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The feasibility of using neutron flux and core-exit temperature signals in
1 2

PWRs for estimating core coolant flow velocity has been demonstrated ' using

normal operational data from both the LOFT reactor and a commerical PWR. The

LOFT analysis further showed that the core coolant velocity can be accurately

monitored for various flow rates using the linear phase-frequency relationship

in the frequency range 0.1-2 Hz. The development of the technique for moni-

toring core coolant veloicty in PWRs provides a valueable alternative for flow

measurement.

Theoretical studies of core heat transfer in PWRs showed that the fluc-

tuating heat sources have a dominating effect on the core-exit temperature com-

pared to fluctuations of the coolant flow rate and core inlet coolant tem-

perature. Such a possibility was also suggested by other investigators . In

the present analysis a detailed distributed parameter model of a PWR core was

developed with the purpose of studying the following aspects of core ccolant

flow rate measurement:

1. The mechanisms causing linear phase relationship between neutron flux

and coolant temperature signals due to various perturbation sources.

2. The effect of axial flux shape on the phase slope (or estimated transit

delay time).

3. The relationship between transit delay time and effective distance of

temperature noise propagation to maintain the flow velocity invariant.

The analysis was carried out by investigating the effects of three kinds of

perturbation sources on the neutron flux and the core-exit temperature dynamics:

coolant velocity fluctuations, coolant core inlet temperature fluctuations and

heat source flucutaitons. The influence of axial flux shapes on transit time



was evaluated using flat, cosine and skewed cosine shapes. A detailed distri-

buted parameter model of core heat tranfer was developed including radial heat

conduction in the fuel. If we consider fluctuations in the coolant flow rate

the equations become nonlinear. These equations are then linearized and trans-

formed to the Fourier domain. Then the relationships between the coolant tem-

perature and the fluctuations of heat sources, coolant inlet temperature and

coolant velocity were obtained in the following form:

T(z,s) = e-H(s>2 (Tin (s) • }Z G(s)f(z)eH<s>z dz) (1)
o

§ ^ ^ (2)

where

z = axial position.

s = jw, w is the frequency variable.

p = power level.

U = average coolant velocity.

f(z) = flux shape.

T. (s) = fluctuation of coolant inlet temperature.

Q (s) = fluctuation of heat source in the fuel region.

Q (s) = fluctuation of heat source in the coolant region.

U(s) = coolant velocity fluctuation.

H(s), K., K2, K, are functions of s, system dimensions,and thermodynamics

properties.



From Eq. (1) the transfer function between the core-exit temperature and

the fluctuation sources were obtained. Point neutron kinetics equations were

used for calculating the transfer function between neutron flux and the fluc-

tuation sources. Feedback effects are neglected since the frequency range of

interest is greater than 0.1 Hz.

The results show that for all three types of perturbation sources, the phase

shift between core-exit temperature and neutron flux in the 0.1-2 Hz range is

linear in most cases. However, the frequency region in which the phase shift is

linear depends on the flow rate, flux shape and perturbation sources. The

linearity of the phase shift below 0.2 Hz is affected by the fuel-to-coolant

heat transfer dyanmics and the neutron kinetics.

Figure 1 shows a typical phase shift between neutron flux and core-exit tem-

perature caused by heat source perturbation for a symmetric cosine flux shape.

Table 1 shows the estimated transit delay time obtained from the slope of phase

shift. The actual core coolant velocity is 12.9 ft/sec. The results of analy-

sis show that the frequency range of linear phase behavior is a function of the

axial flux shape and the actual flow rate. Table 1 also indicates that where

the flux is nonsymmetric the transit time (or the effective distance of travel)

is a function of the location of the center of gravity of the flux shape with

respect to the core-exit temperature sensor. This latter result is important in

choosing the average distance of travel for coolant flow velocity estimation.
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Table 1. THE TRANSIT DELAY TIME BETWEEN NEUTORN FLUX AND CORE-EXIT TEMPERATURE
FROM THE THEORTICAL MODEL OF PWR CORE HEAT TRANSFER. (INDEPENDENT
REACTIVITY PERTURBATION) Active core length = 66 in.

Flux Shape

Cosine

Flat

Skewed Cosine.
Upper 10 inch
has zero flux

Linear Frequency
Region (Hz)

0.1-3.0

0.2-1.5

0.1-3.5

Inferred
Coolant

Transit Time
(sec)

0.215

0.219

0.245

Effective Coolant
Transit

Distance, cm (in)

83.8 (33)

83.8 (33)

96.5 (38)
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Figure 1. Phase relationship between core-exit temperature and
neutron power in a PWR with symmetric cosine flux shape.


