fuel
and graphite densities and not through the microscopic cross sections.
Thus, using:

= =f4 8,0
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Table 2.

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 o] 29.56 T4.92 76 .04 0 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 Downcomer
G 2.00 28.00 65.53 66.22 a4 .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 64 .59 22.5 17.5 0 Core
K 2.94 3.00 5.50 T4.92 0 0 100 Similated
thimbles
L 0 2.94 2.00 64.59 25.6 Th 4 o] Central
region
M 2.94 27.75 2.00 5.50 22.5 7.5 0 Core
N 0 27.75 0 2.00 23.7 76.3 0 Horizontal
' stringers
0 0 29.00 1.4 0 66.9 15.3 17.8
P o] 29.00 -9.1k -1.41 90.8 0 9.2 Bottom head
Q o] 2.94 66.22 T4 .92 100 0 0
R 0] 2.94 65.53 66.22 89.9 10.1 0
S o] 2.94 6k.59 65.53 43.8 56.2 0

cT
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vhere f, g, and In refer to fuel salt, graphite, and Inor;

B(D) = 140 _ 1 L
. D 4T ztr 4T
T g In
z z ’ z
tr f tr g . tr In
Ztr tr ztr \ or Ztr tr
ztrf ' z%rg :
Blp,) + 8(p_) (Groups 1, 2)
Z 5 z g
tr tr

In the above épproximation, the effect of temperature on the Inor density
has also been neglected. The numerical values used for the density co-
efficients of fuel and graphite were:

- dp
S S -1.26 x 10 b'/°F

k)
foR
.

Tuel temperature: ﬁ(ps)

1]
o

1]

1.
P

Blp_)
(pg o i,

._l._..——s—= (¢]
pS

Graphite temperature: B(ps)

1 %%
p_ 4T
& &

-L4.0x 10"6/°F

I
]

B(pg)

The remaining coefficients were calculated as follows:

pvz) = 8(o) + Blvoy)

ne

B(z;) ' B(ps) + Blo ;)

For the MSRE fuel, the temperature coefficients of the fuel resonance
cross sections, B(vofl) and B(ogl), are of the order of 10-5/°F,-a factor
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of ten smaller than the fuel density coefficient. In addition, resonance
fissions contribute only about 12% of the total fissions in the reactor.
Thus ﬁ(vcfl) and B(oal) were neglected in the present calculations.

For the thermal fission and absorption terms:

B(vzfé)- = Blp,) + B(voy,)
| G
B(z,,) = 222 _B(ps)+a(aa225)]
| L
* z:z _B(ps)+?(craes)]
£ .
R |Blog) + Blo, )}
In
. + 2—3:—‘2—- B(GaEIn)

In the above expression, the thermal cross section of the salt was sepa=

U235 and the other was the remaining salt

rated into components; one was
constituents (labeled s). This was done because of the non—l/& behavior
of the U235 cross section.

Evaluation of the temperature derivatives of the thermal cross sec=-
tions gives rise to the question of the relationship between the neutron
temperature Tn and the fuel and grarhite témperatures, Tf and Tg' As
seen from Table 1, except for the outer regions of the core, graphite
comprises about T5 to T7 per cent of the core volume. Following Nestor's
calculations, it was assumed that within theée‘regions the neutron tem=-
perature was eéual to the graphite temperature. These regions comprise
the major part of the core volume (Table 1). For those external regions
with fuel volume fractions greater than 50% (an arbitrarily chosen di-
viding point), the neutron temperature was assumed equal to the bulk

tempeféture; i.e.,

‘\
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Tn:: vaf+ngg

vhere v is the volume fraction. The cross sections were given by

T b
a2 ~ GaE(To)<q> .

with b & 0,54 for U235 and b = 0.50 for the remaining sallt constituents;
on this basis the result for B is:

6(o.) = L Ya2 _ (1 Ya2\ ar
a2 o5 aT

a2 Ca2 d‘Tn - ar -
.o
Tn aT
Thus, for the fuel temperature:
do '
1 a2
8lc,) = =— =—=0 v, 4 0.50
a2 Ou0 de f
v_Dd -
= - i : v, > 0.50
T £
o
T = 1200°F
o] -
For the graphite temperature:
' ' do
-1 a2 _ b <
Blogg) = - &= -7 Ve S 0.30
a2 g o]
v b '
= - _E_.To - vf_>(_).50

Based upon the preceding approximations, the results of calculations
of the fuel and graphite temperature weighting functions are plotted in
Figs. 4 through 6. Figure 4 is a rsdial plot, and Figs. 5 and 6 are axial
rlots of the fuel and graphite functions, respectively. In the latter
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figures, the -"active core” is the vertical section over which the uniform-
reactor approximation, sin2 % (z + zo) may be used to represent the weight
function. ‘ :
Tempera.tui'e‘ coefficients of reactivity consistent with these weighting
functions were calculated from Eq. 17. These values are listed in Table 2,
along with ‘the coefficients obtained from the uniform reactor model as used
for the calculations reported in reference (4).  In the latter case, a uni-
form fuel volume fraction of 0.225 was used; i.e., that of the largest
region in the reactor. Also, the effective radius and height of the re-
actor were chosen as closely as possible to correspond to the points where
the Equipoise thermal fluxes extrapolate to zero.from the active core.

Table 2. MSRE Temperature Coefficients of Reactivity

Fuel : Graghite
10-5/°F 10™2/°F

Perturbation theory ' =445 ' -T.27

Homogeneous reactor model ' -if 13 -6.92
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APPLICATION TO THE MSRE - DISCUSSION OF RESULTS

‘\

The relative importance of temperature changes on the reactivity
varies from region to region in the reactor due to two effects. One is.
the change in the nuclear importance, as measured by the4adjoint.f1uxes.
The other is the variation in the locel infinite multiplication constant
as the fuel-graphite-Inor 8 composition varies. The latter effect leads
to the discontinuities in the temperature weighting function. For ex-

" ample, region O of Fig. 1 contains & relatively large volume fraction of
Inor 8 (see Table 1). This results in net subcriticality of this region
in the absence of the net inleakage of neutrons from the surrounding
regions. Thus the reactivity effect of a temperature increment in this
region has the opposite sign from that of the surroundings.

It should be understood that the validity of the perturbation calcu-
lations in representing the local tempersture-reactivity effects depends
upon how accurately the origlnal flux distributions and average region
compositions represent the nuclear behavior of the reactor. Also, it
was necessary to assume a specific relation between the local neutron
temperature and the local fuel and graphite temperatures. More exact v
calculations would account for a continuous. change in thermal spectrum
as vhe average fuel volume fraction changes. This would have the effect -
of "rounding off" the discontinuities in the temperature weighting func-
tions. These effects, however should be relatively minor and the re-
sults presented herein should be a reasonably good approximastion.

Nuclear average temperatures heve been calculated from computed
MSRE temperature distributions, usirg t?e welghting functions given in

this report and are reported elsewhere.

9
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NOMENCLATURE

Static multiplication constant

Coefficient matrix of absdrption plus leakage terms
in diffusion equations ‘

Coefficient matrix of neutron production terms in
diffusion equations

Matrix of nuclear coefficients in diffusion equations
for unperturbed reactor

Temperature derivative of M matrix

' Temperature weighting functions of positioﬁ::

Subscripts £ = fuel salt, g = graphite
Diffusion coefficient, group J = 1,2

Temperature: Subscripts £ = fuel salt, g = graphite,
0 = initial, n = effective thermal neutron temperature

Tuclear average temperature
Reactor volume elemernt

Volume fraction

Neutron flux, groups j =1, 2
Neutron flux vector

Adjoint flux, groups j =1, 2
Adjoint flux vector
Reactivity

Density of fuel salt

Density of reactor graphite

Macroscopic cross section, groups j = 1, 2; Subscripts
8 = absorption, f = fission, R = removal

Temperature derivative of /n X

Number of neutrons per fission
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