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B
ackground and M

otivation

�
M

easurem
ent reliability key to safe, econom

ic 
and secure operation of nuclear system

s
•

Interval-based recalibration used to assure reliability but 
have several draw

backs

�
A

vailable online m
onitoring (O

LM
) technologies 

include technical gaps
•

R
obustness and im

proved uncertainty analysis

�
N

eed: R
obust algorithm

s for O
LM

•
M

onitoring sensor response and response tim
e

•
D

ynam
ic adaptation of acceptance criteria

•
R

obust, reliable

�
G

oal: D
evelop and evaluate robust next-

generation O
LM

 techniques

Pressure Transm
itters
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U
ncertainty B

ounds

A
pproach: Focus on M

odels, 
U

ncertainty Q
uantification (U

Q
)

�
N

on-intrusive and data driven
•

P
lant data collected during operation

�
A

nom
alies due to sensor fault vs. 

process change
�

A
cceptance criteria define norm

al 
perform

ance bounds

Im
proved 

M
odels

D
ata D

riven 
U

Q
D

iagnostic 
Technology
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�
Fram

ew
ork for robust O

LM
 that enables

•
R

ecalibration needs assessm
ent for dynam

ic and steady-state operation
–

S
ensor response and response tim

e 
•

S
hort-term

 operation w
ith a lim

ited num
ber of failing sensors, through the 

use of virtual sensor technology
•

A
bility to derive additional plant inform

ation using virtual sensors
•

P
redictive (over short-term

) assessm
ent of sensor failure

�
Supports D

O
E-N

E research objectives*
•

Im
prove reliability, sustain safety and extend life of current reactors

•
Im

prove affordability of new
 reactors

Technology Im
pact

*N
uclear E

nergy R
esearch and D

evelopm
ent R

oadm
ap, A

pril 2010
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R
esearch Tasks

U
ncertainty Q

uantification
Verification and Validation

Foundations

R
obust M

odels
•

A
utom

ated 
P

aram
eter E

stim
ation

•
E

m
bedded U

Q

O
LM

 R
esidual A

nalysis
•

P
artition of 

C
om

ponents
•

S
tatistical A

nalysis

Fault D
etection and 

D
iagnostics

•
Threshold S

election
•

Trends A
nalysis

R
esearch Tasks

Signal Validation

Virtual Sensors
R

esponse Tim
e O

LM

O
LM

 Functions
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Testbeds Sim
ulate H

eat 
Exchanger O

perations
�

M
ultiple heat exchanger loops

�
Sensor and instrum

entation 
m

odels coupled to loop m
odel

�
Prescribed uncertainty levels to 
directly study effects on sensed 
values and O

LM
 results

•
N

orm
al and anom

alous conditions
�

A
ccess to data from

 plant 
operations
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R
esults: U

Q
 A

ssessm
ent of O

LM
 

R
esiduals

�
U

Q
 analysis indicates non-stationary 

m
odel inadequacy com

ponent w
hen using 

conventional O
LM

 m
odels

�
C

onventional O
LM

•
Fault detection: R

easonable perform
ance if 

robust thresholding available
•

D
ata driven m

odel param
eters sensitive to 

cross-talk from
 drifting sensors

•
D

iagnostics possible but difficult
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R
esults: R

obust M
odels

D
ata from

 Flow
 Loop 1

I&C026-10

Heat 
Exchanger

Motor
Pum

p

11
4

5

107

1

15

 
  

 
    

 
 

 
 

 

 
 

 
 

 
  

  

13

17

6

16 

9 

12

8

23
14

�
U

Q
 based m

odels predictions 
robust to cross-talk
•

M
odel predictions include 

uncertainty bounds
•

Tighter acceptance criteria, 
potentially earlier detection of faults

�
M

odel predictions m
ay be 

applicable as virtual or softw
are 

sensors
•

Tem
porarily replace failing sensors

•
In-situ recalibration possibilities
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M
ore R

esults: R
obust M

odels 
and Virtual Sensors

D
rift in 

D
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P
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S
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D
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S
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R
esults: A

utom
ation of M

odels for 
R

esponse Tim
e O

LM

Item
 #

Tag
Autom

ated AR
M

anual N
oise Analysis

2016
2015

2013
2016

2015
2013

PW
R

1-1
TAG

001
0.26

0.29
0.27

0.27
0.27

0.27
PW

R
1-1

TAG
002

0.31
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0.31

0.31
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PW
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1-1
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0.29

0.27
0.27
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PW
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1-2
TAG

001
0.13
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0.15

0.15
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R
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1-2
TAG
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0.14

0.15
0.15

0.15
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0.16
PW

R
1-2

TAG
004

0.18
0.19
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0.19

0.18
0.19

AR
Avg

(sec)
M

anual
Avg

(sec)
D

ifference
(sec)

AR
Stdev

(sec)
M

anual 
Stdev

(sec)
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0.00

0.01
0.00
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0.00
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0.00
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0.01
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ents
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Sum
m

ary of K
ey Findings

�
D

ata driven, U
Q

-based m
odels can overcom

e robustness issues w
ith 

conventional O
LM

�
M

odels enable reliable fault detection and act as virtual sensors

�
M

odels applicable to steady-state and dynam
ic sensor response 

m
onitoring

�
R

esults suggest significant tim
e-savings due to autom

ation of O
LM

•
A

dditional savings likely from
 avoiding unnecessary calibration and continued 

operation (avoiding derating or shutdow
n due to failing sensors)
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N
ext Steps

�
C

om
plete and subm

it publications

�
D

eterm
ine options for pilot studies of technology

•
S

team
 generator level m

onitoring
•

Feedw
aterflow

 sensors
•

O
ther applications?
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A
ccom

plishm
ents

�
D

eveloped and dem
onstrated robust m

odels for O
LM

 using laboratory and 
plant data
•

S
ensor steady state and dynam

ic response m
onitoring

�
D

eveloped and dem
onstrated a potential m

ethod for im
proving fault 

detection and diagnostics through U
Q

-based analysis of O
LM

 residuals
�

R
esults indicate potential for significant savings

�
Publications
•

Technical reports docum
enting research results in FY15-FY17

•
O

ver 12 journal/conference papers to date; 2 journal papers under preparation
•

P
hD

 D
issertation (In process, A

njali N
air, U

T-K
noxville)

•
M

.S
. Thesis (A

njali N
air, U

T-K
noxville)

•
M

.S
. P

roject (S
am

 B
oring, U

T-K
noxville)



17

C
onclusion

�
R

esearch focused on addressing high-im
pact technical gaps to 

developing robust next-generation online m
onitoring 

technology

�
R

esearch outcom
es enable

•
E

xtended calibration intervals and relief of even lim
ited periodic 

assessm
ent requirem

ents
•

A
ssessm

ent of sensor m
easurem

ent accuracy w
ith high confidence

•
D

erived values for desired param
eters that cannot be directly m

easured
�

R
esearch O

utcom
es support

•
Im

proved reliability and econom
ics for current and future nuclear system

s


