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water droplets
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Abstract. The aim of this paper is introduce the results of a measurement
of the electrostatic charge of water droplets during wet steam expansion. The
analysis of the charge origin was done. The achieved result shows that there
is not a significant charging mechanism for the fine droplets. The
dependence between the specific electrical current and the amount of liquid
phase collected by the probe was found. Some models were studied to
determine the origin of the electrical current. Finally a model was proposed,
where the el. current is generated by the disruption of thin liquid film on the
surface of the probe. The charging model was later applied for the
measurement of the liquid film disruption in the new wind tunnel designed
for the simulation of the flow field in the steam turbines. The measurement
was performed with the air as a flowing medium and two modal droplets
size distribution was found.

1 Introduction

The presence of the liquid phase in the flowing wet steam has a very unfavourable effect on
the operating characteristics and reliability of the steam turbines. Electrostatic charge could
be involved in the formation of a liquid phase in the flow section of steam turbines.
Knowledge of the electrostatic charge phenomena in steam turbines is therefore essential,
especially on these days, this knowledge has a potential to enhance the steam turbines. The
presence of electrostatic charge in the flowing steam has been proven by measurement on
steam turbines [1,2,3 &5], which showed that the charge distribution in the flow was not
homogeneous and was probably influenced by the operation and chemical mode of the
thermal cycle. For these reasons, the existing wind tunnel, located at the Department of
Energy Engineering, Faculty of Mechanical Engineering of the Czech Technical University
in Prague, was modified for research of electrostatic charge in the flowing wet steam. The
measurement was made by electrostatic probe in Laval nozzle which is the part of the tunnel,
where due to rapid expansion of steam, a phase change occurs, similarly as in a steam turbine.
The advantage of this procedure is in a better knowledge of the steam flow field and inflow
parameters in the nozzle than in a turbine measurement.
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2 Measurement

The electric current I generated by the water droplets carried in the steam flow upon impact
on the probe can be described by the formula:

rk ,max

I=AcNy. [n.0:)2(7)9(r)p(r) dr, (1)

rk,min
Where ry is the radius of the droplet, A is the projection of the probe surface perpendicular to
the flow axis, ¢ is the steam velocity, Ny is the number density of droplets in 1m?, n, (1) is
the drop impact efficiency on the probe, o (i) is the probability of the charge transfer from
the droplet to the probe, ¢(rx) distributing the droplets in the stream by the radius.

The measurement stand is shown schematically on fig. 1 as a part of the steam wind
tunnel. To measure the necessary values along the nozzle axis, the nozzle is equipped with a
sliding meridian. The features of the steam line and the experimental methods used for the
experiment made it possible to take advantage of some simplifications in the relationship (1).
It can be assumed that due to the size of the steam nozzle, the flow is one-dimensional and
the distribution of droplets in the stream of wet steam is uniform. The steam flow rate was
derived from the stagnation input parameters of steam po, To and the static pressure at the
measurement site ps. To determine the number and size of the water droplets in a stream of
wet steam, the two wavelength method was used. It is based on the measurement of the two
different wavelengths attenuation of monochromatic light when passing through a layer of
wet steam. The use of this method makes it possible to assume that the liquid phase is formed
in a small confined area and therefore has similar properties. It is therefore possible to
introduce the assumption that the flowing mixture is monodisperse, ¢(rx) = 1. The current
on the electrostatic probe was measured with a micro-ammeter. The charge transfer
coefficient was assumed o(ry) = 1. Creating a capture efficiency model and a detailed
description of the measurement in a steam nozzle is given in [4].

By applying relation (1) to an electrostatic probe placed in a stream of wet steam, it is
possible to write a balance according to the charge conservation law (2) as shown in fig. 2.

The index p denotes fine droplets formed by nucleation and subsequent condensation in
the steam stream and the index s with coarse droplets leaving the probe surface, m is the mass
flow of the fine droplets onto the probe surface.

0.6MPa 160°C

Fig. 1. Schema of the measurement in steam nozzle. 1-steam inlet, 2-gate valve and control valve, 3-
settling chamber, 4-nozzle, 5- meridian, 6-hydraulic cylinder, 7-outlet to atmosphere.
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Fig. 2. The idea of distribution of electric charge between drops and probe.
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3 Electrostatic probe

Fig. 3 schematically shows the overall arrangement of the electrostatic probe. The recorded
electric current is the result of the interaction between the droplets and the active part of the
probe. The projection area of the active part of the probe is 1.4 x 2 mm. This probe can
measure across the nozzle channel. The flow field influence for different positions of the
active part can be considered constant for all positions of the active surface of the probe. The
advantage of this probe arrangement is that it is possible to measure across the channel.

4 Achieved data

Measurement with the el. probe was divided into four sets of measurements, L1-L4, divided
according to the stagnation pressure and temperature (Tab.1). The moving speed of the
meridian was in the range of 2-3 mm / s, this velocity was determined as an optimum for
eliminating the influence of the meridian leakages. The measurements were made as the
meridian moved back and forth, and the values were averaged.
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Fig. 3. Measurement schema of the electrostatic Fig. 4. current profile at the standardized
probe coordinate
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The position coordinate was normalized so that xxem = 0 corresponds to a light attenuation
value of 5% and Xuorm = 1 corresponds to the end of expansion. This method of normalizing
the position coordinate is necessary because of the different steam input parameters and thus
the different expansion patterns.

The specific electrical current through the probe was referenced to the unit area of the
probe. This evaluation was performed for an average value across the channel, = 10 mm from
the centre of the longitudinal axis of the nozzle.

Table 1. Table of stagnation parameters

po [kPa] To [°C]
L1 248 155
L2 249 148
L3 238 149
L4 241 153

The measurement results are shown on fig. 4, where is visible an increase of the specific
electrical current in the nozzle. The el. probe measurements show that the electrical current
reaches maximum values in the range of (-1 +-7)-10° A / mm?.

5 Data processing

An important question, which had to be clarified, was whether there is an increase of the
charge on the individual fine droplet during expansion or whether the measured increase in
el. current (fig. 4) is caused by other influences. This idea is based on the notion that the
electric charge is already carried by the droplets that arise during spontaneous condensation.
However, it is also possible to generalize this problem and observe what parameters affect
the value of the measured electric current.

All measured quantities were checked and their conformity with the profile of specific
electric current measured by electrostatic probe was monitored. For comparison, it was
necessary to standardize all quantities. The average value of the relevant variable around
Xnorm = 1 Was chosen for standardization.

The best match of the measured specific electrical current was achieved when it was
compared to the mass flow of the fine droplets on the probe surface according to the following
formula:

3

4
m=AcNy1_p, gm‘k 3)
The comparison was made on the basis of the standardization relation:
i m ¢ N, n.r
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Fig. 6. Course of specific el. current and Fig. 5. Dependence between measured current and

normalized mass of the liquid incident on the =~ mass flow of water on the probe surface.
probe surface.

Figure 5 shows the waveforms of the measured normalized current and the normalized mass
flow of water falling on the probe surface.

It can be seen on fig. 6 that after an initial steep increase in the zero electric current region,
the linear dependence of the mass flow of the liquid phase on the surface of the electrostatic
probe continues as a function of the specific electric current.

This is similar for all measurements with the electrostatic probe in a steam nozzle. The
dependence was determined from all measurements by the electrostatic probe (5). The
coefficients were determined as arithmetic averages and the uncertainty was determined as a
standard deviation. All these values are affected by a relatively small number of data.

= —57,21(+ 15.48); +3,7.10 4+ 2,0.10™) )

6 Droplets charging

Several known methods of charging aerosols have been investigated (diffuse bipolar and
unipolar, electrostatic field charging, water droplet charge dropping on the probe surface).
The measured reality best described the model based on the disintegration of the water film
that forms on the surface of the probe. This proposal is based on work on an electric double-
layer [6,7&10] for monovalent ion concentrations above C = 1-10* mol/l. The water that
collects on the electrostatic probe is created directly during spontaneous condensation and
therefore we can assume higher concentrations of chemical impurities [8] than in the bulk
condensate. According to the derivation at work [9], the charge magnitude of the resulting
drop is more dependent on geometric characteristics than on electrochemical properties and
can be estimated approximately ¢s = 3,3-1071°C. Since it is obvious that the radius of entrained
droplets is very important, it was determined from the Weber number:

2p.c’r,
We = P T (6)
O
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Fig. 8. Course of measured specific current and Fig. 7. Course water droplets distribution.
calculation for We = 18.

Where p; is the steam density, ¢ is the surface tension of the liquid. The critical Weber
number was chosen according to [8,10] Wew = 18. Figure 7. shows the profile of the
measured current and the electric current calculated from the theory described above.

7 New results

For the verification of the above mentioned results and theories a new wind tunnel was build.
This tunnel is equipped with more advance measurement technic for the evaluation of the
size distribution function of coarse droplets, light scattering method (Spraytec — Malvern
Panalytical Ltd. ) and photogrammetric method. The tunnel is working with the air and water
is pumped to the flow through the aerofoil. The results of the size distribution of the droplets
are on the fig. 8. The bi-modal distribution is clearly visible. The first modus is approx. 40
pm and the second is 400 pm. The Weber number for the first modus is around We=10 and
for the second one is more than We=100 The Weber number was determined with respect to
the velocity profile in the nozzle [11,12].

The measurement of the electrical current on the electrostatic probe inserted to the flow
of the drifted droplets is another parameter which could be used for the droplets
identification. This measurement is following the previous work done in the steam nozzles.
The charge measurement is easy, but the interpretation of the results is very complex. From
this reason the profile of the measured current is presented on the fig. 9. After many
simplifications one can expect the mean charge of the unique droplet app. 10%.
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8 Summary

The formation of electrostatic charge on the droplets during the expansion of steam is a very
complex and still unresolved phenomenon. An important result of this work is to find a
connection between the amount of water falling on the probe surface and the measured
electric current. The similar knowledge was yielded from the measurement in the new wind
tunnel with air. The importance of the understanding of the liquid film break up and
distribution of the el. charge within these process is apparent.
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