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Abstract

The experiments to evaluate reactivity coefficients with reactor opera-

ting at steady state conditions are described.
Three reactivity coefficients are defined

(i) the global power coefficient, G, referred to the reactor

power

(ii) +the global coolant temperature coefficient, y, referred

to the average coolant temperature

(iii) the secondary radial expansion temperature coefficient, Yoo

referred to the coolant temperature rise in the reactor.

Fach coefficient is measured by a separate experiment in which the reac-

tivity effects due to the other two are made equal to zero.

The error analysis is developed with numerical examples referred to the
Southwest Experimental Fast Oxide Reactor (SEFOR).

With the aim of minimizing the total error, attention is given to the
choice of the best power interval for the measurement of the global

power coefficient.

The control phylosophy of the reactor system during the experiments is
also studied. [(&¢'AZ‘ /
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-Corrigendum

line 19 from above: read "mainly"

t

line 7 frombelow: after '"parameters T ge » read komma

)
£f£
instead of period.

line 11 from above: after "primary coolant", read komma

instead of period.

formula (8): read

2 2 2 27 5
E = €, + €5 + ep + g, = — = total random error

® AP

—

formula (3): read E =|X- 22
Yr er

dkf Vf
formula (11): read Ff = = o

dTeff Vreactor




1. Introduction

One of the most important safety features of fast power reactors arises
from negative reactivity temperature and power coefficients. Therefokre

the experimental evaluation of reactivity coefficients and its dependence
on the various reactor parameters are essential. Besides the possibili-
ties to measure experimentally reactivity coefficients by dynamic methods,

the determination can be performed by the so called "Static Experiments'.

With the "Static Experiments'", the power and the temperature coefficients
are determined by means of reactivity, power and temperature measurements
carried out at steady state conditions. The experiments described in this
paper will be carried out on the SEFOR (Southwest Experimental Fast Oxide
Reactor - Bibl.l) and refers in some particular points to this reactor,
However, applicability to other reactors is possible. The authors (Bibl.6)
have shown that Doppler reactivity effects in a core can be analyzed in
terms of P/nH (Power/number of fuel rods x rod height) and that the
radius of the fuel rod does not enter directly. Thus, one can examine the
Doppler effect in a high power reactor with a large number of small radius
fuel rods by doing experiments in a low power reactor like SEFOR with a

small number of large radius fuel rods.

The reactivity changes with reactor temperatures are manily due to the

following causes:

a) Changes of fuel temperatures, T

These generate a change in reactivity due to the Doppler effect and to
the fuel expansion. This second effect is less important because of the
small expansion coefficient of oxide materials and because of the

special construction of the SEFOR fuel element.

b) Changes of cladding temperatures, T,

These generate variations in the neutron leakage, which in turn produce
a change in reactivity. In the SEFOR case the reactivity effect due to
the cladding expansion may be considered as dependent on the coolant
temperatures, ©, since cladding and coolant temperatures differ only
slightly.



c¢) Changes of coolant temperatures, ©

These generate variations in the neutron leakage and in the neutror
moderation and absorption of Sodium, which in turn produces a chanze

in reactivity.

d) Changes of reactor structure temperatures

These changes generate mainly variations in the radial dimensions of
the reactor and therefore in the neutron leakage and in the Sodium
quantity present in the core. The temperature of reactor core struc-
tures depends on the primary coolant reactor inlet and outlet tempe-
ratures (Gi and 90). In the following pages we shall consider this
reactivity effect due to core expansion as dependent on the averege

coolant temperature 6 and the primary coolant temperature rise, er.

From these observations we can conclude that it is possible to consider
the reactivity effects as dependent mainly on the three following para-

meters
(i)  An effective value of fuel temperature, T .. (Appendix 1)
(ii) The average primary coolant temperature, © = (90+9i)/2
(iii) The primary coolant temperature rise, er = eo-ei.

In order to adjust these three parameters we have three independent
variables, namely the reactivity, Ak, the primary coolant flow p, and
the secondary coolant flow, V. ei depends mainly on v, whereas u and Ak

influence strongly both Teff and the Sodium outlet temperature Go.

) depends directly on eo and Gi and it is therefore theoretically possible
to adjust v, u and Ak in such a way that only one of the three para-
meters Teff' 8 and Gr changes whereas the two others are kept constant.
This should give a possibility to measure the various temperature coef-

ficients separately.

The outlet temperature eo is a '"true" reactor variable because it existis
physically behind the mixing plenum. It is possible therefore to measure
it in a definite procedure. The same is true for the inlet temperature 8..

But it is difficult to measure T . T does not exist as such: it is
eff eff



a mathematical quantity. On the other hand it is possible to control its
constancy. For that only the constancy of the average coolant temperature
and of the power is necessary (App.2). This can be measured. The real
inherent value of a static test in SEFOR is the direct access to the uni-
versal power coefficient, G. From this one gets the advice to measure as

a third variable the reactor power. The relative changes of the reactor
power can be measured by ionization chamber techniques, which are fairly ac-
curate. We therefore have the following scheme of measuring two tempe-

rature and one power coefficients.

2. Physical Fundamentals

The reactor system is illustrated schematically in Fig.l. The heat pro-
duced in the core is removed by the primary coolant. Sodium, and is then
transferred to the secondary Sodium circuit. From here the heat is re-

jected to the atmosphere by open circuit forced air cooling.

In the following investigation these symbols have been used:

Ak = total reactivity change due to temperature variations
in reactor

Akf = reactivity change due to variations of the effective
fuel temperature

AkNa = reactivity change due to variations of the average
Sodium temperature

Akc = reactivity change due to variations of the average
cladding temperature

Ak & = reactivity change due to the expansion of the reactor

s structures
Teff = effective fuel temperature defined in Appendixes 1
and 2

Qi = primary coolant reactor inlet temperature

Qo = primary coolant reactor outlet temperature

Tc off = effective cladding temperature

e + Gi

e = primary coolant average temperature =

P = power generated by reactor

n = number of fuel rods in reactor

H = height of the fuel rod

- 4 o



-4

/; = differential reactivity temperature coefficient due to
the fuel, referred to the effective fuel temperature
fg = differential reactivity temperature coefficient due to

the cladding, referred to the effective cladding temperature

= ]
jug
ft

differential reactivity temperature coefficient due to
the coolant, referred to the average coolant temperature

[;1 = main differential reactivity temperature coefficient due to
the expansion of the reactor structures, referred to the
average coolant temperature

)

secondary differential reactivity temperature coefficient due
to the expansion of the reactor structures, referred to the
cooclant temperature rise in the reactor

differential power reactivity coefficient

= primary circuit Sodium flow

v‘:'ﬂ\J
1t

secondary circuit Sodium flow

The static change in reactivity, Ak, due to temperature effects in a
nuclear reactor, which moves from steady state "1l" to steady state '"2",

is the following:

bk = Ak, + Ak + Ak + Ak, (1)
where:
Bke = Ye(Ts pp = Thopg) = Yp ATespr (2)
Akc = Yc(Tc2eff - Tc1eff) =Yg ATceff (3)
Btga = Yya(8s = 840 = vy, 26 (&)
By = vy (8, =8 + vy (8, -8 ) =y, 08+ vy, 88, (5)
and:
; 2
Yr = 3T [7+ dT ¢ (6)
eff
; 2
Yo = 55\ o * 9Teere )
ceff
1
1 e =
TNa = 7= /;; - a8 (8
28 ),



2
- =\ Mn.4
Tst = a8 st” % (9)
1
2
o1
=, ) 7 ds,. (10)
T 91

Inh Appendix 2 we see that it is possible in the practical cases to express

the effective fuel temperature, for a given flux distribution, as

Teff’
function of the average coolant temperature © and of the power P.

P

T = 8 + AR, —= (11)

eff

The product AfRf is a function of P and a linear function of ©. AfRf is

a mathematical quantity. It can be calculated only by knowing flux and

temperature distributions in the reactor. The knowledge of AfRf would

mean therefore a tremendous number of measuring points in the reactor,

which is not practical. We can conclude that AfRf is unknown and Teff

therefore is also unknown, On the other hand we can control the constancy

of T_.. by keeping § and P constant. Since T es

able, it seems convenient to divide its effect on reactivity in two parts:

is practically not measur-

one referred to the average coolant temperature © and the other to power P.
We can write

P -
Akf = GfA (EE) + yfcag (12)

where G, and Y, are defined respectively by eqs.(59) and (58) in

Appendix 2.
The same considerations can be applied to the reactivity effect dependent

on the effective cladding temperature Tceff:

P -
Akc = GCA (;ﬁ) + Y00 (13)

In the SEFOR case cladding and coolant temperatures differ only slightly,

Tceff £ @, It is therefore:

v (14)
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Taking into account egs. (4,5,12,13), eq. (1) can be written as fol-

lows

P -
Ak = GA (;ﬁ) + Yh8 + ¥ A6 (15)

where:

G = G, + G, = global power coefficient (in SEFOR G ¥ Gf) (16)

_ . B s
Y = Yyt Yee t Yo F Ygt T global coolant coefficient

Yp = secondary radial expansion temperature coefficient due to

change of coolant temperature rise in the reactor. (in
SEFOR v % 0) (18)

We shall measure the three coefficients G, y and Y, separately by

means of three different static experiments.

I Measurement of the global power coefficient G

The coolant temperatures (inlet and outlet and therefore also
the average) are held constant as power is changed. This is
equivalent to put A8 = A = 0 in eq. (15).
We get:

Ak

G = (19)
AL nH)

II Measurement of the global coolant temperature coefficient y

Coolant temperature rise and power are held constant as average
coolant temperature is changed. This is equivalent to put

AP = A6 = 0 in eq. (15).
We get:‘

Ak

A6

y (20)

IIT Measurement of the secondary radial expansion temperature co-

efficient Yy

Power and average coolant temperature (and therefore the effective
fuel temperature) are held constant as coolant temperature rise

is changed. This is eguivalent to put AP = A8 = 0 in eq. (15).

We get:

Ak
Yr - Aer (21)
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The average coolant temperature is held constant in this ex-
periment by changing outlet and inlet coolant temperatures

of the same amount in opposite directions (ASO = - Aei).

For completeness we must say that a fourth static experiment is
also possible by means of which the over-all isothermal tempera-
ture coefficient, Yigt of the reactor is measured. During this
experiment the reactor is kept just critical without power pro-
duction. Fuel and coolant temperatures are therefore all equal
to the inlet coolant temperature. If this temperature is changed,

there is a change also in reactivity:

Ak = (y + Yr) 88, = v A8, (22)

This fourth experimzant can be used as a countercheck of the second
and the third static experiments. Since this last is a very well
known classical experiment, in the following pages only the first

three static experiments will be analysed.

3. The measurement of the global power coefficient

3.1 Classification of the errors

As already stated in para 2, during the experiment, the coolant tempera-
tures (inlet and outlet) are held constant as power is changed. The

global power coefficient, G, is than given by:

P
G = ak/b () (1)
From eq. (15) of para 2 we get the following errors (according to Bibl,7):

X
i nH(2 + Yr) A8 ()
o G AP

is the random error due to the not exact constancy of the outlet coo-

lant temperature, Go, during the experiment,

nH(Z - y.) A8,
2 r i
E; = G AD (3)

is the random error due to the not exact constancy of the inlet coo-

lant temperature, ei, during the experiment.
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bk | _ |Y2bx nH Sk
£g- L |- |- 2 | & @

is the random error due to the measurement of the reactivity interval.

nSk" is the error done in measuring each end of the interval.

£ =

gap
P AP

(5)

is the error due to the measurement of the power interval. This error
may be divided in two parts: Eﬁ is the random error due to the measure-
ment of the current, I, produced by the neutron flux detector and Ek

is the systematic error due to the determination of the calibration

constant, K, of the neutron flux detector.

d: ga( g § § $
e - G2 (b |, |8l Mefe) gk L gL g @

gK has been defined supposing that the calibration curve of the detec-
tor and of all the measuring equipment is linear, which is true if the
instrumentation is used in the proper range. The calibration constant K
will be determined by means of the calorimetric method with reactor at

full power (Appendix 3).

Taking into account the definition of the errors from (2) to (6) and
their nature (systematic or random), we can write that the total ex-

perimental error, E, is given by:

EK+\/;oa+giz+€€2+6¢2'€K+E (7)

r

=
1]

o
I

K total systematic error

N R I L

ea]
1}

total random error (8)

with:

2 2 2 2
A= [(%'Wr) 1(;____H Aeo] + [f%-yr) %E Ae;} + \/2- %—gék} + {}/2— SP] (9)



3.2 Choice of the power interval, AP

The power interval AP must be chosen in such a way that:

rgZ r;l

G + 66| <

<

where f;l and f}a are the differential global power coefficients
respectively at power Pl and P2 (P2)>Pl), G is the average global
power coefficient in the interval between P1 and P2 and 4G is the

total absolute experimental random error. It is:
6o = =l
with E_ given by eq.(8) of para 3.1. From eq.(l) we can write:

'6G|<"G - F"

P

Introducing:

o My

& - !1-

we obtain, taking into account (2):

Er < o
that is:
A
e

In a fast reactor we can assume that the Doppler differential tempera-

ture coefficient ’; in first approximation is given by:

- dic Y ~ (Appendix 1)

with C and m constant and Te in K.

ff

By integrating eq.(7), we obtain:

- 10 -

(1)

(2)

(3)

(&)

(5)

(6)

(7)
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c
kp = B - — (8)

(m--l)Teff

Taking into account eq.(1l) of para 2, eq.(8) becomes:

C C nH 1
k. =B - = B = == ( ) (9)
f AR m-1 m-1 ( nl = + P)m-l

(m-2) (3 + =5 P) Ry

and the differential Doppler power coefficient f;f is (Appendix 2
eq.k49):

dk m-1
- _—i -— C . nH L]
/;f = ni( aP)§ = const ( nH = p)l (AfRf) nil (10)
© = const AR
r £f7f
The average Doppler power coefficient, Gf, is given by:
1 L
m-1 m-1 -1
c( ol ) Bl 54 P+ 5, P
AR AR AR
G = - ff _Lt ff f (11)
f m-1 A(P/nH)
As we have already said in Sefor it is:
no= I (12)
and
G £ G (13)

f

Taking into account (7) and (8), (12) and (13), eq.(4) becomes:

8B/(325- § + P)
&= {1 - (m-1) LL (k)
- 1
nH = m~1
[l + AP/(Ifﬁ- o + Pj

£
- 11 -
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If
—AF K1 (15)
o) e + P
-f
we have:
ozl AP (16)
2 nH © + P
AfRf

nH = ’ (7)

We can calculate the boundary value APb so defined that, if AP)»APb,

condition (17) is satisfied:

APb is given by the following equation:

.n
= AP.” = A =0 (18)
2 (Xa§~ 6 +P) b
f°f
from which:
2 nd =
APb = VE A(-A?er 8 + P) (19)

Putting (19) respectively in (16) and in eq.(8) of para 3.1, we get:

_ _m A
Oy = Epp = V S T (20)

f

3.3 Numerical evaluations in the Sefor case

In the Sefor case we have:

nH = 500 m (1)

- 12 -
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AR, % 1.585.104 °K . m/MW (2)
fole 6 (3)
AR,
Yf = - 1.8 . 10‘3 S/OK (L})
G, =~ 28.6 8 n/MW (5)
v, = =3+ 1077 g/% (6)
G, 2 - 0.8 & m/MW (7)
G =G, + G - 29.4 B m/MW (8)
'l+ o] - ( )
YN& = - 7o2 . 10 S/ K 9
Yop = - 3.28 10”3 2/ (10)
Yy = - 8.8 - 1077 g/ (11)
v, 20 (12)
Loy
NH 2G L _ 9.5 . 10°2 Mw/%K (13)
Loy
NH EG L 29,5.10% Mw/%k (1k)
8 = L4o4°c = 677% (15)

hall assume that inlet and outlet temperatures during the experi-

are kept constant within + 1°K. That is:

=]
[V}
s
c 0

<

A8 = M8, = 7 1% : (16)
o i
We shall also assume:

Sk =55 .10 g (17)

- 13 -



- 13 -

and

§P = 0,01 P = 0,2 MW (when P

= - 12 « 10 MW

NH £Eé§ -2

With the chosen values, we have:

A= 0,325 MW

& = 21.4 MW

and since m=1 (Bibl.1)

b

and

= —9.422.5_: 9
0; E $252 2 6.3 %

Th

Since it is:
€K = 3.8%

We obtain:

E=3.8%+6.3%=10.1%

= 20 MW)

AP, = Qa ¢ 0.325(21.4+20) % 5,2 MW

(Appendix 4)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

It is interesting to see the magnitude of each error separately:

o0

= 1,44 %
£t 1,44 %
2 2.3 %

S
ny ot

g 5,43 %
3.8 %

o
=
iR

- 14 -

(26)
(27)
(28)
(29)
(30)
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From this numerical evaluation it appears that the important errors
are mainly the calibration error, EK’ the random error, gﬁ’ due to

the measurement of the current produced by the neutron flux detec-
tor and E%' It must be taken in mind that the importance of g

fi increases when the measurements are carried out at lower power

levels.,

4, The measurement of the global coolant temperature coefficient

L.,1 Classification of the errors

As already stated in para 2, during this experiment, rise of coolant
temperatures and power are held constant, as averagetemperature is

changed. The global coolant temperature coefficient is than given

by:

v = ak/A8 (1)

From eq. (15) of para 2, we get the following errors:

A(P/nH)

G A(P/nH (2)
Y A8

Tp =

is the random error due to the not exact constancy of the power during
the experiment.
yraer

= L (3)
7r YAé

is the random error due to the not exact constancy of the reactor

coolant temperature rise during the experiment

V- $(ak) Y28k Vo8k (1)
§ Ak Ak IXE

is the random error due the measurement of the reactivity interval.
"§k" is the error done in measuring each end of the interval.
« ﬁ;v 2 2
7 . Sud)Y | |LEYde )24

= = - (5)
48 28

is the random error due to the measurement of the average coolant tempers

ture change,ge is the error done in measuring the coolant temperature.

- 15 -
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Taking into account the definition of the errors from (2) to (5) and
their nature (systematic or random), we can write that the total ex-

perimental error, ENa’ is given by:

e B+ 7 Bt T (6)

L,2 Numerical evaluations in the SEFOR case

In the SEFOR case we have:

gy - | | - enr |22 (1)

p nHy A8 A8

?r o (2)

73= _CZ___I_E = 1.6 . 10° 6.% (3)
Y A8 A8

(&)

_ |o.705(§e )%+ (§e,)"

T s

By looking at eq. (1) it appears convenient to perform this experiment

at low power level (£ L4 MW). In this case we have:

AP = 0,01+P = 0.01+4 = 0,04 MW (5)
Assuming:

5bo =26, = ¥ 1% (6)

Sk =7 51072 g (7
and putting:

28 = 20°%K (8)
we get:

7 13 % (9)

?@ 0 (10)

Pg= 4 % (11)

- 16 -
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:;'Z=5% (12)
The total experimental error, ENa’ will be:
4 [
Eyg = W5 % (13)

As already noticed this experiment cannot be carried out at full power
because the result would be to inaccurate (z% big). Nevertheless, from
the point of view of the accuracy, this difficulty can be overridden if
the power can be kept constant with better precision. (0.1 % instead of
1 % as stated in eq. 5).

5. The measurement of the secondary radial expansion tempefature Co=

efficient

5.1 Classification of the errors involved in the measurements

As already stated in para 2, during this experiment, average coolant
temperature and power are held constant, as inlet and outlet coolant
temperaturesare changed of the same amount but in opposite directions
(a8 = - n8,)

Ak :
Yr - Ae (1)
r
From eq. (15) of para 2, we get the errors associated to eq. 1
G AP
SP ~ InHy_ A€ (2)
r“r

is the random error due to the not exact constancy of the power during

the experiment.

’5’:

is the random error due to the not exact constancy of the average coo-

Y. A8

(3)
Yr Aer 3

lant temperature during the experiment. This means that the condition

Aeo = - Aei is not precisely satisfied.

§§= Sy | |v2 §x

N R Y, Aer ()

- 17 -
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ig¢ the random error due to the measurement of the reéactivity inter-

val. Ok is the etror done in measuring each end of the interval.

Swe )| |f2 Y8 )2 b0, )®
See | 5o | - - (5)
r r

is the random error due to the evaluation of the change in the reac-

tor coolant temperature rise. Jb is the error done in measuring the

coolant temperature.

Taking into account the definition of the errors from (2) to (5) and
their nature (systematic or random), we can write that the total ex-

perimental error, Ei’ is given by:

E_ = \/;pa + 52 + 55? + 51»2 (6)

5.2 Numerical evaluations in the SEFOR case

Since in SEFOR it is expected to have Yo = O, it has no meaning to
evaluate relative errors. It makes instead sense to evaluate abso-

lute errors.

We have:
~2 |AP )
Y, fp =5.9 « 10 Kg; 2/°K (1
Y, ; - 8.8 . 1072 %g; 2/°% (2)
dx o
Te| $¢ = 1.4 N 2/°K (3)

= o 2 o
Yr §r a8 Tp ¥O ()

In this case too, by looking at eq. (1), it appears convenient to per-
form the experiment at low power level (g 4 MW).

- 18 =
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We have:
AP = 0,01.P = 0,01%4 = 0.,04Mw (5)
Assuming:
A8 = ¥ 1°K (6)
§k = 510" g (7)
and putting:
28, = - 20°K; A8 = + 20% (8)
L [s]
and therefore:
88 = L0°K (9)
we have:
Y, §p = 5.9-10'5 2/°k (10)
Ty j; = 2.2-107" 2/°K (11)
o] 5 1.76+107 8/° (12)
el 6r = 0 (13)

The total experimental error, J}r' will be:

By ¥ 2.88»10'“ £/°K (14)

\6Yr = \Yr

6. Considerations on the regulation and control of the reactor during

the experiments

In order to perform the experiments in the best way, it is reasonable

to ask for the most precise regulation of the important parameters.
The parameters which must be regulated are:

the reactor power, P
the primary coolant reactor outlet temperature, GO and

the primary coolant reactor inlet temperature, Gi.
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The parameters which control the system are:

reactivity, Ak
primary coolant flow, ¥ and

secondary coolant flow 7.
It seems reasonable to regulate Gi by means of V.
Two possibilities are given to regulate So and P.

Case 1: To regulate 90 with Ak and P with u
Case 2: To regulate 90 with p and P with Ak

We shall define as better the regulation which gives the finestcontrol,

that is the minimum change of the controlled parameter due to the

minimum possible change of the controlling parameter.

Taking into account eg. (15) of para 2, we have in case 1:

9
\Se \.... RN S0 A U ) (1)
) . gk . .
1 min P =const min =+Y min
2 'r
8.=const
i
It is:
P=cp (6 -8,) (2)
""'e" being the specific heat capacity of the coolant.
We have therefore:
2 gp‘ R ) . Sp _| &z (3)
P 1 min P {on Gozconst ¥ lmin ¥ {min
6.=const
i
From eq. (2), we have in case 2:
890 = ’geigAP—c'n N l& - —P— .‘é}i{ = (e _e.)-
2 min Bojr=cons ¥ olpin  C¥ Y lmin ° 1
ei=const
From eq. (15) of para 2 we get in case 2:
1 |ée %%L . akl - 2 |22 ¥k (5)
2 min 0=COnst min min

S.=const
i

- 20 =
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In the SEFOR case at full power and flow, we have:

Se = 227 |6k (6)
° 1 min min
1 du
= |&P = (7)
P 1 min Ly min
Se = 67 Su (8)
°{2 min L4 min
% §p = 0.85 |8k (9)
2 min min
Assuming for Skmin and gﬁ . the following values:
min
_ 5eq0~3
dk nin = 9710 g (10)
u = 1% (11)
® min
we get:
Se Y 1.14°¢ (12)
1 min
£p -1 (13)
1 min
56 = 0.67°C (14)
2 min
§§‘ - 0.425 % (15)
2 min

From (12); (13); (14) and (15) it appears that case '"2'" gives a finer
control of both outlet coolant temperature “60" and power '"P", Case
two is also more convenient from the point of view of the speed of

the regulation. In fact u acts on 60 quicker than on P, and Ak acts

on P gquicker than on Go.
We can therefore conclude that it is convenient to compensate:

changes of eo by means of 1

and

changes of P by means of Ak

- 21 =
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7. Conclusions

The global power coefficient, G, is expected to be measured in SEFOR
with 10 % accuracy, when normal instrumentation is used. The power
coefficient, so obtained, is averaged cver power intervals, AP, which
increase as power increases {(eq. 19 of para 3.2). At full power

(20 MW) AP is about 5 MW,

From the analysis developed in para 3.3 it appears that the main source
of error is expected to be that due to the measurement of the current
produced by the neutron detector (E¢>. The accuracy can therefore be
improved (or the power interval reduced) by using a more refined neu-

tron flux detection system.

The global coolant temperature coefficient, y, can be also measured by
means of static experiments. The expected precision is about 15 % over
intervals of average coolant temperature of 20°C. It will also possible
to check that the secondary radial expansion temperature coefficient,
Ypo is about zero as it is expected according to theoretical calcula-

tions.

The measurement of y and Yy must be carried out at low power level
(b MW). At full power the measurements would be too inaccurate.
However, if the neutron flux can be controlled within 0.1 % of the
power level (instead of 1 %), it is possible to perform the experi-

ments also at full power with about the same accuracy.

The analysis developed in para 6 gives a guide to the control phylosophy

of the reactor system during the experiments. It is convenient to re-

gulate:
(1) the outlet primary coolant temperature, GO, by means
of the primary ccolant flow, u
(ii) the inlet primary coolant temperature, ei, by means

of the secondary coolant flow, V

(iii) the reactor power, P, by means of the reactivity Ak.

With this type of control phylosophy a fine change of 0.5 % of

power is achievable when changes of 5'10—3 2 in Ak are possible.
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Appendix 1

Dependence of thHe Doppler reactivity effect upon the effective fuel

temperature, Teff

The infinitesimal reactivity chanée, dkf, due to infinitesimal changes,

dT, of fuel temperatures, is given by:

[ arav
alg rods £ (l)

5w

reactor

dk

where:
@ = flux
*
§. = adjoint flux
rg = local fuel reactivity coefficient
v = volunme
We define the effective fuel temperature, Teff’ as follows:
* *
§9 rav % TqV v
all rods all rods reactor
= = (2)
eff v
* * f
¢ av $§ av
all rods reactor
where V_ = volume of fuel in reactor.

f

In the simple case in which r;'is constant, introducing (2) in (1),

we obtain:

v
]
b
£ £ eff vreactor

We can therefore define a differential reactivity temperature coeffi-

cient, F}, as follows:

- 23 =



dk \'
[y = 5~ = [ gt (1)

eff £ Vreactor

In the most general cases /Fy is a function of the fuel temperature.

We can develop /;QT) in a Taylor series:

1=1

/”] (6)
o) £
[ T=Teff

dl /}4
o = [=—7—= (7
daT T
“Teff

/ 1=3 oy 7
/; =% + SEE: T (T-Teff)} (5)

where:

2]
[}

Introducing (5) in (1) and taking into account (2), we have:

b 1
i Z ! Ln %ods(T-Teff) dTav
dkf = T ——— ao i— - (8)
reactor 1= §§ av
reactor
In the practical cases it is in eq. (8):
1
= - V
}Z"‘i ! ,(all rods(T T f) deV« £ gy (%)
1=1 1 % Vreac‘tor o Teff
reactor
Taking into account expression (9), eq. 8 becomes:
Vf .
dk, = g a AT, e (10)
reactor

We can therefore define the differential reactivity temperature co-
efficient, /"f, as follcws:

/z = d;kf = va ao (11)
eff reactor

If a is given by

l:[;”:L = /-"’m (12)
=Torr  Teff

- 2h -
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then
C
[7 - —= (13)
eff
where:
v
f
C =g fo' (14)
reactor
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Appendix 2

Calculation of the effective temperature of the fuel

We define the effective fuel temperature, Te g1 28 follows:

f

*

T3V
_ all rods
eff - N (l)
av
all rods

where:

= flux

adjoint flux

H S
[}

= fuel temperature
V = volume
We consider the reactor as devided in "n" vertical channels each in-

cluding a fuel element and its associated coolant. The fuel temperature

in the channel "g'" is given by:

Zz
H
r 2y _ P N(q) . Zy 4(2 Iy M2 2
Tlo;gf) = O + o= 527%7 ME) a3 + R_(T;3) M) M) = (2)
-1/2
where:
z = vertical coordinate (z=o at the middle plane of the
channel)
H = height of the fuel rod
r = radial coordinate of the fuel rod
R = radius of the fuel rod
Qi = inlet coolant temperature
P = reactor power
¢ = specific heat capacity of the primary coolant
p = primary coolant flow
N(q) = normalized flux(power) distribution in the radial direction

=1n
[3- % M) = 1]
n

q=1
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Q(q) = normalized flow distribution in the radial direction
a=n
F‘- T Q(q) = l]
n
Q=1
RS(T %) = equivalent thermal resistance between the temperature
of the points at distance "r" from the axis of the
fuel rod and the coolant temperature
MC% = normalized flux (power) distribution in the axial direction
+ 1/2
Z Zy _
Mz aly) =1 (3)
- 1/2
We can put:
r r
R(T;g) = R, + R _(T;%) (&)

where Rc is the thermal resistance between the fuel surface temperature

and the coolant temperature and Rs depends on the fuel thermal con-

£

ductivity A. Rc can be supposed to be constant. Rsf instead is in
general function of the temperature because A is function of the tempe-

rature.

Taking into account (2) and (4), eq.(l) becomes:

P P
Teff = Qi + E; B + AfRf Y (5)
where: .
4 1/2 z
=0 ) N(q) [ * ( H z z) z]
E A0S ¢ ¢ M=) a(2)] aE)
B = ng° 3= bk =1/2 z1/2 F ! . (6)
j ) Q* av
all rods
q=n +1/2 , i
§1 N(q) 1/ R, M(-ﬁ) d(-ﬁ)
Rf = Rc + 2= (7

n

-~ 27 -
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+1/2 +1/2
g=n - q=n «
R T N(Q)U MM@-)&(E)} + B 4AN( )U R _M(Z) @d(?'l)}
v q
N £ qul L1/2 H H g=1 _1/2 av 'H @ H
* . +1/2
ﬂ av R+ 2 {N(q) R M(Z) a(Z)
all rods e g=1 4 av 'H d H
~1/2
and
Vf = volume of fuel in reactor = anRZ
R - .1_ lR an d(£ = * T—TS r d(£) - TaV'Ts
av. =m j sf "R 'R MQuE) /g X F N(q)M(Z)P/nH
o o

Tav being the average fuel temperature in a section of a fuel rod given

by:
1

T 2on £ 4

T
R Y

=
i
=N [

av

The average fuel temperature, T, is obtained by the same procedure with

*
the exception of the term ? @ which is equal to 1.

It is:
- P P
T = Ol + E; B' + Rf ~H
where:
g=n +1/2 z/H
- N(q) 5 [J 2 2 z
T “TQT M(%) a(x)} d(®)
H H H
B o @=L Rlal a1/ L1/2 e
vf

(8)

(9

(10)

(11)

(12)

(13)

In the Sefor (and in most of the experimental fast reactors), flow and flux

distributions in the radial direction are similar because of special design.

It is therefore:

N(q) = Q(q)
- 28 -
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The flux distribution along the axis of a fuel rod is in general

symmetrical in respect to the middle plane of the core. That is:

M@ = u- 2 (15)

Taking into account (15) and the definition of MC%) (eq.3) we have:

z/H +z/H
z z 1 1 z z .
M(ﬁ) d('ﬁ) =5+ 3 M(ﬁ-) d('ﬁ-) if z>0 (16)
~1/2 -z/H
and
z/H +z/H
A A 1 1 Z Zy - .
M('ﬁ') d(-ﬁ) =35-3 M("ﬁ) d(-ﬁ-) if 240 (17)
-1/2 ~-z/H

Introducing (1k4); (16) and (17) in eq.(13), we have:

1
1 - = ]
B' = 5 (17%)
*
§ @ has also in general an axial distribution which is symmetrical in
respect to the middle plane of the core. In this case, taking into
account (15) and (17), if N(q) = Q(q), eq.(6) gives:
B=B = 2 (18)
Taking into account (14), the average coolant temperature, 8, is given
by:
=606, + P (19)
3 7=
2cu
and therefore from (5); (18) and (19) it follows:
T =08+ AR, = (20)
eff f7f nH
and
T-04+R, (21)
f nH
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Let us consider now R, and A, given respectively by egs.(?) and (8),
in the two particular cases:

I) the thermal conductivity, A, of the fuel element
is constant

II) the thermal conductivity, A, follows the Scott's law
(Bibl.8) that is:

. b
Y (22)
with B and a comnstant.
In the first case (A = const) Rav is also constant and we have from
eq}(?)i
R, = R, + R = const. (23)
Eq.(8) gives:
+1/2
a=n / * Z z
T {N(q) PO M a
H H v
A, = 1 -1/2 L (24)
n

f *
Q§ av
all rods

We can conclude that, if the thermal conductivity, A, of the fuel element
is constant, Rf is constant and Af depends only on the distribution of
the flux and the adjoint flux in the reactor.

In the second case (A follows the Scott's law), it is (from eq.10):

T -T
- av Zs (25)
8V N(q):M()'P/nH
where:
T = average fuel temperature in a section of a fuel rod
av
T = surface fuel temperature
5

- 30 -



- 30 -

If we use for A the expression (22), T,y = T is given by:

N(q)M(%)P/nnH
T =T =(T_ +a) { ald (e 4B -1) -1 (26)
av. s 8 LN(q)M(%)P/nnH
In addition, it is:
T =0 + R, MZ) N(q) P/nH (27)

Taking into account (26) and (27), eq.(25) bccomes:

N(q)M(%)P/nH
R=(R+ e + ).‘: LI'.B‘IT (e 4 B n _1)_1} (28)

av c N(q)M(%)P/nH N(q)M(%)P/nH

Eq.(28) can be developed in series:

N(q)M(Z)P/nH
= 1 H m
Rav= Rc Egl (m+l1)! 4BT ) 8nf

N(q)M(Z)P/nH
@ + o 02 1 H m
+ {l+2$§1(m+2)! LBn ) ] (29)

We also remember that:

z/H
P z Z
e = Oi Ay —l/ZM(ﬁ') d(ﬁ) (30)
- 1%
@ = Oi + E-CTJ.- (31)
q=n +1/2
= {N(q)J M(Z) d(%)] =n (32)
=1 -1/2

s

q=n +1/2 z/H
g [N(q)-j M(Z) (5 M(Z) d(%D d(%)} = (33)

=1 -1/2 1/2

- 31 =



- 31 -

g=n +1/2 z/H 9
B [[N(@] m M) m( M(%)d(%) d(%)} =2

=1
Q -1/2 1/2 q

Il ™ N

1 L1/2

n +1/2
[[N(qam (3] ma(%)} (34)

Putting (29) and (30) in eq.(7), and taking into account (31), (32),
(33) and (34), we get:

m=eo P \m 0+ o 2% P \m
Rf = Rc z a, (ZE) * B ) bm (Eﬁ) (35)
E=0 m=o0
where:
- 1 1 .m1 97 m+1l r/2 Z 1 m+l Z
8, = T T 5 & v(q) (%) () (36)
-1/2
and
bm “m EFZ am (37)
It is:
g=n +1/2 z/H =0 1/2
m Zgmzx* Z 2 Z 1+ *
§1 g™} M) @@( M(ﬁ-)d(-ﬁ-)) A= 3 §1 [N(q)}‘”( pE)" § d(%» (38)
= -1/2 ~1/2 * -1/2
Putting (29) and (30) in eq.(8) and taking into account (31) to (38),
we get:
m=eQ = m=c®
P \m 0 + o P .m
R, mio cm(zﬁ) * 55 mio dm(zﬁ) v,
A, = — - _ —— (39)
Rz oa(Zo)™ eSS b (G 3 av
C m=o 1R T m=o =0 all rods
where:
g=n +1/2
1 1 \m1 - m+1 Zyvy m+l * .z
°n = DT Fnd) 1 qi_:l e , [z b a@ (40)
” -1l/2
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and

- 43
dm = w2z °m (41)

It is:

V m=of P 6 n=oQ P
_ f . £ m + O r m
AR, = — R, E cm(nH) v T § dm(nH) (42)
av m=0 m=o
all rods

In the case @Q* =1, it is:

c = a (43)

and

a4 = b ¢y

From egs.(35) to (42) we conclude that, if the fuel thermal conductivity
"A" follows the Scott's law, Af and Rf depend on reactor power, P,
average coolant temperature ® and on flux and adjoint flux distribution

in the reactor.

In Appendix 1 we have seen that the fuel temperature effect on reactivity
can be referred to an effective fuel temperature, Teff’ which is defined
by eq.(l).

In this Appendix we have also found that Te depends directly upon P, @

ff
and flux and adjoint flux distribution, This means that changes in the
distribution of fuel temperatures, which do not effect P, & and flux and

adjoint flux distribution, do not effect also Te + This has been demon~

f£f
strated only in two cases: A is constant or follows the Scott's law(eq.22).

However, this two cases are important if these conclusions are

applied to ceramic fuel elements,

Ceramic fuel elements have a thermal conductivity which decreases with

the Scott's law until 600°C, from 600°C to 2000°C is more or less constant,
and from 2000°C tends to increase. The region in which we are interested
is from room temperature to 2000°C. We can extrapolate the conclusions

of our theoretical analysis and we can therefore say that in ceramic fuel

reactors the effective temperature of the fuel, T for a given flux

eff?
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distribution, depends mainly oh & and P. The dependence on € is linear
while that oh P becomes linear as we move from the low temperature to
the high temperature region (not beyond 2000°C), Any other effect on
Teff depending on the change of the temperature distribution (with
flus distribution unchanged) is a second order effect which can be

negleécted. It is therefore:

Toer = Tors (8 ; P) (45)

The first practical observation is that, also if we are unable to
measure Teff’ we can control its constancy by controlling the con-

stancy of 6 and P.

In the most general cases, we can write:

- Y-S P
dk, = [, 88, + /L a8+ /;} (=) (46)
where:
J%,
fp = (55-) = fuel coefficient referred to reac- (47)
r P=const. tor coolant temperature rise,
©=const.
€ =6 -8,
r o i
akf
/;c = (=) - fuel coefficient referred to average (48)
de P =const. coolant temperature
& =const.
T
Okf
/ﬂ = nH(-ﬁ-)_ = fuel power coefficient (49)
Pf a 6 =const.

6 =const.
r
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It is also:

[har = I‘"d(9+AR

dicp £ ers e oH

f

(50)

p OAR, =l aA Re 2
7___— A
r;. [l ¥ nH( 906 )P—const] w© [f £ nH P/nH) S=const nH

it

By comparing (46) and (50) we get:

T - o ' (51)
fr
9A R

- = £s

ri:lc - f [1 * TH ( 3% )chonst‘:. (52)
and

. P

rl:f = [; {AfRf * TE ( (P7nHS ) const:‘ (53) -

In the two particular cases:
(a) no power production in the reactor (P = o)

(b) AfRf constant

ve get from eqs. (52) and (53)

e = 15 (54)
and '
Mpe = [iAR (55)

For a finite interval, we have:

= P
Bkp = Y BT o = Yoo A6 + G, 8 (Eﬁ) (56)
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where:
>
1
Yy * ET l¢ 4T ps
eff
1
p)
T G
Yie = A8 Sl re %€
and

2

1
Gy = AZP?nH)S fog a(®/nk)
1

(58)

(59)




Appendix 3

Determination of the calibration error

The neutron flux detectors will be calibrated by means of the well known

calorimetric method. The power P is given by:

P = cp (6, -6,) (1)
where:

¢ = specific heat capacity of the coolant

# = ©primary coolant flow

Qo = outlet coolant temperature

Oi = dinlet coolant temperature

The neutron flux detector produces a current, I, proportional to P.
It is:

P=KI (2)

where K is the calibration constant which must be determined.
From egs.(1) and (2), we get:
cp (Qo - Gi)

K - (3)
I

—K~\ , will be:

The probable calibration error, ’ K

- 191 e e

cl . .
where {—Zl is a systematic error.

From the point of view of the accuracy it is convenient to carry out

the calibration with the maximum value of Go-Oi, that is at full power.
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I is:

Agsuming:

we get:

|
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(e, - ei)max = 67°
ETRN
SIREEE
1690’ = \é@i‘ = lOC
CIR

1072 [o.s + \/(2.5)2 P (L2 4 (17 4 12}: 5.8 %
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(5)

(6)

(7)

(8)

(9)

(10)
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