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rature coefficient of k,, for a HIGR latticeiStudied on

iﬂ the RB-2 reactor of AGIP NUCLEARE, operating at the

e [f] (this measurement, made'by AGIP NUCEEARE is de -

This report outlines & measurement of the fuel tempe

ntecuccolino Center in Bologna.
The measurement was closely linked to the k,, deter

nation carried out by oscillated zero reactivity techni

ribed in another communlcatlon presented 1n thls meeting).
Basically the measurement consisted in the evaluation
poison amount which compensated the reac§1v1ty variation
{
the lattice element coneequent to an increa e of the
el element temperature, and in- the convers1on of this
ison amount Aﬂc in terms ofAk 0o using; the standard

* L
TR formalism.

\

(1

) The k,, fuel temperature coefficient‘ﬁa(ﬂf) is here
' A koo :

defined as ﬁs(Tf) = 4575=r" where T is 3xpressed in
degrees Kelvin and the index f refers to fuel.

}

G.GHITARDOTTI et al:

“liicure del k,, di un elemento di reticolo di ‘tipo
. HTGR esegulte con la tecnica dell'oscillatore a

reattivitd nulla impiegando il Reattore RB-2 dalla
AGIP RUCLEARE installato e funzionante presso i lLa
boratori liucleari di Nontecuccolino". | -

Relazione AGIP NUCHELARE n® 429/FiU (agosto 1974).
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The measurement was performed in the RB-2 reactor,

ng the configurations of the central HTGR experimental

ane (see figs. 1 and 2) whicn, in the previous room tem-

rature measurement made by AGIP NUCLEARE, showed to

et best the neutron spectrum and space distribution re-
e - -l

irements of the experiment. ;

-

The measurement was performed by a reactor oscillation

[}

thod, with the following procedure: i

]
. !

A special 2-m-long test element (described in detail in
para.2) was built, with a test section placed at 2/3

of its height from the bottom, heated by electr%cal re-

R 3
sistors.

(

i
B
|
|

The AGIP NUCLEARE oscillator, in the version capable %o

a ]
achieve a 2-m-stroke, was employed. -

1] -

The pile neutron modulation éignal iﬁduce; by tﬁe pé -
riodic substitution of the (cold) HTGR fﬁel by the
heated sectioh, was interpreted in terms Qf a Fourier
series expansion obtaining (A/P) = (first parmoﬂic ampli
tude/mean value). . | :

T «! ]

' |

The (A/?) values measured as a function of temperature
were converted into equlvalent poison (Cu) amount,
using .the (A/P) vs. poison relatlonshlp obtalned in

the room temperature k,, experiment £1] y leading, as a

final result, to k,, = £(T).

~

r
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A fuel temperature coefficient experiment requires
an{elaborate and careful experimentation and interpreta—
tipn. In fact a requlrement to be met for an effectlve
interpretation of this xlnd of eiperlment is the uniform
tesiperature distributions over the heated fuel segment.
This means radial and axial ihsﬁlations, impiying modifi-
cations of the fuel cell standard geometry, as well as ad
dition of foreign materials, which however should do not
perturb apprecicbly the tJ01cal HTGR spectrun. Some heat
leakarse from the heated element to the reacto; core also

‘acgours: its effect on reactivity must be accounted for,
i .

e.f. heating a test section without fuel.

Obviously the interest 1s to achieve test fuel tempe-

2

ratures close to the power reactor core values, but, in

this sense, a serious llmltatlon is the resistance of the
r
experimental set-up to high temperatures. f

*l

The .criteria used to approch the above requlrements

ar¢ summarized in the following chapter.

{J

-
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ATED PUTL SECTION AND OSCITLATING ELTUEN

c

@ o+ 0 H O

1]
f

mj

The heated zone was a 137 mm-high segment of fuel

element (fig. 3 and 4), with electrical resistors(TANTHAL -

A", Ki-Cr 0.3 mm dia.wire) wouynded around two graphite tubes

19.2,27 mm dia.and 42 and.49.8. mm dia. resp.) containing

l

ne fissile particles. Electrical insulation was provided

y an A1203 coating (0.5 mm thick, initial resistance 5+10

1{L) sprayed on the graphite before winding the Ni-Cr

ire, which was kept in place by an addltlonal 0.5 mm thick

A1203 deposit. Axial thermal 1nsulatlon was prov1ded by

uitably machined "wonderstone" (SlO 55p, A1203 35¢%)

nd-plates which also centered the heated e%ement in the
pntainment tube. | 1 ' i ‘

The two electrical res1stors (11LL, 23flon outer and
hner tube respectively) had 1nd1pendent regulatlon through
270 V, 500 W, variable autotransformers connected to the
hins by an'insulatlon transformer. By a proper adJuetement'
[ the inner to the outer heatipg power, it was p9531b1e

b flatten the radial temperature distribupion in;the fuel

L each selected temperature.

va

The temperature distribution in the heated f@el element
hs measured by chromel-alumel thermocoupleea with 0.8 mm
ja. stainless steel claddiné, inserted into§1 5 mm dia.
xial holes through the inner and outer graphlte tube walls,
n order to limit the conplex1ty of the aqsenbly, only

pur thermocouples were placed inside the heated - fuel

spgment: two were positioned at the sectlon mldplane and

o could be moved to obtaln a detailed ax1a1 temper ture

g ¢
pping. :

T

l
|
i
!
f
t
)
i
1
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The "cold point" of the thermocouples was thermally

connected to the cover plate of the oscillating element

céntainnent tube; the temperature of the cold point was

'minitored b en additional thermocouple with head embedded

into this plate. The thermocouple signals were transferred
t0 a Leeds and Northrup SPEEDOIAX 12-point recorder. Only
the thermocouple monitoring the cold point needed to be
connected through chromel-alumel compensated wires.

The heated element was inserted between two HTGR fuel
segments inside 2 60 mm dia., 1 mm thick, 3655 mm long Zr2
clntainment tube. The segments length was 1Q33 mmn  (upper
fyel) and 2339 mm (lower fuel); respectivel&; rhe sezments
fzecing the heated element had an addltlonal 1nsulatlon in
wonderstone (10 mm thick). The, temperuture beyond the
izsulation was monitored by a thermocouple 1n°erted in the
upper fuel segment, 10 mm above the bottom. The contalnment
tybe was exhausted to a reqxdual pressure around 10 -3 mm
Hg, which was maintained dynnmlcallj by a vacuum pump.

The 3 mm vacuum gap, between tne outer tube o uhg heated

fuel section and the Z2r2 tube 1nner surface,reprceen ed

an effect1ve radial heat barrler up to the hlghe t tempera
3
The oscillating fuel element was centered and guided

tyre achieved in the experlment

thHrough a 61.7 mm dia. channel on the ‘IGRccre axis by two
sdts of rollers, fixed to the upper and lower cover plates.

Preliminary calculations indicated that the nodifica-

V

tijons in the lattice geometry and comp031tlon 1ntroduced

b the experimental equlpment elther had negllglble effect

A

cr could te theorically corrected for. These indications
were substantially confirmed through a series of_experimen

tzfl tests, in part reported in the following.

[

-
’.
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OTCITLATOR DITVICH -

A detailed description of the oscillator and re-
lated instrumentation is reported’in.ref. [1] (see fig.5).

The oscillator paraneters fixed fo the experiment
were: stroike = 120 mm, transit time = 2 sec. .

In these conditions the“max. axial accelerations
impressed to the oscillated load did not exceed 0.3 g,

as measurad by a wide band accelerometer.
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SYPTRIITITATL PROCTINURE (DTACTIVITY LETASUREITITS)

£

?

The experimentél procedure'cqnsisted of the following

teps: : . i-

) heating up of the test section to the specified tempe-
rature, with the test-section in the off-core position
to avoid zny heat traszis€ion to the HfGR core, in the
shortest time - compatible with a relisble opération
of the heaters - in order to minimize heatlnv of the
cold segments of the osc1llat1ng element (typical va-
lues to reach a test-section temperaturg of about
600°C: 66 V, 6A for the outer resistor;:69 V, 3A, for
the inner resistor; 10 min. rise time);f

!
1

) temperature stabilization and radial flattening by fine
ad justement of the inner to the outer heating power
(typical wvalues at '600°C: 64 V, 5.7 A and 25V, 1.1 A

for the outer, respectively inner, resxstpr)
ik 1
' o

) starting of test section oscillation in-off the reactor

core (1250-mm~-strokxe, 120-sec-period);

) rezcter—siabilisation at 1 W average;

) recording the reactor neutron density modulation over

<

i
.

20+40 oscillation periods.

The experiment was carried out for the fol’oulrg no-

inal fuel temperature values: 20,200,200,400,500,6C0°C.,

L
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The radial temperature gradient across the 6.5 mm-

e

hicle fuel annllus was made negligible by the inner-to-

o~
—t

uter heating power adjustement; the axial temperature

<

lariation expressed ac the ratio of the boundary-to-center

Pred

alue, was typically 3;’ at 600°C,
Due to the fact that the U238 resonance absorption

was concentrated in the outer layer of the fuel element

}..h

t was deemed of interest to investigate situations with

radial temperature gradient across the fuel.

£

To this effect a series of fuel temperéture coeffi-

cient determinations was performed, where no current was sqL
glied to the test fuel inner heatlng res 1"tor.
This procedure resulted in a 31gn1f1cant radlal tempe-
rpture variation, (about 107 ) tlplcally 50°C for an average

Tflhel temperature around 600°C

:
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VIXITTARY "mASURTITITS

AL

e

.1 Check of correct cpectral matchine

Althougn in principle the circumstance that the
HTGR test lattice used for the fuel temperature coef
ficient measurcment wab the”same as the test lattice
used for fhe room temperature Iy, Getermination should
imply the idenfity of the neutron spectra, it was felt
advicable to perform a dlrect expcrxmental test of the

above assumption.

]

Since previous expericnce showed that the fuel
initial conversion ratio .ICR (i.e. the ratio of fissile
production by fertile capture to fissilezconsnmntion\
is a verv sergitive index of thg so called matching
of the firnite test zone Spéctrum to theﬂa=yrpfotic spectur
(forlnflnlte medium), this parameter is the meauured at
different levels in the fuel test-element not heaued,

and compared to the value measured durlng the room

temperature k,, experiment. :

- ! £
The measurement was performed by a standard acti-
: !
vation method using as detector the same coated fuel
particles contained in the fuel section.:

l

The zrreement between the two sets of meauured
values (2,13 + 0. 02 vs., 2. 22 + 0.02,mean: values) extends

up to the outer 1-cm~-thick 1aJer of the neated fuel

section whose ICR value 1s about 1C5 hlgqer.

238
This increase is attrlbuucd to the hlgher local U<’

resonance caplure caused by :streaming of .resonance

neutrons throush the gaps between the heated fuel section

¥
and tiae upper and lower cold fuel cerments.,

t

!
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Since the diccrepancy reduced to a negligible
valuc~within‘l;§‘cm from the heated fuel section ends,

\

it had a trivial ef ect‘on the experlﬂental results.

~ t

Check of the (A/P) vs. poison mnes relationship
i
Although the present experimental parameters *),
vere such that the sane (A/P) vs. poison mass relationship

found in the room temperature Xk experiment applied to

o0
the fuel temperature coeff1c1ent experizent, it was felt
hdvisable to perform an xperlmen tal chec& of tnls fun-
lamental condition, namely measuring dlrecr;y A/? VS,
Yarious poison amounts fixed éo the outer sﬁrface of the
fluninum titbe containing the fuel in the oseillatinv
blement, This was possible because the length of the
lower segment of the 0°c111“t1ng was such ' that the
{standard" HTGR lattice conflguratlon was reproduced
vhen the element was rised to bring tne heated fuel

gection to the "off—core" poeltlon. (The onlJ alfference,

-

bhich consisted in the presence of a 2r2 contalnment tube

j

ad no relevance).. f ; Q

In fig.6 the different positions of the poieon for

4

phie room temp.X,, experlment E‘l] and for the present

¢xperiment are indicated. . j )

+

The A/P vs.poison mass reiationship measured in

< 3o
-

ne present experirent with p01son ass<normalized to

he room temp.k , exp. uhrough the thermal fluxes ratlo
. ’
l

i
[

¥) i.e. The same I1GR lattice configuration and ideatical
oscillation conditions. " 3

i
A
ot
i
i
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(1.02)calculated by the THERI0S code,is shown in figz.7.
Tne anzular cocfficient of the straight_line fitted
throuch the measured points 1is 5.65 y in good
agreement with the corresponding value (5.71)

inferred from the previous experiment.*)
: !

1
L
.

i

Correction for heat lesker~e oand spurious resononce

capture’ .

|
| 1
Heat leakage from the heated fuel section resul-
| he
ted in a moderate temperature rise in the adjacent
cold fuel segments ends, contributing to the measured

|
A/P vs. fuel temperature. '

An additional cont}ibution came ffom heating of
the foreigh materials included in the'instrumented
element (e.g. due to the Dgppler-effecf on the neutron
resonance capture of the Ni-Cr recistors). -

Both contributions were simultanéausly corrected
for by subtracting the (A/P) values measured at varying
temperatures of the heatq@ section without fuel in it,
from the (A/P) values of the fuel secfion heated to
the same temperatures. ‘ \

The approximations'ihvolved ih this proceduré
were acceptable also in viéw of the sméll magnitude

of the correction.

|
!
~ l L
i
i
i

(*)
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6) EXPERIMELTAL- RRSULTS

The A/P values measured for wvarious temmerature are
reported in the graphs of figs. 9 and 10 in waich the
abEcissa is in units of (J_T-f - ﬁ;o).

Since the temperature coefficient of HTGR fuel 1is
mafinly due to the Doppler-effect on U238 resonance capture,

wh‘ich usually exhibits a linear‘dependence on( ‘I‘f- Tf Y,
' n

we| have fitted with a straight line, using the leastes square

- mefthods, the data points in fig.9. The interpolating lines

‘equations so obtained are:

)
}
1

' -4 . ’

A/P = 6.615x10 (ﬁf—\’ Tfo) : (uniform temp'.case) (1)
?

A/P = 6.881{10"4 (rf- mo) 'ﬁradial gradiien’c ; _(2)

. temp.case

|
NORE: |
|

Thiis report was written shortly after the conclusion of

the experiment; thus the interpretation is under way.
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HF*TED FUEL SECTION

1.]Electrical power suonlv

N

.| uter

3
4.1 Inner

.]2r2 containment tube

Al tube
Al tube

5.1 "Wanderstone" thermal insulation

5.|{Col1l fuel thermocoubnle

Inner

~

3.]ater
.| Inner
17.{ Inner
11.{Juter

12.] Inner

Al?f),3 electrical insulation

A1231 electricAal insulation
scannin‘ thermocouple
midplane thermocounle
midplane thermocouple

KANTHAL A resiatance

13.}2uter KANTHAL sistance

\

14.|Fuel microspheres —

15.] Juter

15.] Inner

17.] Inner

18. | Juter

aqraphite tube
qraphite tube
tube throurdh hole for thermocouple

tube throuqgh hole for thermocouple

19.}"wonderstone" thermal insulation

29.1Al1 cover of lower fuel section

21.jCover
22.} Juter

fiving ring

scanning thermocouple
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