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O
utline

•
D

istributed optical fibers (U
W

, O
SU

)

•
H

TIR
-TC (IN

L)

•
Therm

al conductivity Probe (IN
L)

•
U

ltrasonic tem
perature sensor (IN

L)

•
D

iam
ond therm

istor (U
W

)

•
R

adiation testing 

•
Path forw

ard
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D
istributed O

ptical Fiber Tem
perature Sensors

•
R

ayleigh backscatter based fiber optic tem
perature 

sensors provide quasi-continuous, high resolution 1D
 

tem
perature m

easurem
ents

•
O

ptical Frequency D
om

ain R
eflectom

etry (O
FD

R)

1.
N

ear infrared laser shines dow
n single m

ode optical fiber
2.

Intrinsic defects in fiber core produce R
ayleigh backscatter

3.
The sum

 of these R
ayleigh backscatter reflections produce 

a distinct profile at reference tem
perature, w

hich w
ill shift at 

high tem
perature in a predictable m

anner as scatter sites 
m

igrate apart from
 one another

4.
FFT taken of R

ayleigh backscatter profile w
hich is cross 

correlated to reference. A
m

ount of frequency shift can then 
be converted to tem

perature shift 
5.

H
igh spatial tem

perature m
easurem

ents ~1500 discrete 
tem

perature m
easurem

ents/m
eter along the length of a 

125µm
 silica fiber. 

M
easurem

ent 
every 0.653 m

m

S
pecification for Luna’s O

D
iS

I-B
 

(O
ptical D

istributed S
ensor Interrogator)

Term
ination To 

Interrogator



D
istributed O

ptical T-sensors
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M
ain concerns:

•
Insertion into test vehicle

•
C

alibration
•

Tem
perature lim

its
•

Tem
perature gradient lim

its
•

Long term
 stability

•
Tem

perature response tim
e

•
R

obustness for m
easurem

ents
•

E
ffects of radiation on fibers



O
ptical Fiber in Capillary Setup

•
O

ptical fiber can be installed (free hanging) in 
capillary tube to protect and elim

inate 
m

echanical stress 

•
1/32” O

D
 –

0.020” ID
 S

S
316 capillary 

tube used w
orks w

ell 

•
C

an purge and seal w
ith cover gas 

•
P

rotects fiber from
 m

oisture in 
environm

ent and allow
s for use of high 

therm
al diffusivity gas such as helium

•
Fiber exits heated area and needs to be 
term

inated 
•

Sm
all coil 

•
C

oreless fiber
•

N
eed to reduce back reflection



Calibration
•

Calibration curves have been established for fibers and seem
 to be 

consistent am
ongst different fibers. 

•
Calibration does change slightly after heating. 

•
R

ecom
m

ended to bring up to tem
perature above w

hat is going to be 
tested at and then “key” fiber back at room

 tem
perature. 
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D
rift asym

ptotes at ~ 70 hrs

W
ood

1:

𝑇𝑇
=
−

1.33𝐸𝐸
−

4
𝑆𝑆
2−

0.748
𝑆𝑆
−

0.229

U
W

 Fit 1:

𝑇𝑇
=

1.569
𝑆𝑆
0.885

+
22.4

1. W
ood, Blake, et. Al, Evaluation of the Perform

ance of D
istributed Tem

perature M
easurem

ents 
w

ith Single-M
ode Fiber using R

ayleigh Backscatter up to 1000 C. IEEE Sensors Journal



Long Term
 Stability Tests

7

•
250 hour constant tem

perature stability 
test at 650

oC
 

•
Fiber passed through tube furnace  graph 
show

s tem
perature verses location along 

fiber as a function of tim
e. 



H
igh tem

perature stability test
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Fiber O
ptic S

ensor
N
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T C

ert K
-Type Therm

ocouple
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Tem
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Im
provem

ent in fabrication and 
design has increased m

axim
um

 
short term

 m
easurem

ents 
(m

inutes) to +900
oC

 and long 
term

 m
easurem

ents to ~800
oC

 
(days)  

Standard D
eviation:

±5
oC

±0.66%



Tim
e R

esponse Experim
ent

D
rive current through the sheath 

itself and m
easure the voltage 

drop across it

9

–
Voltage is used 
to calculate the 
resistivity 
change and from

 
that the 
tem

perature
Electrodes/ 
Potentiom

eter Leads

Sheath w
/Fiber

Therm
al Im

ager M
ount

Tensioning Spring



R
esistive H

eating D
ata

C
yclic testing from

 100C
 to 700 C

 for up to 100 hours show
s good 

reproducibility 
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Tem
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Fiber data



Tim
e response m

easurem
entsCom

pare tem
perature 

reading of fiber sensor 
(Blue) w

ith adiabatic 
theoretical heat up 
(Teal) and resistivity 
voltage m

easurem
ent 

(R
ed)
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Fiber data
"C
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S
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p
S
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ulated S

heath Tem
perature



Tim
e R

esponse
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D
ata for .013” O

D
 X

 
0.007” ID
Tim

e Lag: τ~0.1-0.2 s 
for this particular 
sheath

Sodium
 w

ork done at 
the U

W
 has show

n 
τ~0.025 s
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R
obustness in sodium

 loop testing
Fibers installed in sodium

 loop to m
easure m

ixing of cold/hot stream
s of sodium



Fiber tests in m
ixing sodium

 
�

T-junction geom
etry facilitates m

ixing of tw
o non-isotherm

al stream
s of sodium

 
to create transient tem

perature oscillations. Transient fiber tem
perature 

m
easurem

ents are show
n below



O
ther ancillary uses of the fibers 
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2.
3.

G1, G2
≡

Tem
perature at gauge 1 and 2

𝐶𝐶
12

𝜏𝜏
=

1
𝑃𝑃
−
𝜏𝜏
�𝑛𝑛=

1

𝑃𝑃−
𝜏𝜏𝐺𝐺1

𝑛𝑛 𝐺𝐺2
𝑛𝑛+

𝜏𝜏

𝐶𝐶
12

≡
C

ross correlation of gauge 1 to 2
P

≡
M

easurem
ent tim

e period
𝜏𝜏

≡
Lag

1.
Choose a reference gauge and acquire 
tem

perature data at reference gauge and 
at gauges dow

nstream
2.

Calculate cross correlation at 
dow

nstream
 tem

perature gauges w
ith 

respect to reference gauge
3.

Find gauge location w
ith m

axim
um

 
correlation at particular tim

e lag values
4.

Calculate velocity w
ith know

n gauge 
distance and calculated tim

e lag value

1.

4.

𝑉𝑉
=

𝐷𝐷𝜏𝜏𝐶𝐶𝐶𝐶𝐶𝐶

𝑉𝑉
≡

C
alculated V

elocity
𝐷𝐷

≡
D

istance b/t gauges

𝜏𝜏𝐶𝐶𝐶𝐶𝐶𝐶
≡

C
alculated lag b/t gauges

Fluid velocity m
easurem

ents



O
ptical Fiber Cross Correlation Velocim

etry

10/18/2017
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System
 Param

eters:
•

Cross correlation velocim
etry (CCV) perform

ed for a 
constant m

om
entum

 ratio of 0.7 at a tem
perature gradient 

of 80C and 50C betw
een the tw

o flow
 stream

s for flow
 

rates betw
een ~0.25-5.8 L/m

in. 
•

A reference gauge at the crossing point w
as chosen and the 

cross correlation w
as perform

ed w
ith a fiber gauge 5 

gauges dow
n stream

 from
 reference.

•
The m

om
entum

 ratio of 0.7 w
as experim

entally found to 
give steady and consistent oscillations at the center of the 
m

ixing tube.
•

D
ata acquisition period of 60 [sec] for each flow

 rate
•

G
ood correlation found betw

een CCV and calibrated 
electrom

agnetic flow
m

eters 

T
hot [°C]

T
cold [°C]

M
R

ΔT=80°
500

420
0.7

ΔT=50°
500

450
0.7



Continuous precision level sensing
•

C
ontinuous level sensing or therm

al 
conductivity in high tem

perature fluid/solid 
use of optical fiber level sensor

•
O

ptical fiber tem
perature sensor running 

tangential to heating w
ire m

ay diagnose 
convection coefficient at level sensor surface.

•
Free convection coefficient m

ay be 
theoretically determ

ined by calculating 
R

ayleigh num
ber and using correlations 

provided in literature to find N
usselt num

ber 1

•
U

sing heater pow
er and calculated free 

convection coefficient a theoretical 
tem

perature profile m
ay be determ

ined 
num

erically and fit to actual fiber data to 
determ

ine level position

𝑅𝑅𝑅𝑅
=
𝑔𝑔𝐿𝐿 3𝛽𝛽

𝑇𝑇𝑠𝑠 −
𝑇𝑇∞

𝜈𝜈
�𝛼𝛼

1. N
ellis, K

lein, H
eat Transfer, 2009

𝑁𝑁
𝑁𝑁

=
�ℎ𝐿𝐿𝑘𝑘
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w
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AR
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O
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H
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M
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H
TIR

-TC

19

•
H

TIR
-TC

 uses N
b-1%

Zr and M
o 

therm
ocouple elem

ents for stability at 
high tem

perature in radiation 
environm

ent

•
Tem

perature range 800-1800C

•
N

b-1%
Zr sheath for high tem

perature 
service

•
M

ore stable than com
m

ercially 
available Tungsten, R

henium
, 

P
latinum

  and R
hodium

 elem
ents 

that can decalibrate
due to 

transm
utation. The elem

ents used in 
the H

TIR
-TC

 are m
ore stable

•
H

fO
2 insulation for high therm

al 
resistance at tem

perature. 
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Therm
al Conductivity Sensor

21



Current issues w
ith therm

al conductivity sensor

•
The Therm

al Conductivity sensor requires a therm
al contact w

ith 
the m

edium
 it is m

easuring such that the therm
al resistance is low

 
enough so as not to be the lim

iting factor in observing the 
tem

perature decay inside the probe.

•
Currently, finely m

achined ceram
ics are being tested in the hopes 

that a tight fit w
ill produce a low

 resistance junction betw
een the 

sensor sheath and the m
edium

 under test

•
This is proving troublesom

e and results are indicate that a new
 

m
ethod pot the sensor into the m

edium
 m

aybe necessary.
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U
ltrasonic tem

perature sensor
Picture –

description 
Current w

ork
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Sensors tested
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D
iam

ond

Prototype D
iam

ond Therm
istor

0.3m
m

3m
m

M
o/P

t P
ad

M
o=50nm

P
t=150nm

N
i = 50

µm



Properties of the D
iam

ond

C
VD

 D
iam

ond
H

PH
T D

iam
ond

•
As dopants are added w

e can change 
the band gap and change the resistance 
as a function of tem

perature curve

•
Allow

s optim
ization on sensor 

tem
perature sensitivity 



Stability Test of CVD
 diam

ondTem
p 
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C
ycling Test (C

V
D

, 880
℃

)
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Fiber R
adiation Testing

Irradiated fibers in U
W

-M
adison reactor facility

Even after 90 m
in in core (Total fluence of 4.58 E16 Therm

al/1.91E16 Fast) N
o 

appreciable change in backscatter signal w
as detected via the Luna system

30
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O

riginal Fiber
Fiber A
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in Irradiation

Fiber A
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in Irradiation
Fiber A

fter 45 m
in Irradiation

Fiber A
fter 60 m

in Irradiation
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in Irradiation

Fiber A
fter 90 m

in Irradiation



Attenuation Testing R
esults
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Com
parison w

ith N
on-Irradiated
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Test vehicle for in-pile testing of sensors (radiation testing)Ø
0.0700

Ø
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Ø
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C
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Ø
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Ø
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C
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ylindrical C
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Tem
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R
 reactor 
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tem

perature and 
radiation pulses



R
eactor test vehicle 
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Current Top Cap
Bottom

 Cap w
/ H

eater Leads

Test Section w
ith R

eservoir in background



R
eactor testing

35 300C
600C
900C
1200C

1 M
W

H
eat from

 400 –
1200

oC follow
ing the general schedule as 

show
n below

 to allow
 for steady state in tem

perature and 
pow

er as w
ell as transients of both

Tem
perature

R
eactor Pow

er

~30-60 m
in

~30-60 m
in

~30-60 m
in



O
ut-of-Pile vsIn-Pile Fiber Perform

ance
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H
TIR

-TC R
adiation Im

pact
H

igh tem
p testing both inside and outside a radiation 

environm
ent
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Path forw
ard

•
D

istributed O
ptical Tem

peratures sensors have high potential for use in TR
E

AT
•

G
ood operation up to 900C

 for short durations (hours) 800C
 for long durations (days-

w
eeks) 

•
N

eed high tem
perature annealing 

•
Fibers are fragile w

hen coating rem
oved. 

•
Potential for tem

perature lim
it im

provem
ent w

ith sapphire (long developm
ent path)

•
G

ood radiation stability

•
H

TIR
-TC

 w
orks w

ell
•

Som
e concerns about oxidation, need to run in ultra pure oxygen free environm

ent
•

G
ood radiation stability 

•
Therm

al conductivity sensor
•

Issues w
ith calibration and coupling to m

aterial 
•

N
eeds additional w

ork

•
U

ltrasonic tem
perature sensor

•
N

eeds further developm
ent

•
D

iam
ond Therm

istor 
•

W
orks up to 800C

 –
further developm

ent to push to higher tem
peratures

•
N

eeds w
ork on probe fabrication and bonding to diam

ond pad
•

Potential for tem
peratures up to 1500C

 and sm
all dim

ensions
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