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SYNTHÈSE :

Un nouveau vélocimètre-granulomètre à réseau a été conçu et fabriqué pour les
applications d'EDF concernant les turbines à vapeur. Un système de traitement du
signal reposant sur une technique de transformée de Fourier rapide, semblable à celle
utilisée pour les systèmes granulomètre à Phase Doppler, a été adapté à cette sonde.

Dans cette note sont décrits les détails de la conception et de la fabrication de la
sonde et son système de traitement du signal. Certains résultats obtenus au cours des
tests et de la qualification de la sonde sont également fournis.



EXECUTIVE SUMMARY :

A new Laser Grating Velocimeter-Granulometer has been designed and
manufactured for EDF applications concerning wet steam turbines. A signal processing
system based on FFT technique, similar to the one used for PDPA systems, has been
adapted for this probe.

In this paper the technical details of design and manufacturing of the probe and
its signal processing system are described. Some of the results obtained during the
qualification and testing of the probe are also provided.
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A new Laser Grating Velocimeter - Granulometer
for Highly Concentrated Wet Steam Flows

A.R. LAALI», A. CARTELLIER»», P. BAUCHE»»»
J J . COURANT», A. KLEITZ», Ph. MARTIN»**'

1 • INTRODUCTION

The nuclear or fossil Tired power plant steam turbines operate
mostly with wet steam which is a mixture of steam and water droplets
initially created by spontaneous condensation. Some of fog droplets
are deposited on solid surfaces and form liquid films and rivulets. A
large proportion of this collected water is re-entrained into the flow as
a spray of much larger droplets. The presence of these two different
droplet dispersions of very large size range (between 0.1 to SOO
microns) provoke an important energy loss and the erosion of the
moving blades ( Ref. [l]-[2]).

In this field, a great deal of effort has been devoted at EDF
on development of specific probes ( Ref.(3] ) and performing
measurements on operating turbines in collaboration with
manufacturers in order to validate the codes and related physical
models.

The gas turbines and associated experimental facilities are also the
fields on which EDF has undertaken an important programme of R
&D and there is a need for advanced velocity probes.

In order to validate the two phase flow codes it is necessary to
measure the velocity of both continuous and dispersed phases,
panicle size and concentration using a non intrusive method.
Sometimes it is necessary to use a probe in order to traverse a large
structure (turbines for example). Moreover, in wet steam flows, the
high concentration of water droplets provoke an important light
extinction. This is especially true for the classical LDA devices ; a
fringe pattern created by two intersecting beams could easily be
disturbed by phase shifts and extinction induced by droplets located
out of the measuring volume. Thus, it was decided to reduce the
distance between the probe head and the measuring point by using an
endoscopie technique. This distance must be optimised to ensure both
a high enough validation rate in concentrated suspensions, and to
minimize the flow perturbation induced at the measuring point by the
probe.

For the probe described in this paper, the optical path length
through the suspension is less than 2 cm, a value which is low enough
to allow measurements for the high concentrations encountered in
turbines.

The first endoscopie probe based on this technique was built at
"Laboratoire des Ecoulements Geophysiques et Industriels / Institut de
Mécanique de Grenoble" for local velocity measurements of large
bubbles and drops (Ref. [4]). A close collaboration between this
institute, EDF (R.&D. Division) and Photonetics company led to the
design and manufacturing of a new probe for EDF applications. A
signal processing system based on FFT technique was adapted for this
probe by Aerometrics, Inc. (represented by Deltalab s.a. in France),
similar to the one used for PDPA systems ( Ref. [5] ).

2 • PRINCIPLE OF THE MEASURING TECHNIQUE

This probe uses an optical grid generated by imaging a Ronchi
grating inside the flow (by a coherent or non-coherent light), creating
a set of quasi-parallel fringes of 10 to 100 |im width in a small volume

( « 0.S mm3 ).

For a panicle size less than the fringe spacing, the principle is
similar to LDA and has been applied by several authors (Ref. 16] to
[9]). For larger panicles, signals similar to Doppler bursts could be
collected(Ref. [4], |10] to (13) ).

1

For almost spherical particles, the burst frequency provides an
information about the panicle velocity, meanwhile by using a pair of
detectors, the phase lag between the signals leads to the panicle size.
However, for transparent particles, more than one fringe interacts with
the surface of the particle. Indeed, as shown in Fig. 1, the burst
collected by the detector n" 1 is generated both by externally reflected
rays coming from one portion of the fringe pattern, and by rays being
once reflected inside the panicle and coining from another region of
the fringe pattern/Thus, the knowledge of the exact spatial
organization of the light intensity around the particle is necessary to
determine the characteristics of the collected signal. Besides, if the
overlapping between the "scattered fringes" is large, information is no
longer available because the collected signals do not show any
modulation, and this could limitate the measuring capability of this
technique.
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Externally reflected nys
Rays with one internal reflection

Detector n°2

Fig. 1 - Interaction of a parade with an idealized fringe pattern.

Thanks to a three dimensional simulation based on geometric
optics, the conditions for obtaining well modulated signals, have been
determined. This simulation, discussed elsewhere (Ref. |4], (H],
[ 14], IÎ5] ), helps to design these probes according to the two-phase
flow to be investigated. Also, for a given probe, it provides both the
frequency-velocity and phase lag-panicle size correlations.

In order to achieve measurements in dense suspensions, the optical
path through the flow has been chosen quite short Thus, the detectors
are close to the probe volume (compared with the panicle size), and in
such conditions, correcting factors, both for frequency-velocity and
for the phase lag-size relationships are needed. For the probe
presented in this paper, the correcting factor for the velocity
measurement is given in Hg. 2 (where k»actual burst frequency
detected / classical Dopplcr frequency), and the correlation for the size
measurement is illustrated in Fig. 3. The dispersion induced by the
uncontrolable panicle trajectory is about Vfo on the velocity and less
than 8% on the size.

3 - DESCRIPTION OF THE PROBE

The probe principle is shown in figures 4a and 4b. The Ronchi
grating is illuminated by a laser diode of 35 mW creating a fringe
pattern of 400 |im diameter. The depth of focus is approximately 1
mm.
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The central front lens is used to image the grid at 14 mm of the
probe head. Two partial lenses are used to collect scattered light. The
fringe spacing is SO u.m and the distance between the two collector
lenses axis is 3.1 mm. The optical system has been incorporated in a
18 mm diameter probe. The collected light is channelled through two
optical fibers of 200 u,m diameter to two avalanche photodetectors.
The bandwidth of the detection system is up to 35 MHz.

4 - SIGNAL PROCESSING

The virtual fringe method for measuring the frequency and size of
particles by the phase Ooppler technique required a special
modification to the signal processing methodology. With this
approach, it is not easy to use frequency shifting of the signal. Also,
the number of fringe crossings in the sample volume is limited by the
physical constraints of the system. That is, a small sample volume is

. required and the fringe spacing is imposed by the size of the panicles
to be measured. Under this condition, high pass filtering will not
work for a sufficient frequency range. The frequency separation
between the pedestal and the Doppler components of the signal is only
about S to 1 whereas the frequency range due to turbulent fluctuations
is greater than IO to 1. To accommodate these constraints, the
Aeromeoics Ooppler Signal Analyzer was modified to enable the dual
approach of handling high pass filtered signals and signals that cannot
be high pass filtered and still maintain a sufficient frequency dynamic
range.

The scheme used will be described in detail to provide the
sufficient information for the understanding and evaluation of the
method. In order to sample the signal using a one-bit Analog to Digital
Convener ( A D Q even with the pedestal component present, a method
is needed to pick points on each cycle that will consistently represent
the frequency and phase of the signal and be independent of the signal
amplitude. The signal amplitude can be expected to vary over several
orders of magnitude.

Figure S shows a typical Doppler burst signal with approximately
the Doppler to pedestal frequencies present in the actual signals. When
using high pass filtered signals, the zero crossing of the signal provide
the most reliable representation of the signal frequency and phase.
However, when the pedestal is present, the peaks and valleys of the
signal must be used. To do this, the voltage is measured at each
sample point of the high speed sampler. The voltage at the current
sample, vj . is compared to the previous sample, v i . j , and is
remembered for comparison to the subsequent sample, v;+ | . The
signs of vj-vj-i and Vj+ i-v; are compared. If the signs are both
positive or both negative, the one bit ADC is held at the same state
(i.e. plus 1 or 0). This implies that the signal voltage is either rising or
falling. If the signs are opposite, it indicates that a peak or valley is
reached so the state of the one bit ADC is changed as shown in fig. S.

For best performance, the ADC should set to sample at just greater
than twice tiie maximum expected signal frequency. If lhe sampling
frequency is sei too high, the results can be affected by the noise.

The Fourier analysis is then applied to the sampled result to
compute the frequency and phase. Note that the pedestal frequency
does not appear in the sampled data. The Fourier analysis method
provides the optimum means for frequency measurement. This is
known from the numerous publications on this subject (Ref.[16J). In
practical applications, the discrete Fourier trinsform (DFT) is used
since the signal is sampled at discrete points with a high speed analog
to digital convener (ADC) rather than sampled continuously. The
discrete Fourier transform (DFT) can be considered as being
equivalent to the continuous Fourier transform method. The
mathematical expression for the DFT is given for reference as :

f(n) = . i Sin l u t ]

Where N is the number of discrete samples, x(k), obtained over
the signal. In this process, the sampled sinusoidal signal is essentially
compared with sine waves having discrete frequencies from dc to f$/2
where f$ is the sampling frequency. When the sampled signal
frequency and sine wave frequency are close to being equal, the sum
of the products or complex amplitude in the frequency spectrum, f(n)
is larp- indicating the degree of agreement. That sine wave frequency
is then an indication of the signal frequency. When noise is present, it
will contribute to the square of the products or the power at a wide
range of frequencies but will not show a single strong peak unless the
noise is coherent (it is not white noise). The signal frequency is easily
identifiable as the power in the frequency bin will be well above the
noise frequencies unless the SNR is too low. If the .SNR is too low,
the sample is rejected.

The phase is calculated using the following expression :

<J> = Arctan

The same process is applied to the other signal coming from the
phase Doppler receiver and the phase difference is taken between the
two signals :

O = C>2 - O]
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Figure S. Doppler Burst Signal and the Corresponding Square Wave

Formed by Sampling the Signal



The performance of Fourier transform has been analyzed by
several researchers using the Maximum Likelihood approach.
Considering N discrete samples, the frequency variance obtained by
the Fourier analysis method is given by (Ref. [17) ) :

Varff] 12
2 n SNR (N2 - I )N

As it can be seen from this equation, the rms error in the frequency
measurement is proportional to fs. Thus, the frequency resolurion can
be significantly improved simply by sampling at lower sampling rate.
On the other hand, it is well known that for a band limited signal of
bandwidth w, the signal should be sampled at a rale higher than the
Nyquist rate (i.e. 2w) to avoid the aliasing problem.

5 • QUALIFICATION RESULTS

Some of the results obtained during the qualification and validation
of the probe in a steam turbine and with two experimental set ups are
provided in this section.

5.1 • Droplet generator

In order to qualify the phase lag/size relationship a monodipersed
droplet generator was used. To ensure good test conditions, it was
necessary to control the size as well as the droplet trajectory in the
probe volume. The droplet generator is a vibrating orifice of 30 or IS
(im dia., manufactured for optical applications with high surface
quality. The liquid used was distiled water filtered several times, and
its flow rate was controlled by a constant air pressure in the tank.
Despite these precautions, many troubles appeared such as clogging
up the orifice, modification of the trajectory, satellite formation etc...

Direct size measurements were achieved through a microscope
linked with a video camera. A spark generator was used as the light

source to ensure a sufficient time resolution (« 10 us).

The probe was held by a mechanical device allowing three
translations along perpendicular axes and one rotation. For each test,
the probe position was adjusted in order to optimize the signal
amplitude and visibility. The results are plotted in Fig. 6. The
theoretical curve is issued from the numerical simulation in which all
contributions to the signal have been computed. These calculations
have been performed for the exact geometry of the probe, except that
the detector area is less than the actual one.

The discrepancy is probably due to the stability of the droplet
generator. The measurements by both techniques are not
simultaneous, and droplet size changes with time more than 10 |ur.
which is typical accuracy of the video technique. Also, it is difficult to
generate small droplets. Nevertheless, these results are encouraging
and quite acceptable. It must be noted that the theory predicts a non-
linear behaviour of the relationship between phase-lag and size for
detectors located close to the measuring volume. This influence was
confirmed by the experimental results.
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S.2 • Steam turbine

Some qualification measurements were performed in a 600 MW
steam turbine. The aim of these investigations was to check the quality
of the signals obtained in a steam turbine. The presence of
condensation fog droplets and the coarse water droplets could disturb
the signal. The tests showed that the quality of the signals were quite
good. Figure 7 shows the signals obtained for a droplet of U 5
microns and velocity of 125 m/s in a steam turbine.

These measurements were carried oui before commissioning the
signal processing equipment. Further results on velocity and droplet
size distributions obtained using this equipment will be provided
during the paper presentation.

Hg.7 • Signals observed on a scope

5.3 • Spherical head fibre glass

Another experimental set up was used to test the probe. It was
based on a fibre glass with a spherical head, mounted on a variable
speed rotating disc ( Fig. 8).

Spherical head fiber

Probe head

Measuring
volume Rotating disc

Fig.8 - Routing disc set up
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Hg. 6- Qualification results



DATA ACOUISITIGN = ^= 2-i APH 1992 = ^ r ^ = 16:24:39

Mean - 12G.9BD un
HMK = H1.BE.3 VM

'5'JJL-I B7D.7 J.JL56.O
ne? sex» uw

Co
U 333

Attempts
VaI ïiLit tans •
Corrected Count
Hun Tine

CHl Velocity Hfan
BMS

= 5B.88 sec

Bin Dia Cuuiit
0 32.857 0

Fig.9 - Typical results obuined with the Signal processing system

The spherical head velocity and size were measured using the
probe and its signal processing system. Figure 9 illustrates one of
results obtained by this experimental set up. The distributions ate
slightly large due to the fibre glass vibration and imperfection of the
spherical fibre head

6 - CONCLUSIONS

The possibility and the details of manufacturing a probe based on
grating technique are described in this paper. The calibration and
qualification tests are performed using two experimental set ups.

A few measurements in a 600 MW steam turbine have shown the
feasibility of (his method for high concentration wet steam flows. The
problems of phase shift and extinction induced by fog droplets seem
not inhibiting the measurements.

The calibration curve is not exactly linear as predicted by
calculations. The slope of the mean straight line is used for the
moment in the software producing a slight error. This problem could
easily be solved using different partial slopes in the software.

It is also interesting now, being sure that there is enough light, to
increase the distance between the measuring volume and probe hsad in
order to decrease the flow perturbation by the probe. In this case the
calibration curve will be much more linear also.

H
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