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SUMMARY

This paper describes an experimental and theoretical investigation of the void fraction
dynamics at the exit of a test boiling channel which is operated near the 'instability
threshold power1 (the power level at which coolant flow instabilities occur) . Dynamic
measurements of the perturbations in channel inlet flow-rate, power input and exit void
fraction are analysed using multivariate spectral analysis. The resulting experimental
cross-spectral density functions between flow-rate/exit void fraction and power input/
exit void fraction agree favourably with those calculated by a linearised hydrodynamic
model in the frequency domain.

1. INTRODUCTION
Many industrial plants such as steam generators, heat exchangers and thermosiphon reboilers

are prone to coolant flow instabilities which affect their performance and reliability [SourS
et al. 1973]. The detection of flow instabilities is often difficult or impossible until some
catastrophic failure (e.g. boiler tube burnout, corrosion or rupture) terminates normal
operation. Theoretical predictions of the safe operating limits (i.e. pressures, temperatures,
flow-rates, power inputs, etc.) are often conservative or inadequate because of problems associ-
ated with modelling the complex two-phase heat transfer processes in the component boiling
channels, particularly those in large scale plants.

One of the fundamental parameters of interest in the modelling of two phase flow dynamics is
the vapour (or void) fraction. In the investigation described in this paper, a capacitive type
void meter was used to measure the void perturbations at the exit of a test boiling channel.
Multivariate spectral analysis was used to determine the influence of the channel inlet flow-rate
and heater power perturbations on the exit void fraction perturbations, and the results compared
with those calculated by a linearised frequency domain hydrodynamics model. The spectral
analysis theory relevant to this work is outlined in the next section; subsequent sections des-
cribe the theoretical model, the test facility and analytical procedures, and how the measured
and predicted cross-spectral density functions were compared.

2. STATISTICAL ANALYSIS OF BOILING CHANNEL DYNAMICS
The boiling channels of an arbitrary heat transfer system are normally operated at some

nominal steady state condition in which there are small random fluctuations ('noise') in the
various operating parameters (pressures, temperatures, flow-rates, power inputs, void fractions,
etc.). In this paper the channel inlet flow-rate, power input and exit void fraction were
measured and analysed (fig. 1) . Conventional statistical analysis is used to calculate the
ordinary spectral density functions between the inputs (channel inlet flow-rate and power input) ,
and the output (channel exit void fraction) . Detailed spectral analysis equations are given in
standard texts [Jenkins & Watts 1968; Bendat & Piersol 1971; Otnes & Enochson 1972; Harris s
Ledwidge 1974], and only the most relevant equations are presented here.

In general the output of a multivariate linear system is related to the m inputs (fig. 2a)
by the Wiener-Hopf convolution equation

rT m /-•=
R. (T) = lim i / x. (t)x (t+T) dt, =V / R (T-X)h. (X) d\
3n T-*» Jo -1 k=l J-" -1

(I)

where Rj (T) is the cross correlation function between the jth input and the output xntt), T is
the time lag between the jth input and the output signals/ and T is the total sampling time. The
cross-spectral density function is given by the Fourier transformation of equation (1) :
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where the superscript (") denotes that the functions are statistical estimates. Note that the
cross-spectral density functions Sjn(f) and Sjk(f), are complex, and if Cjn(f) is the co-
spectrum and Qjn(f) is the quad-spectrum, the cross-spectral density function modulus and phase
angle are given respectively by

|sjn(f) and (f) = tan1-1 (3)

The --junt of coherent information transmitted between the jth input and the output is deter-
mined from the coherence function:

(4)
sjj(f)snn(f)

where 0 < y? (f) < 1. The coherence function is used to calculate the confidence limits for the
modulus and pnase angle and is influenced by the following factors: the presence of extraneous
noise in the measurements; the system relating the inputs and the output is not linear; other
inputs are affecting the output apart from the jth input; the system has inherent transport
delays which bias the estimates of the cross-spectral density function; the frequency response
functions are affected by 'leakage' caused by the finite Fourier transformation of discrete data.

For the two-input-single-output (TISO) model assumed in the present investigation, the
relevant cross-spectral density functions relating the inlet flow-rate/exit void fraction and the
channel power/exit void fraction are respectively

=Su(f) H23(f,
(5)

and S23(f) S21(f)

where the subscripts 1, 2 and 3 refer to the flow-rate, power input and exit void fraction
respectively (fig. 2b).

3. THEORETICAL ANALYSIS OF BOILING CHANNEL DYNAMICS
The theoretical model used in this investigation solves the non-linear partial differential

equations for the conservation of mass, energy and momentum by linearised perturbation methods,
and is consistent with the statistical methods which assume that the system dynamic behaviour is
linear with respect to time. The conservation equations are perturbed with respect to time,
linearised (that is, higher than first-order terms are neglected), and Laplace transformed into
the s-domain for frequency response analysis. The resulting non-linear ordinary differential
equations are integrated spatially by finite difference methods to calculate the steady state
and dynamic relationships between the various boiling channel parameters (flow-rate, power input,
pressure drop, void fraction, etc.). A computer program is being developed [Romberg 1976] to
calculate the hydrodynamic relationships between the channel inlet flow-rate, pressures,enthalpy
and power input perturbations (dynamic inputs), and the overall pressure drop and exit void
fraction perturbations (dynamic outputs).

The void fraction perturbation in an arbitrary node in the two-phase region of the channel
is obtained by manipulation of the finite difference forms of the perturbed mass and energy
conservation equations, together with a perturbed slip correlation to relate the void and steam
quality perturbations [Jones 1963; Romberg 1976]. The resultant equation is of the form

[Xi - sTj]ai(s) + X-Gi(s) + X-Q(s) + [X + ST ]pi(s)
a2(s) =

 G ,.. . . A 2 E (6)
[X2 + ST2]

where the coefficients are a function of the nodal steady state operating conditions and channel
geometry, s (=o+ju, d)=2irf) is the Laplace transform operator, a(s), G(s), Q(s), p(s) are the
void, mass flux, power and pressure perturbations respectively, and the subscripts 1 and 2 refer
to the nodal inlet and exit conditions. Perturbations at the channel inlet are transmitted
through the single-phase region as enthalpy, mass flux and pressure perturbations, to produce
void (and quality) perturbations at the boiling boundary, which are then transmitted through
the two-phase region of the channel as indicated by equation (6).

The measured flow-rate and power spectral density functions are injected into the
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theoretical model in a similar manner to the TISO noise model, and the theoretical equations
corresponding to equation (5) are

Flow-rate/exit void: S
13
(f) = ̂ u(£) H13(f) * S12(f) H23(f) '

Power input/exit void: S23<f) = S21(f) H13(f) + ̂(f) H23(f) ,
(7)

where the superscript (") denotes measured spectral density functions. The corresponding theo-
retical modulus, phase and coherence function are given by equations (3) and (4) respectively
with Sjn(f) replaced by the theoretical cross-spectral density function Sjn(f). Comparison of
Sjn(f) and Sjn(f) in modulus and phase, determines the degree of compatibility between the ex-
perimental and theoretical results (fig. 3).

4. EXPERIMENTAL EQUIPMENT AND ANALYSIS PROCEDURES
A schematic diagram of the test channel, instrumentation and noise analysis equipment is

shown in fig. 1. A centrifugal pump with 4 i/s capacity at 20 m head, circulates Freon 113
coolant around the primary circuit of the test rig which consisted of a test channel in parallel
with a large bypass, and a vapour condenser and sub-cooler for condensing and cooling the Freon,
returning it to the pump inlet. The test channel consisted of an inlet pipe with a venturi
meter, a heated section made of a Pyrex glass tube and a concentric heater, and a glass riser
section. The heater was a stainless steel tube which was electrically heated via a 400 A, 12 V
a.c. power transformer. The instrumentation was similar to that described in a. previous paper
[Romberg 1974], and included a Hall effect wattmeter for power measurements, differential pres-
sure transducers connected across the venturi flowmeter for flow-rate measurements, and a
capacitive type void gauge for void fraction measurements. The dynamic measurements were pre-
amplified and recorded on magnetic tape and were subsequently analysed by an on-line correlator
(Hewlett Packard model No. 3721A). A PDP11/10 minicomputer transferred the correlation data to
the IBH360/65 computer for disc storage and spectral analysis.

The capacitive void gauge made use of the principle that the liquid and vapour phases have
different dielectric constants, and the two-phase mixture flowing between the plates of the
cylindrical capacitor (probe) produces dielectric (hence capacitive) changes which were con-
verted to voltage changes by a special purpose electronic circuit. Care was taken to ensure
that the electrostatic field within the probe was approximately linear, so that the effects of
flow regimes (bubble, annular flow etc.) on the linearity of the device were minimised.

5. COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS
The flow-rate/exit void fraction and power input/exit void fraction cross-spectral density

functions were compared for the noise model and the theoretical model as shown in fig. 3. The
relevant cross-spectral density function modulus, phase angle and coherence function are
presented in fig. 4. From previous experience [Romberg S Rees 1975] the power level just below
the instability threshold power was selected for detailed analysis, and the channel operating
conditions were as follows: power input = 1.99 kW, mass flow-rate = 0.037 kg/s, inlet tempera-
ture = 31°C, inlet pressure = 145.5 kPa. The test channel had a fundamental frequency of about
0.5 Hz, and so a frequency range of 0.05-1.0 Hz was selected using the bandpass filters.

Comparison of the experimental and theoretical flow-rate/exit void fraction and power
input/exit void fraction cross-spectral density functions are presented in figures (4a) and (4b)
respectively. The modulus functions agree favourably in both cases, even though no optimisation
of the slip correlation [Zuber et al. 1967] was attempted. The effect of variation in the slip
correlation coefficients is being investigated. The phase angles do not agree quite so well,
but this is primarily because of the filtered void fraction measurements; the theoretical
void fraction perturbation is unfiltered and therefore unbiased. This is most evident in the
phase angle of the flow-rate/exit void fraction cross-spectral density function. At zero fre-
quency the flow-rate and void perturbations should be -180° out of phase, since a flow-rate
increase would produce a decrease in the exit void fraction. The coherence functions for the
two cases show that the flow-rate perturbations are the primary cause of the exit void pertur-
bations, and thif/ is confirmed by the theoretical model, which can calculate the component con-
tributions of the flow-rate and power input perturbations.

6. CONCLUSION
This paper has demonstrated how noise analysis methods can be used interactively with a

theoretical hydrodynamics model to analyse the void fraction perturbations in a boiling channel.
The void fraction perturbations at the exit of a boiling channel have been shown to be caused
predominantly by flow-rate perturbations at the channel inlet. Results obtained by statistical
analysis of the measured inlet flow-rate, power input and exit void fraction agree favourably
with theoretical predictions, thus confirming the validity of the model. The methods described
in this paper are being extended to the analysis of the channel pressure drop, which is of
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primary interest in understanding the mechanism of flow instabilities in boiling channels.
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Fig.1 SCHEMATIC DIAGRAM OF EXPERIMENTAL RIG INSTRUMENTATION AND NOISE ANALYSIS EQUIPMENT.
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Fig.2 STATISTICAL MODELS FOR LINEAR SYSTEM ANALYSIS.
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EXIT VOID FRACTION CROSS SPECTRAL DENSITY FUNCTIONS.
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