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MEASUREMENTS OF THE DOPPLER EFFECT AT PHENIX 

J.C. GAUTHIER - M. VANIER - J.C. CABRILLAT 

A taeasureaent of the Doppler effect has been performed at 
Phénix. Large corrections were necessary. Thus the aeasureaent 
has been done again on another way. Results agree. A coaparison 
has been aade with the results of a theoretical calculation 
performed with the CARNAVAL IV "foraulaire". 



Résumé 

Une mesure de l'effet Doppler a été réalisée â 
Phénix. Elle nécessitait d'importantes corrections. 
La mesure a donc été refaite de manière différente. 
Les résultats en sont cohérents. Par ailleurs une 
comparaison est présentée avec les résultats d'un 
calcul théorique fait avec le formulaire CARNAVAL IV. 
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MEASUREMENT OF THE DOPPLER EFFECT AT PHENIX 

I - INTRODUCTION 

In order to improve the sensibility of the reactivity 
variation detections for a fast breeder of the 12O0 MWe Super Phénix 
plant size, a special device called Reactivity Balance Meter is 
under development at CEA. 

The reactivity oalance meter is based on an on-line 
comparison between a "measured" reactivity (through conventionnal 
reactimeter) and a "theoretical" reactivity (calculated by a 
numerical model on the basis of a very few on-line measurements 
as : control-rod positions, in-let temperature). The principles 
of this device are described in /l7-

The numerical model needs certain parameters or coeffi
cients vas : Doppler effect, temperature feed-back effects ...) 
which may be either directly measured on the plant or calculated. 
In the case of the Phénix plant most of those coefficients have 
been measured. The main results are given in /Jp. 

This paper will focus on the Doppler effect. It gives 
details on : 

- the principle of the measurement and the difficulties 
encoutered, 

- how these difficulties have been solved, 
- the comparison between measurements and calculations 
with the CARNAVAL-IV core "formulaire". 

•••/••• 
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I I - PRINCIPLE OF THE MEASUREMENT 

The Doppler e f f e c t i s controlled by the average fuel 
temperature (Tf) of the core. A variation dTf of Tf induces a 
reac t iv i ty change dp of : 

(1) dp = | | dTf 

With a given core s t a t e the Tf temperature i s governed 
by the average pin power density (Pn) and the average sodium tem
perature (TNa). 

II.1 - The Doppler effect as a variation of the power 
coefficient with the power level 

For a given i n - l e t temperature and a given temperature 
gradient of the core a reac t iv i ty variation dp induces a power 
l e v e l change dP according to : 

(2) dp = h (P) dP 

h (P) is the power feed-back coefficient as a function 
of the power level. It depends strongly on P because of the Doppler 
effect. Therefore one could deduce Kd from h (P). This has been 
done with the first core of Phénix. The main problem with a bur-
ned-up core is to calculate the real average fuel temperature 
for a given power level. And this is possible only if one knows 
exactly what the value is of the heat transfer coefficient bet
ween the sheath and the fuel. 

All these reasons explains that it is impossible to 
derive Kd from the h (P) function which was, for other reasons, 
measured at Phénix. The measured points of the h (P) function 
are given in £27 
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II.2 - The Doppler effect during a temperature raise of 
the isothermal core at Phem'x 

One sets the core in an isothermal state and let the 
average temperature evolve. One maintains the cr.fticality of the 
core with control-rod movement. This type of measurement is the 
one which has been used at Phénix (cf ref /27) • 

If the core is actually isothermal, then Tf = TNa,and 
equation (1 ) 

leads to : (3) dp » ^ dTNa 
But with a variation of the average sodium temperature the geo
metry of the core changes too. Consequently : 

(3') dp = (HJ + ko) dTNa 
Where k is the isothermal temperature feed-back effect. 

Integrating over a large variation : 
(between T N a r e f and T N a r e f + ATNa) 
(4) Ap = Kd Lg (1 + A T N * ) + k 0 ATNa T N a r e ~ 

or 
(5) Y = K 0X + k Q 

Where ^(11^3» , 
y ,_û£_ x TOa 

1 ATNa ._.. 
ATNa 

Hence if one has several measurements of Ap corresponding 
to different average sodium temperature changes, one may find Kd 
as the slope of the mean square estimated straight line through 
the corresponding (X, Y) points of equation (5). 
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It should be pointed out that one is looking for a 
quite small effect : 

Infact, from equation (5) , cne obtains : 

Typically at Phénix : 
T N a r e f = 523°K ATNa = 75°C Ap = 273 pcm 
Kd - 8O0 pcm k Q = 2 pcm/°C 

Hence the linear term equals 265 pcm 
and the non-linear one 8 pcm 
The non-linearity -i.e. the effect one is looking for- is only 
of 3 %. 

Ill - FIRST MEASUREMENT OF THE DOPPLER EFFECT 

III.1 - Description 

At first, the control rod worth has been measured by the 
normal way. Then the core was kept in an isothermal configuration. 
But because of the few hours available for performing the measu
rement a power level between 2 and 6 Mw (including the residual 
power) was established, instead of letting the primary pomp power 
alone to heat the sodium. The following problems were encountered 

1/ - At each measurement point the core was not exactly 
at zero reactivity. 

2/ - The control rod worth has been measured just before 
the Doppler measurement but not exactly in the same rod configura
tion. Hence it had to be slighty modified to take into account 
the control rod interaction. 

3/ - The fuel temperature was not exactly equal to the 
sodium temperature. 

4/ - A power feed-back effect was present. 
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These four points give rise to corrections on the mea
surements . 

111.2 - Principle of the corrections 

111.2.1 - In equation (4) we have written : 
Ap = ApCR + ApCIN. 
Where ApCR is the reactivity change induced by the control 

rod position change 
ApCIN is the real reactivity change of the core as 

measured by the reactimeter. In fact we hare 
ApCIN << ApCR. 

111.2.2 - Since the primary flow was constant 
during the measurements, one may write : Tf = TNa + aP. 

Where a is the heat transfer coefficient between the 
fuel and the sheath, o = 0 means that the transfer is perfect. 

111.2.3 - The power effect induce a correction 
on Ap of equation (4) 

Ap = Ap - hoAP 
Where ho is the calculated value of the intrinsic -i.e. except 
the Doppler effect- power effect. 

111.3 - Numerical corrections 

Figure 1 gives Kd as a function of a when ho » 0. 
Figure 2 gives Kd as a function of ho for different values of a. 
The two corrections are assumed to be indépendant. 

The calculated value of a with the standard model for 
Phénix is 2.2 °C/Mw. Figure 1 gives : 

Kd = 841 pern (a » 2.2, ho * 0.0) 
An estimation of the intrinsic power effect at zero power is : 
0.1 pcm/Mw. Figure 2 gives : 

Xd * 820 pem (o - 2.2, ho * 0.1). 
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III.4 - Remarks : Incertitudes 

Although this results are quite good (cf § V) they are 
to be considered with caution because of the following reasons : 

1/ - The corrections are very large especially the one 
due to the fact that the fuel temperature has to be calculated 
since it is not exactly the sodium temperature. 

2/ - The corrections are based on calculated parameters 
not very well known. 

IV - SECOND MEASUREMENT OF THE DOPPLER EFFECT 

IV.1 - Description 

In order to avoid any correction on the measured values, 
the Doppler measurements have been repeated recently with more 
precautions. 

IV. 1.1 - The initial state is the following : The 
core is isothermal at 400°C, the power level is just high enough 
to ensure a good measurement with the neutronic chambers and the 
primary flow high enough to ensure a good homogeneity of the 
sodium. 

IV.1.2 - Thanks to the intermediate heat exchangers 
the sodium temperature lowers from 400°C to 250°C in about 24 hours. 
Only one control rod is inserted to compensate the reactivity gain. 
The other are in bank, and didn't move during the experiment. 

IV, 1.3 - Control rod worth measurement : in the course 
of the experiment the rod, used to compensate the Doppler effect/ 
was inserted of about 50 mm and withdrawn again to measure exactly 
its worth with the reactimeter. This insertion was repeated seven 
times. In this way one has the worth of the rod in the exact con
figuration of the bank. 

• •#/••• 



IV.2 - Results 

Figure 3 gives the measured sodium temperature and the 
correlation reactivity variation during the run. One may see the 
seven periods during which the control rod worth was measured. 

The principle of the calculation of Kd used in this 
case is the same as before. To be more accurate ~ne takes only 
the measurement points when, according to the reactimeter, the 
reactivity of the core is near zero. There are about 3000 such 
points over 24 hours. The equation (5) is applied. This leads 
to a Doppler value of : 800 pern. 

IV.3 - Incertitudes 
Since the effect, one is looking for, is quite small a 

detailled incertitude analysis has been made. Two types of error 
were considered : the systematic one and the random one. 

1/ - In the first type the most important part is 
coming from : 

• - the control-rod worth 
- the shape of the function : control-rod worth 
vs control-rod position 

- the measurement of the reference state of temperature 
and the correlation reactivity state. 

2/ - The second type is a very important source of 
incertitude. It has been estimated by assuming a gaussian pro
bability for each measurement point and deducing a probability 
law on the value of the Doppler effect. 

Finally the maximum error is of ± 30 % but the most 
probable one is of ± 20 %. 
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V - THEORICAL DETERMINATION OF THE ISOTHERMAL DOPPLER EFFECT 

V.l - Method 
A calculation was performed in order to determine the 

Doppler effect of Phénix at a well defined time of the reactor 
life by means of the following steps : 

1/ - The operation simulation of the reactor Phénix, 
cycle by cycle is made -for the neutronic point of wiew- with 
time dependent calculation using the diffusion approximation 
theory (6 energy groups cross sections deduced from the core 
CARNAVAL IV formulaire) . The geometrical representation is an 
hexagonal one where each individual subassembly is described. 

2/ - The results of step is i.e the isotopes concentra
tions for each subassembly are used to build a cylindrical model 
of the core at the time and conditions of measurements. 

3/ - Aftewards this model is used to determine the 
isothermal Doppler effect by direct calculation (25 group cross 
section of the CARNAVAL IV formulaire). 

V.2 - Results 

The reactivity variation of an isothermal increase of 
temperature from TNa » Tf » 250°C to TNa = Tf - 340°C leads 
to the following theorical value of the Doppler coefficient . 

Kd « 804 pern 

[ £fi_ = M . pcm/°C ] 
6TNa TNa 
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This calculational method, which is at present time 
used for all the Doppler design calculations, is affected by a 
standard uncertainty of ± 20 %, partly derived from old cri
tical experiments. Taking into account this uncertainty indicated 
in paragraph IV.3 we can conclude that a reasonnable agreement 
has been found for the present set of measurement. 

VI - CONCLUSIONS 

In the present note, an experimental determination of 
the Doppler effect in the Phénix reactor, has been presented, to
gether with a simplified calculation using standard design tools. 
The agreement foui.d between calculation and experiments is 
dependent on the accuracy both of the experiment and the calcu
lational methods. More efforts are needed to reduce the uncer
tainties associated to the difficult task of the measurement in 
a power reactor. On the other side at experimental program will 
be performed in the next few months an the ermine critical facility 
to better assess basic cross section data and method, possibily 
in order to reduce the calculational uncertainties. 
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