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ABSTRACT

Core exit thermocouple temperature noise and
neutron detector noise measurements were performed at
the Loss of Fluid Test Facility (LOFT) reactor and a
Westinghouse, 1148 MW(e) PWR to relate temperature
noise to core thermal-hydraulic conditions.

The noise

analysis results show that the RMS of the temperature
noise increases linearly with increasing core AT at
LOFT and the commercial PWR.

Out-of-core test loop

temperature noise has shown similar behavior.
The phase angle between core exit temperature
noise and in-core or ex-core neutron noise is directly
related to the core coolant flow velocity.

However, if

the thermocouple response time is slow, compared to the
coolant transit time between the sensors, velocities
inferred from the phase angle are lower than measured
coolant flow velocities.
Our results indicate that core exit temperature
noise is a potentially valuable tool for the detection
of thermal-hydraulic anomalies such as flow blockages
or boiling.

NOMENCLATURE

C

specific heat capacity of the coolant

6 fluctuating quantity

A difference operator
E{} expectation operator
f frequency (Hz)
G(ju)) transit delay transfer function including sensor
response
m mass flow rate
6 phase ingle (deg)
T time delay (sec)
T

outlet temperature

T

inlet temperature

X(k) kth sample of time series X
a) frequency (rad/s)
Q power

INTRODUCTION

Temperature signals contain both steady-state (dc)
and random fluctuating components (noise).

Temperature

noise has been studied extensively in out-of-pile
sodium (1-3) and water test loops (_4,J[) as a means of
detecting boiling, blockages, and abnormal power skews.
However, few experiments have been reported in which
core exit temperature noise measurements have been
performed in operating pressurized water reactors
(PWRs).

This lack of knowledge about the behavior of

core exit temperature noise hampered the assessment of
core damage and sensor failure by noise analysts after

the Three Mile Island accident (6). The purpose of the
work reported here was to characterize the behavior of
core exit temperature noise and its relationship to
thermal-hydraulic conditions in PWRs during normal
operation.

Fossible sources and behavior of core exit

temperature noise were studied via physical and
empirical stochastic models.

MEASUREMENT AND ANALYSIS PROCEDURE

Core exit thermocouple temperature and neutron
detector noise measurements were performed at a
Westinghouse, 1148 MW(e) PWR and at the Loss of Fluid
Test Facility (LOFT) reactor (a 50 MW(th), 1/55 scale
model of a commercial PWR). The neutron detector and
thermocouple locations for LOFT and the PWR are shown
in Figs. 1 and 2 respectively.

The dc component of the

thermocouple and neutron signals were removed by using
a coupling capacitor; the resulting noise signals were
amplified (with a gain of 50,000 to 100,000 for the
thermocouple signal), recorded on magnetic tape, and
reduced via an off-line digital Fourier analyzer as
shown in Fig. 3.

Single signals were displayed in the

frequency domain as real-valued power spectral densities (PSDs) and pairs of signals displayed as complexvalued (represented as magnitude and phase) cross-power
spectral densities (CPSDs).

The root mean square (RMS)

o

ODD
Q
<§)

®

THERMOCOUPLE

o

r

(§)
<§) 0 ©

ODD
0

» o

rr

S

I
O
O

n

Tj to

•

(0

@

(Q)

II

(t)

(ft

@

©

®
@
0

1

N
Fuel assembly types
Fuel assembly designation index

Core position

®

o

Q
®0DD
0

©QOC
U

<§>

®
®

®

Co)

ft»

(g)

(§)

IT

§
rr

n
n

rr
O
i-t

IN-CORE NEUTRON

CO
•a

DETECTOR (SPND)
,6)

(3)

©
O
O
•
•
•
•
•
O

Guide tube
Fuel rod
Neutron source
Thermocouple (196)
Thermocouple lower tie plate (17)
Dummy thermocouple
Neutron flux detector, fixed (4)
Neutron flux scan (4)
Conductivify liquid level detector (3)
INEL-A-7SM

180°

R

N

M

L

K

J

H

G

F

E

D

C

B

A

I 1 1 1 1 ! 1

1
.

*>

P

•<«

-

3
ii

H

5

6~—
7—

90°

270 c

-8 —

9—
10 —
11 —
12 —

-T
THERMOCOUPLE

13 —
1H

1b

O
(

EX-CORE NEUTRON
DETECTOR

Fig. 2. Location of ex-core neutron detector and core exit
thermocouple at the commercial PWR.
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of a signal was obtained from the following formula:

I f'1
RMS = I I

)m

PSD(f) df \

,

(1)

which is the square root of the area under the PSD
curve between the frequency limits £•, and £*•

RELATIONSHIP OF RMS TEMPERATURE NOISE TO CORE AT

The RMS of thermocouple temperature noise has been
shown to be a sensitive indicator of flow blockages,
boiling, and abnormal power skews in out-of-core fuel
assembly test loops ^4). In those tests, the RMS temperature noise of a fuel assembly exit thermocouple
increased linearly with increasing temperature rise
(AT) across the assembly, but when blockages or abnormal power skews occurred, the RMS deviated from the
original linear behavior.
We performed noise measurements at the commercial
PWR and LOFT under varying power levels and flow rates
(therefore different core ATs) in order to determine
whether the core exit RMS temperature noise is also a
linear function of core AT in PWRs under normal
operation.

Figure 4 shows that the RMS temperature

noise (over the frequency range from 0.1 to 1.0 Hz) is
a linear function of core AT for the commercial PWR.

CORE DELTA-T (Deg. F)

Fig. 4.
PWR.

Core e x i t t e m p e r a t u r e n o i s e RMS vs c o r e AT a t a commercial

The data for Fig. 4 encompass a range of 2.8 to 100% of
rated power at constant flow rate.
The RMS temperature noise for the LOFT reactor is
also a linear function of core AT, as shown in Fig. 5.
The LOFT data include power levels of 27 to 100% of
rated power and 65 to 100% of full rated flow.

Over

these ranges of operating conditions the RMS temperature noise vs core AT curve is independent of the
coolant flow rate.
A comparison of Fig. 4 with Fig. 5 shows that for
a given core AT the RMS temperature noise is approximately three times greater for LOFT than for the commercial PWR.

The greater RMS values at LOFT may be

attributed to the smaller, 2.54 cm (1 in.) distance of
the thermocouple from the fuel assembly exit vs the
30.48 cm (12 in.) distance at the commercial PWR.

Such

dependence of the temperature noise RMS on the separation distance has been observed in out-of-core test
loops (5_). Differences in turbulence and sensor
response time between LOFT and the commercial PWR may
also cause the observed differences in RMS temperature
noise.
Figures 4 and 5 also indicate that as the core AT
approaches zero the RMS temperature noise also
approaches zero. A single-node model of temperature
noise was developed to help understand this
phenomenon.
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SINGLE NODE MODEL OF TEMPERATURE NOISE

The reactor was assumed to be represented as a
single node, which is described by the following
equations:

Q = mC p (T Q - Tj) ,

(2)

Q = mC p (T Q

(3)

- Tj) ,

and assuming only fluctuations in m, T , and T ,

m = m + 6m ,

6T Q ,

(4)

(5)

(6)

where the barred symbols represent mean values and the
6 symbols represent fluctuating components.
In order to obtain a relationship between the
outlet temperature fluctuations and the other variables, Eq. (4-6) are substituted in Eq. (2), and Eq.
(3) is subtracted from the result. Linearizing and
solving for 6T Q yields

r

O

6T

I

(7)

IT
m

6m and 6T^ are assumed to be stochastic (random)
variables; therefore, a statistical descriptor such as
RMS is needed to describe the relationship between 6T A ,
fiTj, and 6m.

The RMS is calculated by squaring Eq.

(7), applying the expectation operator, and taking the
square root of the result

RMS =

(8)

m
If one assumes 6p and 6T^ are statistically
uncorrelated, Eq. (8) yields

RMS (6T )
0

^

rM

6T

(9)

Equation (9) indicates that inlet, core-coolant
temperature fluctuations will produce a core exit RMS
temperature noise vs core AT curve that does not pass
through zero.

The assumption that 6m and 6Tj are

statistically uncorrelated also leads to a core exit
RMS temperature noise vs core AT curve that is nonlinear if the inlet temperature fluctuations are
significant.
A multi-nodal model of heat transfer dynamics was
also developed (JO*

Preliminary results from this

model indicate that core-inlet temperature fluctuations
contribute less than 5% to the core-exit temperature
noise.

Based on these results, we conclude that core inlet
temperature fluctuations contribute a negligible amount
to the core exit temperature noise.

COOLANT VELOCITY MEASUREMENT USING TEMPERATURE/NEUTRON
NOISE CROSS CORRELATION

When CPSDs are calculated between core exit thermocouple temperature noise and in-core or ex-core
neutron detector noise in PWRs, linear phase angles vs
frequency have been observed (J5>.9)«

A linear behavior

of the phase angle vs frequency indicates a time delay
process between the neutron flux and the core exit
temperature noise.
To study the relationship between the time delay
inferred from this phase angle and core coolant flow
velocities, core exit thermocouple and neutron detector
noise were simultaneously recorded at both the LOFT
reactor and at the commercial PWR.

In-core, self-

powered neutron detector (SPND) noise at LOFT and excore ionization chamber noise at the commercial PWR
were cross correlated (CPSDs calculated) with core exit
thermocouple temperature noise.

Time delays were

inferred from a least squares fit of the slope of the
phase angle vs frequency plots over the frequency range
from 0.05 to 2.0 Hz using the relationship

iff •

C«>

The time delays inferred from the phase vs frequency plots shown in Fig. 6 and the 119.4 cm (47 in.)
distance from the SPND to the core exit thermocouple
were used to experimentally infer coolant velocities
for two different flow rates at LOFT.

These experimen-

tally inferred values were compared with velocities
calculated from LOFT flow venturi measurements; the
results are summarized in Table 1.

The excellent agreement between the velocities
inferred from noise analysis and the calculated velocities indicates that the neutron-flux to temperaturenoise phase is an indicator of coolant flow velocity in
the core.
In a similar manner, time delays and velocities
were inferred at a commercial PWR from the phase
between an ex-core ionization chamber and the core exit
thermocouple noise shown in Fig. 7.

The inferred cool-

ant flow velocity was 3.02 m/s (9.90 ft/s); ~37% lower
than the calculated 4.82 m/s (15.80 ft/s) for an
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Fig. 6. Linear phase vs frequency between core e x i t temperature and
in-core neutron noise at LOFT for two flow r a t e s .

90

CO
LU
UJ
OC

O
UJ
Q
\_^

-90

UJ
CO
<

X

Q.

-180

-270

0.0

0.3

1.0

1.5

FREQUENCY (HZ)
Fig. 7. Linear phase vs frequency between core exit temperature and
ex-core neutron noise at a commercial PWR.

2.0

assumed distance of 304.8 cm (120 in.) between the
ionization chamber midplane and the thermocouple location.

A similar discrepancy between velocities

inferred from ex-core neutron and core-exit temperature
noise has also been observed in other PWRs (j?).

EFFECT OF THERMOCOUPLE TIME RESPONSE-ON INFERRED
COOLANT VELOCITIES

We studied the effects of thermocouple time
response on the inferred velocity as a possible cause
of the large discrepancy between the calculated and
inferred coolant flow velocities at the commercial PWR.
A model of the coolant transit dynamics was developed
to remove the effects of the thermocouple time
response on the inferred coolant velocity.

The model

depicted in Fig. 8 is divided into the transit dynamics
e •*

and the sensor dynamics G (ju). The overall
5

transfer function relating neutron flux noise to core
exit temperature noise is given by

e"jU>TGs(ja>)

.

(11)

Solving for the phase of the coolant transit delay:

-on: = phase [G(jw)] - phase [G (jw)]
s

.

(12)
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Model of transit delay and sensor response dynamics.

The overall transfer function G(ju>) was obtained
by fitting a 15th-order bivariate auto-regressive (AR)
time series model to the ex-core neutron and core exit
temperature noise signals, as described in ref. 10.
The AR model has the form

n

Y(k) = E 4i I(k-i) + V(k) ,

(13)

i=l

where A. are the 2 x 2 parameter matrices, and V is a
two-element vector of noise sources.

The noise vector

V_ is assumed to be uncorrelated in time (i.e., "white"
noise) with zero mean.

Details of parameter estimation

and model order selection are given in ref. 10. The
bivariate model was transformed to the frequency
domain, and the phase of G(jto) was determined.
The sensor dynamics G (ju>) was determined by
fitting a lOth-order unlvariate AR model [i.e., A and V
are scalar quantities in Eq. (13)] to the core exit
temperature noise signal.

The phase angle of G (jw)
s

(shown in Fig. 9) was subtracted from the phase of
G(jw);

the resulting phase angle is compared with

G(ja>) in Fig. 9.

With the thermocouple time response

effect on the phase between the ex-core ionization
chamber and the core exit thermocouple noise removed,
the inferred velocity is 4.34 m/s (14.25 ft/s), or ~9%
lower than the calculated coolant velocity.
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A similar procedure was followed with the LOFT
data, resulting in a negligible change in the inferred
velocities.

Thermocouple time constants were obtained

from the univariate models of the LOFT and commercial
PWR temperature noise by techniques described in ref.
11.

A thermocouple time constant of 0.677 s was

obtained for the commercial PWR sensor, compared to
0.241 s for the LOFT sensor.

We conclude from these

results that the large discrepancy between the calculated and inferred velocities obtained from the
commercial PWR data is due to the relatively slow
thermocouple time response.

CONCLUSIONS

As a result of our work, we believe that
temperature noise could play an important part in the
surveillance for thermal-hydraulic anomalies in PWRs.
The similarity of commercial PWRs with LOFT, and outof-core test loop temperature noise behavior indicates
that these facilities can be used to study the potential application of temperature noise analysis to the
detection of anomalies in PWRs during normal operation
and for post-accident damage assessments.
In summary:
1.

Core exit thermocouple temperature noise RMS
increases linearly with increasing core AT in
PWRs.

2.

The RMS temperature noise vs core AT curve is
not flow dependent over the limited range of
flows studied.

3.

The time delay between core exit temperature
noise and neutron noise is directly related to
the coolant flow velocity in the core.

4.

If the response time of the. temperature sensor
is long compared to the coolant transit time
between sensors, the inferred flow velocities
are lower than measured flow velocities.
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