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» In the future (first industrialization

step: DEMO) p
- g': f -

Research work required and carried out to improve knowledge, innovate, answer challenges

by means of research programs in Major Nuclear Research Facilities (Reactors and Tokamaks)

Safety Demonstration of the
Live span feasibility of fusion as a
Dismantling massive and continuous
Fuel improvement energy source
Radioactive waste _ Confinement
management i — L — Fuel breeding and
Future power-plant 2 : = ' Rl '_. management
generation B TITe o B Heat extraction
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The general context
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o

O Nuclear Energy

> NPR at present, SMR/AMR in project » In the future (first industrialization
step: DEMO)
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The general context
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O Nuclear Energy

> NPR at present, SMR/AMR in project » In the future (first industrialization
step: DEMO)

b NN .
Fuel, material and structure characterization from normal to accidental conditions (scenarios possible)
Better understanding of phenomena
Design and qualification of Innovative instrumentation and diagnostics for online measurements
Validation of high-performance multi-physical and multi-scale numerical simulation tools
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o

O Nuclear Energy

> NPR at present, SMR/AMR in project » In the future (first industrialization
step: DEMO)

—
00 "\ AN ]
Design and qualification of Innovative instrumentation and diagnostics for online measurements

= Absorbed dose rate sensors =2 Calorimeter for intense values called nuclear heating rate
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A key research thematic on nuclear heating rate measurement by calorimeter

ioint AMU/CEA > IN-CORE program aims
dajomn Design and characterize INHEIOIRIE P
research program ’ g )
i } innovative, high-performance
initiated in 2008-2009 by
) sensors/detectors, methods and
the national JHR

AN diagnostics
RIOBES to carry out on-line quantification

IN-CORE program of key conditions/parameters Multi-sensor

(Instrumentation for into JHR experimental Radiation device Calibration

P : detectors +aninter- methods
Nuclear radiations and channels in order to propose combined

Calorimetry Online in a multi-sensor device analysis

Reactor) for mapping
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The targeted nuclear environment
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» Used for a better
understanding of the
ageing of inert materials
under irradiation
conditions and of the
behavior of nuclear fuel

Used for the production .
of medical radio-

elements (up to 50% of
European needs)
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The targeted nuclear environment
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(] Research reactors such as the Jules Horowitz Reactor (JHR)

100 MWth

Core diameter and height: 60 cm

Thermal neutron flux: 3.5 104 n.cm2.s?

Fast neutron flux: 5.5 104 n. cm2.s! (> 1 MeV)

Displacement per atom: 16 dpa.year

Nuclear heating rate: 20 W.g™! B Nuclear

fuel area
Control rod in
Hafnium or
Aluminium
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The targeted nuclear environment {

(J Research reactors such as the Jules Horowitz Reactor (JHR)

> B Metallic stiffener

Cladding
Bl Nuclear fuel

Cooling fluid

\

Experiments or
Calorimeter

\"\\\\\} Irradiation channel tube
111 .

1)
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The targeted nuclear environment
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» B Metallic stiffener

Cladding
> Bl Nuclear fuel

Cooling fluid

» B Irradiation
channel tube

» Calorimeter
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The nuclear heating rate in'research reactor

O Its origin

L
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Energy
deposition

__________________ >

Cooling fluid
&
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The nuclear heating rate inresearch reactor

O Its origin

(n.p) (n, @)

Activation

————

Fission Photoelectric

Capture offect

Compton
scattering

Scattering

. Pair
Capture \ production

T

Bremsstrahlung

LN Scattering

A T e V).
[ Its definition and unit

> inl.kgls?
> in Gy. h'lif low values
» in W.glif intense values and thus called nuclear heating rate
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The nuclear heating rate inresearch reactor

O Its range

TRIGA-JSI in TRIGA- MITRin  MARIAin OSIRIS in BR2 in JHR in
Slovenia CNESTEN USA Poland France Belgium France
0.05W/g inMorocco 2W/g 5W/g (Shutdown) 14W/g 20 W/g

0.4 W/g 13 W/g

A W | P
[ The sensor used to quantify it
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A bit of history regarding calorimeters in general
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 Device used to measure the amount of heat energy released or absorbed by a body/sample under
certain conditions

[ Created at the end of the XVIII century
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1 Thermal sciences

ﬁ-leat energy released or absorbed by a
sample to be characterized inside the

\

'kl,)-ii.w \ :)@ (

calorimeter = heat source in the sensor

pCpg—Z+ pCpV.ﬁ = V. (Aﬁ) +S5+--

Temperature field generated in
the calorimeter

Temperature measurements
with temperature sensors
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calculation
method
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K

O A simplified schematic

\

Inverse

_/
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Sample holder

Sample of inert material
to be characterized

Jacket

Temperature sensors
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o

(J Three main criteria

| Adiabatic J

Heat flow J

Phase change J |

S A"

L Single-cell J L Multi-cells J

Heat compensating " Heat accumulating " Heat exchanging
principle principle principle
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o

Calorimeter classification !

(J Three main criteria

For applications in nuclear research reactor

| Adiabatic J Heat flow J Phase change J

S A"

L Single-cell J L Multi-cells J

Heat compensating " Heat accumulating " Heat exchanging
principle principle principle
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Calorimeter types used’in résearch reactor-

J Heat-flow calorimeters (non-adiabatic sensors)

v

—————j‘———— q

{\ll:lgivn W c)@

(

Aix:-Marseille

Sociglement engaogée

» No heat exchanges with the external cooling fluid
= an infinite thermal resistance between the sample
and the external surrounding

Adiabatic calorimeter = No heat exchange

- 10 g Aluminum at 20 W/g
Material melting in 30 s

Temperature (°C)

» Heat exchanges with the external cooling fluid (natural or forced convection
according to the reactor type or power)
- a non-infinite thermal resistance between the sample and the external
surrounding

» Response depending on the thermal resistance induced by heat transfers
(conduction, convection, thermal radiation) between the temperature measurement

points
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Calorimeter families used iniresearch reactor - 2024 Rabat, Morocce\|

] Two families of heat-flow calorimeter

» Single-cell » Differential

calorimeter calorimeter a i
I

I
I
I
- - ]
I
I
U

I
I
I
/
1
4
|
1}
1
4
1
/
17
L
[
|-

O Sample of inert O Temperature sensors

material to be QO Jacket O Sample holder
characterized
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Calorimeter families used in research reactor -

1 Single-cell calorimeter without a reference cell

HANARO - Korea
MARIA reactor — Poland L Sample: Aluminum . > Ad\\/lar\‘/t:riel:s)asic design

Sample: Graphite or Lead
400-800°C.g.W-1 v' Small size

:cz)?;cg.ilv_\i-l : / R v Very high sensitivity possible

BR2 reactor — Belgium
HALDEN reactor — Norway , > Drawbacks

L e it AT v No reference cell to compensate
RSG-GAS - Indonesia Sample: Stainless steel and o
Sample: Stainless steel Molybdenum for unwanted energy deposition
in areas that do not correspond
to the sample
Complex transient calibration
GGR-1 reactor — Greece requiring the knowledge of heat
Sample: Iron capacity (Cp) of the sample
Less modular than differential
calorimeter

90- 200°C.g.W-!
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Calorimeter families used iniresearch reactor - Q202 Rabat, Morocce]

d Multi-cell calorimeter: differential calorimeter
composed of a sample cell and a reference cell at least

» Advantages

v' Areference cell to compensate

/ for unwanted energy

v’ Easy calibration based on steady
thermal states (Cp not required)
by using the heaters

v" 3 measurement methods
possible to be applied in reactor
thanks to the heaters

!
I
4
/
4
4
|
1}
I
4
1
/
17
L
[
U

» Drawbacks
Complex assembly
:) cgf::\i"r::t:r CARMEN for JHR Various cables due to the
CALMOS CARTRER sample: Sample: Al thermocouples and the heaters
calorimeter  calorimeter Graphite, W, Greater size than that of single-

Inthe past  Five-stage Sample:  Sample: Graphite Eurofer, Al, .
calorimeter Graphite PN cell calorimeters

Sample: Graphite

11°C.g. W 65°C.g.W! Various
values°C.g.W
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Calorimeter families used iniresearch reactor

d Temperature measurements

-
K

Seebeck
Temperature - ‘Pef]‘
Metal B (-) coefficient

Type Metal A (+) o
range a (PV/°C) at T°C

Platinum-

_ : Platinum- 0°C to 5.96 uV at
30% Rhodium

6% Platinum 1820°C 600°C

» Active sensor (no power supply required) Copper-Nickel
Nickel alloy -270°C to

oy o 58.67 uV at 0°C
10% Chromium 1000°C '

> Less number of cables

(Constantan)
Copper-Nickel
Iron alloy
(Constantan)

» Lower absorption cross-section
» Lower drift

=210°C 10 .o <y ok rore
50.38 a
12000c 03
Nickel-

. _ Nickel-luminium  -270°C to
Chromium alloy

Absorption cross
section for 2200
m/s neutrons

Thermal drift
(after 1500 h)

-10 to -20 °C

-5to -10 °C

<5°

<5°

Neutronic
drift (after
1500 h)

Negligible
Negligible

-75°C
(-1.2 °C/day)

56 °C
(-0.9 °C/day)

Overall drift

-10 to -20 °C

-5to-10°C

-80°C

-60 °C

(Chromel)

Nickel-
Chromium-
Silicium alloy
(Nicrosil)

Platinum-
13% Rhodium

Platinum-
10% Rhodium

Copper

Tungsten

Tungsten-
3% Rhenium
Tungsten-
5% Rhenium

alloy (Alumel) 1372°C

Nickel-Silicium
alloy (Nisil)

Platinum

Platinum

Copper-Nickel
alloy
(Constantan)

Tungsten-
26% Rhenium

Tungsten-
25% Rhenium
Tungsten-
26% Rhenium

-50°C to

1768°C

-50°C to

1768°C

-270°C to

400°C

+20°C to
+2300°C

+20°C to

+2000°C

+20°C to
+2300°C

25.93 uV at 0°C

11.36 uVv at

600°C

10.21 uV at

600°C

8.75 uV at 0°C

FILERE =—m
INSTRUMENTATION | PAGE 27

christelle.carette@univ-amu.fr

iresne Q,(
anic e @ J %9 Aix Marseille Universite

K{ﬂvu MEX@

(Aix Marseille g @
Sociglement engaogée



i 2 Aix-Marseille . B { o Finscrumentation ¢ | PAGE 28
'U— IMIME X& ( cea christelle.carette@univ-amu.fr INSTRUMENTATION i Evronnements
ll > Sociglement engaogée



IEEE NPSS REISS, July 2n 2024, Rabat, Morocco }

Challenges in calarimeter

©

(J From the sensor to the methods

20 kGy.s1 =20 W.g!

Important for

local and faster measurements

devices coupling different types of sensors for simultaneous
multi-measurements such as CARMEN device

devices coupling several calorimeters with different material
samples

simplification of the in-pile operating protocol

integration in irradiation device
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A comprehenswe approach to mnovate in-calorimetry at AMU

d Work carried out using an incremental approach combining experiments and simulations from laboratory
conditions to reactor conditions

Analytical

theoretical

studies and

3-D numerical

simulations Experimental Experimental

(thermal and RMI Design and studies to studies on

Monte-Carlo) manufacture characterize custom-designed

of a prototype I sensor response u ARG l test benches

sensor model under laboratory prototype reproducing a
conditions representative

environment

Design and
manufacture of

Experimental

characterization in
u a real reactor

environment

Measurement of
thermal
properties as a
function of
temperature
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Two types of calorimeters patented: dlfferenual calorimeter and single-cell calorimeter’

O A differential calorimeter and a single-cell calorimeter including a thin heating-element

CALORRE (R

A differential
calorimeter with
radial heat transfer

MONO-CALO

A single-cell calorimeter
integrating thin layers
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[ A new design to have a reduced-height calorimeter

o with main heat transfer in radial and azimutal directions in each calorimetric cell (instead of axial
direction with previous calorimeters)

A

Vertical fin = jacket
e - Horizontal fin (Half Surface)
Before 3 Sample
Heater
Cell head

17 mm
>

“17 or 18 mm

_ Heating
element wires

Thermocouple Y | <«—Thermocouple
A {,’ k
Sample —f—> 0 l
XL T - 3

Heating
1 23.1 mm or | clement

CARMEN 11.55 mm el & , Heating

element

: Sample
Horizontal P

y

calorimeter cell
(MARIA, OSIRIS)
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1 2 methods depending on the calorimeter type: steady-state-based calibration method or
transient-state-based calibration method

AN

Calorimeter
with
heating
elements

(13 @) (Aix Marseille
\LIMIIVIE A&
\"\Hf" X
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Injected Electrical

power P2

Injected electrical,

powerP1 |
i

1
1
1
1
I
1
Steady ,
thermal :
statel ,

Thot2

Steady
thermal
state 2

Power (W)

Time (s) '

christelle.carette@univ-amu.fr

Under laboratory conditions without nuclear
rays
v' By using specific experimental benches

v/ By generating a heat source by Joule effect inside each
calorimetric cell thanks to heaters and to simulate the
absorbed dose rate

Inside the reactor during shutdown

v' By generating a heat source by Joule effect inside each
calorimetric cell thanks to heaters and to simulate the
absorbed dose rate
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-
o

d 2 methods depending on the calorimeter type: steady-state-based calibration method or
transient-state-based calibration method

=—Hot temperature (sample cell)
= = Cold temperature (sample cell)
Injected Electrical 2 Hot temperature (reference cell)
Cold temperature (reference cell)
power P2 i Mean bath temperature
-+ |njected electrical power (sample cell)
Injected electrical power (reference cell)

Tho't2

Calorimeter
with
heating
elements

Injected electrical
power P1

Temperature (°C)

Power (W)

menvand Thegdey
e ewasmaETanst e el ]
N

Temperature (°C)

Steady ; : ‘ 'I
i ; . . i 0

thermal ! thermal - - - -0 . 0 - . .0 :
. tat 2400 4800 720 600 1200 14400 16800
statel state 2 O el

. I . - . . . ~
Time (s) Fig. 14. Temperatures and injected electrical powers versus time for the
sample and reference cells, a fluid temperature of 33 °C and a Reynolds
number of 1607 obtained with the second operating protocol.
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d 2 methods depending on the calorimeter type: steady-state-based calibration method or
transient-state-based calibration method

Calibration curve giving T, .-T 4 for the steady
# states versus P for each calorimetric cell i

N
Injected Electrical
power P2

ThotZ
B [ ——Sample cell - Protocol N°2

Reference cell - Protocol N°2

Injected electrical [ - - Sample cell - Protocol N°1

power P1

Calorimeter
with
heating
elements

Reference cell - Protocol N°1

Power (W)

Thot = Teold (GC)

Temperature (°C)

Steady : Steady
thermal ! thermal
state1 | state 2

Time (s) '

6 8 10 12 14
Injected electrical power (W)
Fig. 15. Calibration curves of the sample and the reference cells obtained
by applying two protocols for a fluid temperature of 33 °C and a Reynolds
number of 1607.
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CALORRE calibration

d 2 methods depending on the calorimeter type: steady-state-based calibration method or
transient-state-based calibration method

Calibration curve giving T, ,,-T.,,4 for the steady
# states versus P for each calorimetric cell

N
Injected Electrical
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1
1
1 >
Steady , Steady —
thermal ! thermal

Temperature difference (°C

60w Tmr\tnr’Tmld =-0.007P2 + 3.67P
| = i
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1 -
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The chosen electrical power range depends
on the targeted range of the nuclear
heating rate
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d 2 methods depending on the calorimeter type: steady-state-based calibration method or
transient-state-based calibration method

v}

Calorimeter
with
heaters

lInjected electrical

power P1

N
Injected Electrical
power P2

Thot2

Temperature (°C)

Steady : Steady
thermal :
statel

Power (W)

thermal
state 2

5
>

Time (s) '

Calibration curve giving T, ,,-T.,4 Versus P for l
each calorimetric cell = Cell sensitivity
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Sensor inside a
A hot medium

Transient
thermal

Steady thermal state

state 1

Temperature (°C)

Calorimeter
with no
heater but
usable for
CALORRE
also

Steady thermal
state 2
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>

" Time (s)

Thermal constant time of the calorimetric cell 2 l

Cell sensitivity by considering Cp
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CALORRE calorimeter sensitivity
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(J CALORRE: a very modular calorimeter in term of sensitivity to target different nuclear heating rate values

o By changing the
geometry of the
horizontal fin

> Effect of the
gas and metal
thermal
conductivity

By changing the
nature of the
material of the
calorimetric cell
structure

> Effect of the
thermal
conductivity

\LIMMEX®

Mean temperature difference (T, ,-Teoia)
(°C)
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x Configuration N°7
+ Configuration N°4  /

m Configuration N°1

a Configuration N°6
e Configuration N°5 .

Configuration N°2
x Configuration N°3

-1.78P% + 48.15P
=-0.82P? + 30.03P
-0.54P? + 22.65P
=-0.30P2 + 18.7P
-0.17P% + 11.05P
-0.02P2 + 5.04P
=-0.01P%+ 2.25P

Injected electrical power (W)
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TABLE II

METROLOGICAL CHARACTERISTICS FOR SEVEN CONFIGURATIONS OF A

CALORRE CALORIMETRIC CELL

Configuration

N°1 N°2 N°3 N4

N°5

N°6

N°7

H

93 2
(mm) 231 231

11.55

11.55

Material

()

AISI
316L

TAGV

Fin
(-)

1/4

tav erage

()

Sﬁ\’V
CC.W)

m

(2)

Thot‘ W

O

Full s

m 11.55 mm
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CALORRE calorimeter sensitivity

(J CALORRE: a very modular calorimeter in term of sensitivity to target different nuclear heating rate values

o By changing the nature of the sample
> Effect of the mass

| —Sample made of Stainless Steel AAT =-0.012E 2+ 7.22E
----Sample made of Aluminum AAT =-0.005E,% + 2.44E,,

Sample made of Graphite AAT = -0.003E,2 + 1.64E,,
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CALORRE calorimeter sensitivity

(J CALORRE: a very modular calorimeter in term of sensitivity to target different nuclear heating rate values

o By changing the
dimension of
the sample

" Experimental results AT =-59.08En?+ 117.34En

O 3D thermal model AT =-5.85En?+ 110.18En

0.005 0.01 0.015
Nuclear heating rate (W.g?)
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CALORRE measurément method apblied in reactor

1 3 methods in the case of a differential calorimeter
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with heaters switched-off and using the out-of-pile calibration curves (called calibration-

based method)

with heater switched-on in the reference cell and injecting a current to reach (T1-

T2)sample cell =(T1-T2)reference cell = 0 (called zero method)

with heater switched-on in the sample cell (called current-addition method)

{ ® . ]
(LIMMEX@ (A'X Marseille @ @
.l.\-‘" Socialement engagée

}(Tl'TZ)reference cell

Calibration-based method

(Tl'TZ)sample cell{

Zero method
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}(Tl'Tz)reference cell
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(Tl'TZ)sample cell{

Current-addition method
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d 3 methods in the case of differential calorimeter

with heaters switched-off and using the out-of-pile calibration curves
(called calibration-based method)

(Thot)sample cen @t 2 position in steady phase

Calibration curve of the sample cell

------------------ (Thot)reference cen @t Z position in steady phase l S

T (T1-T2) P =P +P
(Teotd)sample cen @t Z position in steady phaJe

sample cell sample cell sample cell

(T1-T2) ¢ mple cen IR), T - 1 b o e

(T cord)reference cel @t Z POSition in steady phd I

m Ty, of the Sample cell
u T, of the Sample cell 1 Calibration curve of the reference cell

E

sample *=n

m

-]
v

T, of the Reference cell

o T, of the Reference cell =

[=2]
v

Temperature (°C)

(T1-T2),eterence cel Preference cell = Peell Psample cell = Preference cell

—

Z 5 1 i 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1

09:27:43 10:27:43 11:27:43 12:27:43
Time

Calibration-based method
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d 3 methods in the case of differential calorimeter

with heaters switched-off and using the out-of-pile calibration curves
(called calibration-based method)

Calibration curve of the sample cell

> 1
(T1-T2) P =P +P - En —~ [Psample cell Preference cell]

sample cell sample cell sample
M sample

Heat halance

—

If second order

Calibration curve of the reference cell If linear calibration curves ; .
calibration curves

(Tl'TZ) Preference cell = PceII o

reference cell
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CALORRE measurement method apblied in reactor
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d 3 methods in the case of differential calorimeter

O Method 1: with heaters switched-off and using the out-of-pile calibration curves
(called calibration-based method)

| Thot/Sample - Tcold/Sample
ofT

hot/Reference Tcold/Reference

A ATSample - ATRefereuce

mmmmm

mmmmm

mmmmm

mmmmm

Temperature difference(s) (°C)
Nuclear heating rate (W.g?)

.;.f.!.i.i.i. R o S

285 380 475 570 665 760 855 950 1045 190 380 570 760 950
Axial position inside the channel (mm) Axial position inside the channel (mm)
An axial mapping of the nuclear heating rate in
irradiation channel
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CALORRE measurement method apblied in reactor
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d 3 methods in the case of differential calorimeter

o  Method 1: with heaters switched-off and using the out-of-pile calibration
(called calibration-based method) ' '
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Conclusions and outlooks

Irradiation campalgn from

1 to 3 of July 2024
CARMEN CALORRE CALORRE CALORRE CALORRE including heating

<2 W.g1 <2 W.g1 60 W <19 mW.g" element with thin-layers
20 W.g" <19 mW.g"

Aluminium Aluminium

] Several CALORRE prototypes developed and tested

Graphite Graphlte Aluminium
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d New reduced-size and miniaturized sensors and new purposes for nuclear fusion field

CALORRE MONO-CALO CALORRE for CALORRE for
< 2 W.a"! bt various sample tokamak
Stainles.sgsteel materials (fission environment
and fusion fields)

A*MIDEX I I i I— anuiduact R | | - LIMMEX M.icro-
CALOR-I S - CALOR project cea
project @I

with
with

250 kW Labpratory
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Several actions at.master’s level

i. \LIMMEX® cAEN Q]

J Developed with a very strong link between research and education e iy

Viareggio, Italy ‘

e TR T T

MOBIL-APP 1-year master Nuclear Thematic days Research PLATINUM
program in Instrumentation research project platform
created in and Measurement centers IMSci-Nu School with equipment IMSci-Nu A= . b
2018 Science for major Escape pool Ceire ol
IMSci-Nu Nuclear research Laboratories game
mobility facilities Facilities

Virtual
reality

(IMSci-Nu, M2)

(e (= eos

REALITE VIRTUELLE EN
INSTRUMENTATION NUCLEAIRE

w Excellence Nucléaire Sug -
*p-u,'vtbqﬂ._w.; BSOS € pe s,
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