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Presenter
Presentation Notes
The Advanced Test Reactor, which is shown in this slide began  operation in 1967. Its primary mission is to support fuels and materials development for the Naval Nuclear Propulsion Program, the Department of Energy, and other customers.

-As indicated on this slide, we believe that  enhanced real-time instrumentation is needed to grow ATR missions for existing programs, such as the naval reactors and DOE-NE’s NGNP and AFC efforts and new customers for the ATR NSUF and the LWR industry.

-The goal is to have more real-time measurements available to ATR users, providing them more accurate data, avoid disturbing phenomena of interest  in post-test examinations and reducing testing  costs (For example, our current “cook and look” approach costs ATR customers around $1M each time we remove samples, measure phenomena of interest, and return them  to the reactor.
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Introduction
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What is an LVDT?

~—— CORE POSITION ——=

Eour

National Scientific User Facility " hc oumur ; I
A : i
« LVDT : Linear Variable Differential e e w
Ira n Sfo rm e r i PHASEANGLE (DEGREES) :
 Electromechanical transducer that nusmser \
converts rectilinear motion of object . oy p AR

to which it is coupled mechanically
into corresponding electrical signal

* Robust method for measuring wide *asemones
range of phenomena c e |
« Many phenomena produce, or can be
used to produce, length changes steinless Steel Hovsing and End Cops
which in turn can be measured and e sl e Call Form —
converted into a measure of the Coil Assembly
phenomenon .

e The LVDT device has proved
to be robust and versatile

Primary Winding —
Core o
Secondary Windings Epoxy

Threaded Hole -
(both ends) } Encapsulation
7 ' Q ’
r_ 4 t | >

High Permeability Nickel-Iron Core
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me=r> .\ INLand KAERI Investigations Indicate IFE/HRP
e af (Halden) LVDTs Superior for In-Pile Testing

National Scientific User Facility

~Housing

Secondary Coil

 Developed for measuring fuel rod
pressure, temperature, fuel stack and
cladding elongation

 Primary coil with two secondary coils
« Movable magnetically-permeable core

Primary Coll

-Secondary Coil

Body

~Welded Cable Penetration

concentrically located inside coil system (ﬂ,

« Core movement affects balance of the X
secondary coils and generates signal
output

Oscillator
400 Hz

Part Materials

Core Iron

Housing Inconel 600 LVDT

Coil form Inconel 600, plasma sprayed with Al,O, ’

End caps Inconel 600

Magnetic shield / bore liner Fe-Si foil

Coil wire Nickel clad Copper with vitreous enamel film

Primary / secondary signal Inconel 600sheath with Al,O, insulation and I

cable (outer diameter) nickel wires (1.0 mm) Ampifier 1 Comvetter | Fier , DC

Cement (for coil, after forming) | None required Prim. o Output
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P

specialized LVDTs

IFE-HRP (Halden) offers wide range of

e 1 S —

National Sclamille User Facility

 Primary coil activated by 400 Hz constant-current
generator

 Mechanical movement changes position of core
and corresponding signal can be measured

« LVDTs designed for PWR conditions (350°C, 150
bar) but can be operated for shorter periods up to
500°C

« LVDTs made in many different sizes at customers

request; most common size designated “type 5”
LVDT

'KAERI

linear range: * 2.5 mm

diameter: 11.5 mm

length: 55 mm

2 signal cables; mineral insulated (Al,0,)
with Inconel 600 sheath; diameter: 1.0 mm

LVDTs for higher temperature operation (up to
/7600°C) developed using alternate coil wire

[

N O O Y A A )

ed
u\

Y T O WY A7

a: Test rod end plug assembly
b: Primary coil

c¢: Secondly caoll

d: Ferritic core

e: Twin-led signal cables

f: Body

g: Housing
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ATFE
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In-Pile Applications
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IFE/HRP has applied LVDTs in wide Range of
Sensors

National Scientific User Facility

« Measurement applications include:
— pressure transducer (fission gas release)
— fuel temperature (expansion thermometer)
— fuel stack length (densification, swelling)
— cladding elongation (axial PCMI)
— cladding diameter (radial PCMI)
— crack growth (crack mouth opening displacement)
— creep and stress relaxation

Advantage: no cable penetration into the fuel rod

F- F : . —
L f 1 : e [ QAdnc (o1l
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2

ATR g Pressure transducer

National Scientific User Facility

p—

Fe

- Provides data on fission gas release /i S ol )
by means of measurements of fuel ]‘ | T
rod inner pressure _ mellows ferritic core

fuel stack LVDT
 Miniaturized bellows with access to
fuel rod plenum mechanically fixed in | —
fuel rod end plug - _im

« Core fixed to free moving end of —— ey

bellows - e

« Core movement sensed by LVDT

 Pre-conditioned and pre-pressurized
bellows in order to reduce creep due
to high temperature and radiation

ALHR (KW/m)
oB8888

o_—‘wwwm(wwlr o

o

- . . O <3 O ©® O Estimated FGR from pressure measurements
» Often used in conjunction with fuel § oof —— Prdcnaron 8%
temperature measurements (TF) N o
3 1of
R I TR o

Rod Average Burn-up (MWdikgUO,,)




ATR NSUF Users Week 2010: Instrumentation Course

2

AT i Expansion thermometer (1/2)

National Scientific User Facility

- ﬁi Test rig structure (grid plate)

Fuel rod upper end plug

« Two types of fuel temperature
measurements available:

— fuel thermocouple (designated by “TF”)
— expansion thermometer (designated by “ET”) —l: Fuel pellets (annular)

 IFE/HRP uses tungsten-rhenium fuel
thermocouple that are susceptible to drift L
from neutron induced transmutation HH

« Expansion thermometer based on
measuring thermal expansion of tungsten
rod inserted through center hole drilled
through entire fuel stack (avoids drift }———————Fuel rod lower end plug
associated with tungsten-rhenium e
thermocouples)

« Tungsten rod thermal expansion
measured with LVDT. ET often used for
long duration tests and for very high
temperature measurements

Plenum spring

Tungsten rod (dia. 1,5mm)

Cladding

— Ferritic core

Linear voltage
differential transformer (LVDT)

Test rig structure (grid plate)

g F .Il ﬂ*—a.,
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National Scientific User Facility

Expansion thermometer (2/2)

* Alternative to Fuel Thermocouple
 Provides data on fuel rod average center-line temperature

» Core fixed to tiny refractory o000 r— 71—+
metal rod penetrating [ |
centre-line of the whole fuel

20
[
[
T I T T

stack
« Core movement sensed by 600
LVDT [

o

=

]
T

« Recommended for high-
temperature measurements

Fuel Centre Temperature (°C)

 No decalibration with time 000G 2030405060 70
Rod Bumup (MWd/kgUO,)
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Fuel stack elongation

National Scientific User Facility

* Provides swelling data in terms of
fuel stack axial expansion

« Magnetically-permeable core
spring loaded against fuel column
end pellet in rod plenum

« Core movement sensed by LVDT

! Linear voltage
differential
transformer (LVDT)

i Magnetic core

Support for

magnetic core
End plug
° _1—u'o2 fueI(EFI1)
E 41 —2— Gd,0, fuel (EF2)
§ 3
®
=2 v
§ 27 =yl -
© - Spring
T 14 —
L
0
2 —a— Gd,0, (EF2 at HSB) baall
15} —O—UO, (EF1atHsB) ] R = Fuel stack
g
® 5
0

Rod burnup, MWd/kgUo, N !

f- J B D O = =8 .
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Cladding extensometer

ATR®

National Scientific User Facility

Test rig structure (grid plate)

Fuel rod upper end plug

* Provides data on pellet-cladding
interaction and cladding axial =
deformation

« Movement of magnetically-
permeable core (fixed to the fuel
rod end) sensed by LVDT

1

Fuel pellets

Cladding

. — 1— First ramp
t —2— Second ramp
- —3— Third ramp

A /]

Fuel rod lower end plug

Caore holder

— Ferritic core

BT
E i Linear voltage
E _4_: differential transformer (LVDT)
5 | — Test rig structure (grid plate)
& 3 -
O

LHGR (kW/m)
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A&/ Diametergauge (DG)
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« Based on LVDT principle, but several f |
differenceS: :’,ana ‘Icoil d: Ferritic armature
— Primary coil and two secondary coils are wound on Qoo aobm % ELojsSpring suspension

g: Fuel rod

ferritic bobbin as opposed to an Inconel bobbin

— DG uses ferritic armature instead of ferritic
core used in LVDT

— Change in air gaps in two secondary loops changes
balance between signals generated in two secondary
loops, leading to change in output signal (difference
of two secondary coil signals) from DG.

 Provides data on fuel rod diameter profile

ay

* Instrument based on LVDT principle - R

« Differential transformer with two feelers - e _
on opposite sides of fuel rod - e i

« DG moved by hydraulic system while Ao ’4 I
position sensor senses the axial position 1 quWWWVW
along rod I\ ,f"l._'

« Operating conditions: 165 bar, 350°C oa} r %‘-‘:””“Mﬁmmm-i{'-‘-:’-* '

] ] 200 ET Al ] [5T] o

Axial posmon [mn)
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AT Creep/Tensile Tests (Dry Condition) - HBWR
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 The effects of irradiation on the creep/stress relaxation in austenitic

stainless steels commonly employed in commercial PWR reactors
was evaluated

 The test materials are small tensile specimens (2.5 mm diameter and

a gauge length of ~50 mm) prepared from unirradiated, solution
annealed 304 and cold worked 316 stainless steels

Gas-gap for _ Signal cables \
temperature contral .

, I— 15 16 177 120 e300 M 2 1 134 06 1 13 pE A 0w
e Linear vohage differertial y bl
fransformer (LVDT) ‘

Pressure-iine

for lead oontml\

) Inler T Outlet
gasine  gas-ine

350

i 340 i :
330 !

ﬁ R ]
320

Unit 9: CW 316N Lot Tube, 345 MPa, 370 C

c
.§ 5 1

'

!
§ ol e oo
c
g

.

075 "8 (53 09
dpa

Q
E
—
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Creep/Tensile Tests (Wet Condition) - BR2

National Scientific User Facility

 In-reactor uniaxial tensile tests with
constant strain rate

 Tensile loading module calibrated
prior to insertion into BR2

 Tested thin (0.3 mm)
sheets of oxygen

. LVDT sermor Bellows Tensile Specimen Linear Variable Differential Transformer
free high b
conductivity (OFHC) —

a n d C u C rzr al on b et ] ] - 2%0 [ OFHC - COPPER im = Ilem = zggz (Test No.1-2)
(for ITE R o ting :‘_!______II _ Mn =l [ In-reactor test it = Thest = (Test No .3)
fpednen 200 +

L= e )| I :

applications) 0 s |

I | = 07

L T L (ufj 100 TestNo.3 Test No.2 Test No.1
| o
I T _E":t I ] 5
501 Damage Rate ~6 x 10°® dpa s
edjusting | | ! ?_‘L‘ Strain Rate ~1.3x 107 5™
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INL LVDT Evaluations
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ge=r>.”\  Evaluations Motivated by ATR NSUF
ATR Designation and General Nuclear Resurgence

National Sclmille User Facility

 Issues
— Instrumentation needed to support ATR users

— Dimensional changes in ATR currently quantified
using “cook and look”

— Current ATR approach expensive and may not
reveal behavior of interest

— New materials must be characterized before use
in next generation and existing reactors

 Solution

— Evaluate LVDTs for anticipated high temperature,
high power, in-pile use at ATR

€

KAERI
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3@ Why Use LVDTs?

National Scientific User Facility

° Key featu res High pen"sn;ica):iéigymci?[r;etic shell
yield advantages
_ Simple BT everawyes
— Reliable and accurate _

— Relatively inexpensive " el Snatcai
— Mature technology Y
mg = -— Core position —»

« Good fit in INL reactor e |
in-pile instrumentation — : I
program — near term cecionics | SNl positon |
deployment 0 4=—"___. “Eou |

- 100 <—% of full range—» + 100




ATR NSUF Users Week 2010: Instrumentation Course

e X Candidate LVDTs Must Meet ATR Specifications
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Parameter ATR Specification
Minimum LVDT displacement, mm +25
Resolution, mm <1e-2
Minimum sensitivity, mV/mm 50
Maximum LVDT diameter, mm 25
Maximum LVDT length, mm 64
Maximum operating temperature, °C 500
Normal operating pressure, MPa 0.10 - 16
Test environment Water (to 350°C) and inert gas (to 500°C)
Peak thermal flux, neutrons/cmz-s 1.8e14
Thermal fluence, neutrons/cm? 8.5e21

Peak fast flux, neutrons/cmz-s (E > 1 MeV) 1.2e14

Fast fluence, neutrons/cm? (E > 1 MeV) 5.7e21
Gamma flux, y/cmz2-s 1.1e15
Integrated gamma exposure, y/cm? 5.2e22

LVDTs must function continuously for ATR operating cycles of ~1000 h
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Scope of Initial Evaluations

« Two candidate LVDTs identified for evaluation
— Vendor A, with Curie effect considerations
— Vendor B, with size considerations

« Evaluation focused on potential degradation in
sensitivity / electrical properties following

— Calibration to 500°C

— Long duration testing at 500°C for 1000 h
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Evaluation of Candidate LVDTs for Use In
ATR Irradiation Experiments

ATR

National Sclonﬂile User Facility

ﬁ
=]

Data acquisition syster

Data acquisition system

a. Calibration b. Long duration

Vendor A LVDT
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AT Calibration Results Favor Vendor A
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6 : ‘ — ‘ 0.06
O 500 C output 7

inear outpu o
Vendor A LVDT 7 = ool ous ¥
— Maximum linear deviation: 2 | g
+0.02 mm (£ 0.8%) @ 500°C = ° 3
© 3
— Symmetric output | e
3

) -0.06

6 : . ‘ | ‘ | ‘ ' 0:06 Displacement (mm)
O 500 C output 7
4 - linear output 7 g
2| g "® & Vendor B LVDT
S = . . .-
s ol o § — Maximum linear deviation:
b=} = - - 0 o
s , i 0.044 mm (- 1.8%) @ 500°C
a0 %3 — Non-symmetric output
-6 I 1 | 1 | | | L | ! | ! ] -0.06
-3 -2 1 0 1 2 3

Displacement (mm)
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Long Duration Results Favor Vendor A

National Scientific User Facility

20 |
| —8— Al
g A A2 i
e Vendor A LVDTs have superior ¢ " | = & |
long duration, high § ,
temperature response < © — St B i S vrrnjg%ﬁ
E -10 | =i -t :uh--ﬂ.::
=] vl
=20 |
20 L B S B S 0 200 400 600 800 1000
- —8— hrp1133ag 1 Elapsed time (h)
'g 10 L —&A— hrp1134ag |
£ Ll ——e—oao_ *+Vendor A (HRP) LVDTs with
< alternate wire and fabrication
o B N n "
g oL ) techniques show exceptional
8 long duration, high temperature
stability
-20 L I L I L I : L

200 400 600 800 1000
Elapsed time (h)

) 3
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sk=r N Creep TestRig with LVDT Developed and
AT Evaluated for ATR Testing
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« Major components: an LVDT, a
bellows, a tensile specimen, a creep
frame

« LVDT/bellows assembly fabricated
by HRP

* INL fabricated tensile specimen and
creep frame to accommodate
LVDT/bellows assembly

« Assembled components positioned
in HTTL autoclave for lab testing

Tensile specimen

Bellows

Dimensions in mm
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ATRS
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+ Tensile testing in HTTL underway

* Preliminary results (in elastic
region) agree with independent
load frame testing

200

—+H&— data, 2 mm up, room temp
linear fit (slope = 206 GPa)

180

160

Stress (MPa)

140

0 0.0001 0.0002 0.0003
Strain
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Gamma Heating Analyses to Establish
Acceptable LVDT In-Core Position
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« Gamma heating ranges from ~3 to
~11 WIg in ATR active core

 Maximum coil temperatures limited
to 633 K (in standard sensor)

 Acceptable LVDT position ~16 cm
above top of core

 Resulting flat core temperature
profile

NT11

+6.335e+02
+6.334e+02
+6.334e+02
+6.333e+02
+6.333e+02
+6.332e+02
+6.332e+02
+6.331e+02
+6.331e+02
+6.331e+02
+6.330e+02
+6.330e+02 4
+6.329e+02

Temperature (K)

Gamma heat rate (Wig)

1400

1200

1000

800

600

L of core .

Bottom :

E/]\]

0 L Ll L L
-150 -100 -50 0 50 100

150

I Curie temperature of 633 K
|

i
76.7 cm—p,
'

0 10 20 30 40 50 60

Position (cm from core midplane)

80
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Hands-On
Demonstration/Instruction
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Objectives
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« Observe and test LVDT operation
 Record position and LVDT output
 Determine LVDT sensitivity (mV/in is acceptable)

6 ] T ] T ] T ] T ]

O Data
4 m =-1647.8 mV/mm —
2 - —

Output (Vdc)
o
|

Displacement (mm)
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Setup

National Scientific User Facility

« LVDT, connecting rod, and
micrometer assembled inside
SS capsule

« Assembly mounted on lab
stands

 Connections to signal
conditioner and voltmeter

SS capsule

ooooooooo
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