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Abstract

Suitability of light scattering technique for measurements of droplets in turbine wet steam flow
depends on a variety of parameters. This paper examines all relevant aspects for droplet mea-
surements inside low pressure steam turbines. On basis of light scattering theory, influence of
these aspects for a distinct measurement of droplets is investigated. After clarification of these
factors a discussion on measurement errors is given comprising errors that lie within the physics
of light scattering theory as well as those caused by the measurement configuration. Possible
avoidance by selection of proper measurement equipment and an elaborate design and setup of the
probe is described including an estimation on each errors significance on measurement results.
Light scattering technique is then evaluated on its applicability for low pressure steam turbines.
It is argued in favor of light scattering that only measurements of single droplets provide insight
into the fundamentals of droplet condensation and growth during expansion. Requirements for
measurements with a light scattering probe in steam turbines regarding the system’s design and
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composition are pointed out. Finally an outlook on present and future developments is given.
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INTRODUCTION

The measurement of droplets in condensing flow in low pres-
sure steam turbines has been a challenging task ever since.
Optical techniques are capable of determining droplet sizes
as well as overall wetness. However, by classification into
primary and secondary droplets (fog and coarse droplets
respectively) only certain of these technologies satisfy the
required measuring needs. The distinction between primary
and secondary droplets is made by means of their formation.
Primary droplets are condensing spontaneously during ex-
pansion at the Wilson point. Secondary droplets break off
from liquid films forming due to primary droplets wetting
downstream blades. These coarse secondary droplets are
responsible for blade erosion so that prevention of their gen-
eration or at least knowledge of their behaviour is desired
(see for example [1]). In his extensive work on wet steam
flows Gyarmathy [2] states that in every turbine stage ap-
proximately 1-5 % of primary droplets strike flow leading
structures which potentially causes secondary droplets that
have been breaking off blade trailing edges. He estimates
that 5-30 % of wetness is provided by secondary droplets
at the turbine exit. Contrary Williams and Lord [3] find
the secondary droplet fraction to be maximally 8 % of total
wetness where Cai et al. [4] measure values somewhere in
between. However, for determination of the wetness fraction
and the explicit thermodynamic state of the two-phase flow
respectively, both primary and secondary droplets have to
be measured. The importance for measurements of primary
droplets is thereby increased by moving upstream from the

turbine exit whereas secondary droplets mostly appear and
have to be measured towards the turbine outlet.

Kleitz and Dorey [5] as well as Moore and Sieverding
[1] give a good overview on instrumentation of wet steam
in general and also cover measurement of the immanent
droplets. It is emphasized that optical measurement tech-
nologies have been proven superior to other approaches.
Secondary droplets have been under investigation by means
of several measurement techniques. The most recent devel-
opments have been made by Bosdas et al. [6] who use an
optical backscatter probe with a shaft diameter of as small
as 5 mm, Cai et al. [4] who designed an integrated probe for
combined measurement of primary and secondary droplets
using extinction and forward scattering that has a diameter
of 20 mm and Bartos et al. [7], who also use a photogrammet-
ric approach. Other optical probes have been introduced in
earlier years. Kercel et al. [8] developed a probe that utilizes
two interfering beams to form the measuring volume; Fan
et al. [9] designed a video-probe that takes pictures of very
small exposure time to determine droplet sizes. Further ap-
proaches like shadowgraphy, holography and diffractometry
can also be found and are described in Kleitz’ and Dorey’s
work [5]. Opposite to the variety of measurement approaches
for coarse droplets the measurement of primary droplets al-
most exclusively is done with light extinction probes. Early
attempts by Walters [10], Tatsuno et al. [11] and Young et al.
[12] provided a basis for all following probe designs. Recent
studies on primary droplets have been performed by Schatz
and Eberle [13] who use a wedge probe that is 10 mm in di-



ameter and that is also capable of measuring total and static
pressures. Bosdas et al. [14] introduce a slightly smaller
probe with heating to prevent contamination of the optical
components and any other undesired beam disturbances.

Only Bohn et al. [15] - to the authors best knowledge -
consider the light scattering technique for the measurement
of primary droplets. The present work reinforces this judge-
ment and points out principles, requirements, limitations and
uniqueness of this technique.

NOMENCLATURE

d Droplet or particle diameter

E Electrical field

H Magnetic field

1 Electromagnetic wave intensity
m Complex refractive index

Qext Extinction efficiency
r Radial distance

S Poynting vector

We Weber number

X Mie coefficient
Symbols

0 Scattering angle

A Wavelength

e Density

o Surface tension

¢ Polarization angle
Subscripts

0 Incident

r Radial

rel Relative

s Scattered
Abbreviations

CFD Computational fluid dynamics

LP Low pressure
MV Measuring volume

1. LIGHT SCATTERING THEORY

At the very beginning shall be an introduction into the un-
derlying physics. Discussion covers the intensity of light
scattered by a spherical particle. Interested readers may be
referred to Mie’s [16] and Debye’s [17] original work, as well
as to Bohren and Huffmann [18], van de Hulst [19] or Jones
[20] who, among others, give a good insight into scattering
theory.

1.1 Fundamentals

The quantity of interest for the measurements is the intensity
of the electromagnetic field scattered by a spherical particle
which is specified by the absolute value of the Poynting
vector

I1=|S|=|ExH| (1)
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with the electrical field E and the magnetic field H and its
complex conjugate H respectively. For S follows the vector
product

4 & &
S=ExH=|E1 E E (2)
H, H, H;

and for conversion into spherical coordinates

& e €
S=-|E Ey Eo. (3)
H. H, Hy

Note that only the scattered far field needs considera-
tion in the discussed application so that it is assumed r >
A. Because the attenuation of the radial components is pro-
portional to 7? and of the tangential components only to r,

A2 A A
Er/\Hr~r—2,E¢/\H¢~;,E9/\H9~7’ (4)

the vector product above simplifies to

gr g¢) g(i
§ =—10 £¢ EG = <E9H¢ - E¢H9) [ (5)
0 Hy Hg

The energy of the diffracted wave therefore is only radiated
into the e, direction as two intensity components perpendic-
ular to each other

2
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The amplitude functions
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are composed of the scattering coefficients
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and the angular functions
L oo
Ty = mPﬂ (cos 6) (11)



and

P (cos 6)

d(cosf)’ (12)

T, = —sinf
where ¢, and &, are a function of the spherical Bessel and
Hankel functions of the first kind and P} is the Legendre
polynomial.

The scattering coefficients include the Mie-coefficient x
which is given by the product of wavenumber and particle
diameter

kd nd

X=—=

5 7 (13)

and which is one of the most important parameters since its
value allows conclusions about the type of scattering - for
both small and large Mie coefficient values simplifications
to the theory can be made. m denotes the ratio of complex
refractive indices of particle and medium:

__ Mparticle
= fadtide (14)
MMedium

The relative intensity of the scattered light is finally given
as

2
—=(2%) (sin® 9IS (D) + cos® 9IS:(O)°) . (15)

It can be seen that the relative light scattering intensity
depends on the incident light wavelength(s), the refractive
indices of particle and surrounding media, the distance to
the scatterer, the observation and the scattering angle, the
light’s polarization direction and of course the droplet size.
Hereinafter the influence of these parameters on the relation
between scattered light intensity and droplet size is discussed.

1.2 Theory utilization

The upper discussed theory can be implemented into com-
putational tools with some little effort. A MATLAB tool
developed by the author is capable of numerically calculat-
ing the relative scattered light intensity, accounting for all the
aforementioned parameters according to the set and given
boundary conditions such as the geometry of the probe, the
light source and the exposed media.

However, simplifications are made by assuming unpo-
larized incident light and a constant refractive index. Unpo-
larized implies that the polarization of the light, which is in
fact arbitrary in its orientation but distinct at every point in
time and statistically evenly spread, changes too fast to be
measured or - and this is the important assumption - to have
an influence on the physical result of a measurement [21].
For unpolarized light, or to be more accurate, for the mean
value of all occurring polarization states, integration over
the whole polarization angle from 0 to 27 gives the relative
scattered light intensity

2
L_1 (i) (1S:OF +15:0)F) (16)

Iy 2\2nr
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since

2r 2m
1 2 L [ _1
Zﬂ/COS ¢do = Zﬂ/SIH ¢do = 5
0 0

The refractive index was set to a real value of m = 1.33. De-
pendence of the refractive index subject to wavelength and
fluid temperature has been modelled but neglected in the
following calculations.

Due to the complexity of the underlying equations there
is no possibility for optimization of the relevant parameters
regarding the scattered light intensity to droplet diameter
relation. The shown correlations therefore only show trends
but cannot be considered as an optimum. An extensive pa-
rameter study would be needed to be confident of the opti-
mum parameter values.

All given figures only show relative scattering intensities.
It should be emphasized that a relative intensity value is suf-
ficient for theoretical understanding since the measurements
require a calibration anyway where absolute intensity values
are assigned to known droplet sizes.

(17)

ang* 240

330 210°

Figure 1. Logarithmic representation of the scattered light
intensity around a spherical water droplet for a Mie
coefficient of x = 7

1.2.1 Scattered light intensity around a spherical wa-
ter droplet

Fig. 1 shows the logarithmic relative scattered light intensity
around a spherical water droplet of 1 pm in diameter that is
centred in the coordinate origin. It is lit by an electromagnetic
wave with 4 = 457 nm which results in a Mie coefficient
of approximately x = 7. In the top right corner the two-
dimensional projection is given.

Most striking are the angular variance in scattering in-
tensity amplitude and the non monotonous progression from
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Figure 2. Logarithmic angular scattered light amplitude for
particles with varying diameter and Mie coefficient
respectively

backward to forward scattering. There would not be a diffi-
culty in this if the proportion of the scattered light amplitudes
for two particles would remain constant for all angles. But
as can be seen in fig. 2 local minima and maxima of scattered
light intensity change their angular position with varying
particle diameter so that for a certain scattering angle there
is no monotonous change in scattered light intensity and
therefore no possibility of a distinct determination of particle
size.
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Figure 3. Relative scattered light intensity as a function of
particle size for various wavelengths at a constant scattering
angle of 90°
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1.2.2 Dependence on wavelength

To counterbalance this circumstance the incident light might
consist of multiple wavelengths. A change of wavelength for
a certain particle size results in a change of the Mie coeffi-
cient, see eq. 13, and hence the relation between intensity
and particle diameter differs. In fig. 3 the change of scattered
light intensity with particle diameter is shown for different
wavelengths at a constant scattering angle of 9o°. The curve
progressions seem to be arbitrary without any regularity,
especially for droplets greater 1 pm in diameter. However
it can be assumed that proper assembling of multiple wave-
lengths leads to smoothing of the curve progression. Since
the water droplets of interest are in a size range from o to
2 ym plotting of scattered light intensity for larger droplets
will be omitted - see sec. 3.
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Figure 4. Relative scattered light intensity as a function of
particle size for various observation angles at a constant
scattering angle of 9o° for a single wavelength

1.2.3 Dependence on observation angle

Further smoothing is also achievable and almost inevitable
by introducing an observation angle. The reception of the
scattered light requires an optical system that necessarily
holds an observation angle - however small it might be. En-
larging this angle has two positive effects. First it increases
the absolute received scattered light energy and second it
flattens the irregularities in angular scattered light intensity
as seen in fig. 2 by averaging the intensity over a specific
angular range. Fig. 4 shows the variance of the scattered
light intensity for rising observation angles; the particle is
lit by monochromatic light. It is clearly visible that a large
observation angle improves the explicitness of scattered light
intensity concerning the particle diameter, especially for par-
ticle sizes above 1 pm. Use of multiple wavelengths further
improves this relation.

1.2.4 Dependence on mean scattering angle

Another possibility of changing the correlation between scat-
tered light intensity and particle diameter is given by chang-
ing the mean scattering angle. From fig. 5 it can be concluded
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Figure 5. Relative scattered light intensity as a function of
particle size for various mean scattering angles at a constant
observation angle of 25°

that small mean scattering angles are favourable for measure-
ments. The choice of a fixed observation angle in combination
with an average scattering angle will determine the curve
progression of scattered light intensity regarding the particle
diameter. As seen in fig. 2 small scattering angles relate to
forward scattering where also the absolute scattered light
intensity increases which benefits the signal strength and
hence its processing.

As a conclusion of this section fig. 6 contrasts the scat-
tered light intensity progression for a basic single wavelength
and scattering angle calculation to an optimized calculation,
where the above described enhancing factors have been ap-
plied. For the optimized configuration the relation of scat-
tered light intensity and particle diameter is explicit and
therefore the measurement technique is theoretically suit-
able for primary droplet measurements.
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Figure 6. Relative scattered light intensity as a function of
particle size for an optimized and a basic calculation
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2. MEASUREMENT ERRORS

In this section a short treatise about measurement errors
occurring during light scattering measurements shall be con-
ducted. For each measurement error an estimation on it’s
significance shows the influence on the measurement results.

2.1 Extinction

A laser beam that propagates straightly from the probe win-
dow to the measuring volume forms a cylinder. A laser beam
that di- or converges from the probe window to the mea-
suring volume forms a truncated cone. In these volumes
enclosed droplets cause an attenuation of the laser beam,
generally known as extinction. The scattered light emitted
from the droplet in the direction of the receiver suffers from
extinction as well. It should be self-evident that - for a con-
stant droplet size distribution - the extinction rises the more
droplets lie within the upper mentioned cylinders or trun-
cated cones. The main influences on the magnitude of the
extinction error are therefore the droplet density in the mea-
suring environment and the size and shape of the laser beam
imaging the measuring volume including the distance be-
tween the probe window and the measuring volume.

Total avoidance of the extinction error cannot be accom-
plished as long as droplets pass the beam that propagates
towards the measuring volume and from the MV towards
the receiver. Nevertheless, extinction can be minimized by
proper selection of the optical path if the given particle den-
sity in the investigated flow is constant. In case of assurance
that droplets only pass the measuring volume - for example
through local seeding - extinction can be neglected.

Estimation of this error can be carried out in respect to
assumed droplet size distributions. The effect of a monodis-
persed droplet size distribution is contrasted to a polydis-
persed size distribution. Firstly, the droplet density per vol-
ume needs to be considered. As seen in sec. 3 droplet densi-
ties in LP steam turbines are said to be 10° to 107 per mms3.

The general relation for attenuation of a beam due to
extinction is

( 1() ) 47TkZ
In = .
IO - Iext A

(18)

For multiple droplets of single size inside a medium the equa-
tion expands to

I nd?
In (—0) = NQext_Z

(19)
10 - Iext 4

and for multiple droplets that have a certain distribution in
size to

I nd?
In (—0

) = Z N(d)Qext = (20)

IO — lext

Qecx: denotes the so called extinction efficiency

2
Ours = 52 Retso) ()
v/
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Figure 7. Extinction coefficient for polychromatic light and
resulting beam intensity for different particle sizes assuming
a monodispersed droplet size distribution

and is a function of particle diameter, wavelength and the
specific value of the amplitude function for 6 = 0°.

In fig. 7 the percentage of attenuation of a polychro-
matic light source is given for a constant droplet density for
monodispersed droplets. It clearly shows that all droplets
smaller than o.2 pm have almost no impact on the beam in-
tensity whereas all droplets bigger 0.8 um lead to an almost
full attenuation of the incident light. The edge steepness in
between those values is correspondingly large. When as-
suming a droplet size distribution, for example as given by
Petr and Kolovratnik [22], the attenuation of the beam is
only about 0.5 %. As seen above this changes dramatically
with the given size distribution and linearly with the droplet
density and the illuminated path.

2.2 Beam expansion
The beam expansion error comes hand in hand with extinc-
tion since extinction equals the absorption of the particle
medium plus its scattering.

In consequence, if we assume absorption in water to
be neglectible — the imaginary part of the refractive index
of water which denotes the absorption is in the range of
107 to 3.35 x 108 for visible light [23] - all attenuation of
the laser beam is due to scattering at the extinction causing
droplets. It could therefore be a possibility that the amount
of scattered light into the forward direction — towards the
measuring volume - affects the intensity distribution in a
non-neglectible manner so that the striven sharpness of the
measuring volume is reduced. The significance of this error
is assessable when falling back on the calculated extinction
error. At worst all light that is lost due to extinction can
make a change in intensity distribution. As for the upper
calculated case with the droplet density distribution from Petr
and Kolovratnik [22] this is about 0.5 % of the incident light.
Hence the beam expansion error seems to be neglectable,
at least for this case. Reconsideration may be important for
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other circumstances.

2.3 Coincidence

To achieve reliable results it has to be ensured that only one
droplet at a time is situated inside the measuring volume. The
shape and the size of the measuring volume are a key to this.
However there always is a certain possibility of two or more
droplets being inside the measuring volume at the same time.
The misinterpretation of multiple droplets as one is called
coincidence. A special type of coincidence occurs when one
particle leaves while another enters the measuring volume
instantaneously. Depending on the measurement analysis
system and setup it can also be a source of error which is
called dynamic coincidence.

As Kleitz and Dorey [5] mention the coincidence as “one
of the most serious limitations” of light scattering technique
there shall be a closer look on how to deal with this error.

A way to reduce coincidence is by adapting the measur-
ing volume size to the maximal droplet density. The catch
is that the droplet density has to be known previous to the
measurements and adaptions to the optical system of the
probe are required. The measuring volume then can be gen-
erated as small as necessary that only a single droplet is lit
simultaneously.

Detection of coincidence can be done at high measur-
ing card sampling rates. The slope of the scattered pulse
edge should not change while a droplet passes the measuring
volume. In case there is a change of slope this could be an
indicator for the entry of a second droplet into the measuring
volume. These pulses should be excluded from the evaluation.
Depending on their percentage share in regard to the overall
measurement and assuming that those droplets follow the
overall size distribution the droplet number can be corrected
subsequently to obtain the actual quantity. Another practi-
cal way to identify coincidence requires a uniform intensity
profile across the measuring volume and the beam axis. An
elaborate design of the probe’s optics can assure a reasonably
even distribution. Droplets entering the MV at different times
are distinguishable by means of the overall pulse height.

Dynamic coincidence - however small the possibility may
be - can neither be exposed nor quantified.

2.4 lllumination error

This error is caused by a non-uniform intensity distribution
inside the measuring volume, mostly one of Gaussian shape.
In particular, a smaller droplet flying through the middle of
the measuring volume produces the same scattering intensity
as a bigger droplet flying through an outlying area. Statistical
correction of this error can be applied for assuming a uniform
droplet distribution over time and space. Since the same
amount of droplets with the same sizes cross each part of the
measuring volume correction factors can be applied to the
pulse distribution that increase the amplitude of a certain
share of all pulses just by the ratio of actual and maximum
beam intensity. Physical correction by applying different
optics resulting in a constant intensity distribution inside the
MV is also a good possibility.



2.5 Side error

Besides multiple droplets staying inside the measuring vol-
ume at the same time it is also possible that a droplet only
scratches the edge of the illuminated volume. In this case
just a part of the scattered light is received by the sensor
and the droplet will be underestimated in size. This is called
side error. Besides the small pulses that are generated by
side errored droplets these pulses are normally very short in
time so that detection is rather difficult. This however helps
avoiding side errors if for example a pulse width limit can be
applied to the measurement values.

2.6 Multiple scattering

Another possible error arises from multiple scattering. If a
droplet A lies within the measuring volume and is addition-
ally illuminated by the scattered light of a droplet B (that
for example lies behind the measuring volume but is also
illuminated by the laser beam) the scattered light of droplet
A will be a superposition from the scattered light with the
laser’s incident intensity and droplet B’s scattered intensity.
Since forward scattered light intensity is normally much big-
ger compared to intensities in all other angles - this effect
diminishes for smaller droplets - the additional light scatter-
ing intensity introduced by droplet B will be negligible over
the scattered light intensity originating from the laser beam.
In addition, lit droplets inside the measuring volume scatter
light in not only the direction of the sensor but everywhere.
Droplets outside the measuring volume are subject to illumi-
nation by this scattered light and scatter light themselves into
all directions - also towards the sensor. This share seems
neglectable as well when compared to the main scattered
light intensity originated from the laser beam. Jones [20]
says that the distance between particles has to be three times
their diameter to neglect multiple scattering.

3. APPLICATION TO DROPLET MEASURE-
MENTS IN LP STEAM TURBINES

Mie theory can only be applied if certain requirements are
met. Droplets need to be spherical and homogeneous without
surface charge as well as isolated and surrounded by a homo-
geneous and loss-free medium [16]. The incident light has
to be a planar harmonic wave of infinite extent with known
intensity - which also implies that phase and amplitude of
the wave should be constant across the particle. For particle
clouds Jones [20] additionally expresses that the particles
need random arrangement yielding incoherent scattering,
have no interaction of their electromagnetical fields among
each other and are only lit by unscattered light - that multiple
scattering is neglectable, respectively.

The satisfaction of these requirements will be part of this
section.

Droplets of special interest in this paper are the so called
primary droplets that nucleate because of expansion of the
steam. Due to its surface tension a droplet levitating in space
will always try to attain a spherical shape [1]. Itis due to other
on the droplet acting forces that it will deform and eventually
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break up into smaller droplets. The ratio of these forces and
the droplet surface tension, expressed by the Weber number

2
e = pgwreld

o

; (22)

is an indicator for deformation and break up of droplets. Since
the relative velocity w,.; between gaseous and liquid phase
for droplets forming within the flow during condensation
can be assumed to be zero there is no droplet deformation.
Slip between droplets and steam caused by flow deflection is
negligible for droplets smaller 1 ym [1]. On the other hand
secondary droplets e.g. from blade trailing edges are much
bigger, have a high difference in velocity compared to the
steam and are therefore very sensitive to deformation and
break up. A good overview on breakup modes depending on
Weber numbers is given by Kékesi et al. [24].

Homogeneity of the primary droplets is given material
and temperature wise due to their small size. In water dis-
solved salts and other foreign objects could induce inho-
mogeneity but since the power plant feed water is usually
completely demineralized this is disregarded.

Bohren and Huffman [18] give some information on
charged spherical particles. A quantitative evaluation is not
made but it is assumed that surface charge only has a slight
impact on scattering and absorption properties.

The droplets’ surrounding medium - steam - is isolated
from the droplets due to its gaseous state and assumed ho-
mogeneous since any inhomogeneities would lead to further
scattering at these impurities. Steam is considered loss-free
- meaning it has negligible absorption - as are the water
droplets.

Mlumination of the particle depends on the optical sys-
tem and whether the beams is collimated or converging. A
collimated beam can be seen as a planar wave since its focal
point lies at infinity. A convergent beam can rather be ap-
proximated as a spherical wave. Weyl [25] however shows
that a spherical wave can be expressed as a superposition of
many plane waves of miscellaneous direction.

Of the three requirements expressed by Jones [20] for
particle clusters the first and third need no consideration
since the formation of droplets and hence also their arrange-
ment are arbitrary and multiple scattering has already been
treated during error estimation in sec. 2.6. Interaction of the
droplets’ electromagnetic fields is dependent on their quan-
tity per volume. Jones therefore gives maximum particle
concentrations that are 10 per m3 for 0.1 pm particles, 10
per m3 for 1.0 um particles and so forth. Droplet densities
in wet steam turbines have been found to be 105 to 10® per
m3 [22][26]. Gyarmathy [2] and Seibold [27] predict primary
droplet sizes of up to 0.6 um. In other literature also sizes of
up to 4 pm are reported but directly neglected due to their
marginal occurrence. Most authors believe primary droplets
ranging in sizes from o.1 to 1 pm. From this point of view
interaction among the droplets in LP wet steam flow should
have no importance for Mie theory application.



4. DESIGN OF A MEASUREMENT SYSTEM

A probe for measurements of primary droplets inside LP
steam turbines needs to meet certain conditions. As Bosdas
et al. [6] point out access holes in steam turbines usually
are in a diameter range of 8 to 15 mm. The probe’s diameter
should therefore also lie in this range to ensure maximum
accessibility. Other conditions also arise from the above cited
sections.

The light source should be strong in power to compensate
for the relatively small scattered light intensity and polychro-
matic to improve the correlation of scattered light intensity
and droplet diameter. A multi-line laser therefore seems ap-
propriate. Insertion of the laser beam into the probe should
be done through optical fibers. In order to allow for decoher-
ization of the incident polychromatic light by smoothing the
speckle contrast a multimode fiber of an appropriate length
can be used for transportation of the laser beam into the
probe head [28]. Another advantage of a laser is its focus-
ability. Theoretically for monochromatic light a focal point
with almost no extent is feasible. Even though the use of
polychromatic light should be of choice it can generate an
adequate spot size if some effort is put into the design of the
imaging system.

To cope with coincidence the measuring volume should
be as small as possible and the beam intensity inside the
measuring volume should be of different than a Gaussian
shape, preferably uniform. Based on a droplet concentration
of 10'5 — 10'® droplets per m3 the minimum edge length of
the measuring volume, implying a cubic volume, calculates to
4.6 — 10 pm. However, regarding the droplet size distribution
calculated by Petr and Kolovratnik [22] that state droplet
sizes from as small as 0.01 pum a lower resolution limit has to
be set in order to distinguish measured droplet pulses from
measurement noise. Assumption of a lower resolution limit
of 0.1 pm leads to exclusion of about 70 % of droplets which
however are due to their small size only responsible for 15
% of the wetness fraction. The permissible edge length then
rises to 6.9 — 14.9 um. Hence it gives an advantage to set a
higher minimum resolution limit allowing the enlargement
of the measuring volume without coincidence of two or more
droplets. On the other hand the measurement error rises be-
cause of the increased minimum resolution limit just by the
wetness fraction of the excluded droplets. For a uniformly
lit MV it can be enlarged and coincident droplets can be de-
tected by the superposition of their scattered light intensities
assuming that they are not entering the measurement vol-
ume at the same time. To prevent droplet deposition on the
optical components of the probe a purging air flow on these
surfaces should be realized.

Accornero and Maretto [29] found axial Mach numbers
between 0.6 and 0.85 at the exit of a 320 MW steam turbine
which imply velocities of up to 300 /5. For measurement of
primary droplets that follow the steam flow without slip a
high sampling measured value acquisition is needed. For the
upper case a droplet passes a measurement volume of 10 pm
in diameter in 33 ns. Hence a system with a sampling rate of
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approximately 1 GHz should be used.

Due to the primary droplets’ small size only a few mea-
surement techniques are feasible for their determination.
Most approaches include the light extinction method that
admittedly has its disadvantages. Only light scattering tech-
nique is able to measure single droplets and hence gives an
exact droplet size distribution. Extinction suffers from match-
ing distribution functions to the actual measurement results
and can therefore only estimate the real size distribution. An
accurate understanding of the nucleation of droplets in wet
steam flow can therefore only be achieved by application of
the light scattering technique.

5. CONCLUSION AND OUTLOOK

This paper theoretically proves the suitability of light scatter-
ing techniques for droplet size measurements in low pressure
steam turbines. Through the treatment of the underlying
physical theory it is shown that the choice of the incident
light source as well as the geometrical setup of the probe and
the position of the measuring volume respectively have a
major impact on the technique’s applicability. Furthermore
conditions in the low pressure turbine as a measurement
environment determine the setup and design of the probe
and the measurement system.

On one hand, due to the measurement of single droplets,
this technique helps further understanding of the phenomenol-
ogy of nucleating wet steam flows. On the other hand it
helps to reduce the still existing mismatch between calcu-
lated condensing flows in CFD simulations by providing the
opportunity for adjustment of the underlying models.

Further development of the already mentioned probe by
Bohn et al. [15] is currently promoted at RWTH Aachen
University with an aim of miniaturization and application to
a 12 MW model steam turbine.
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