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Kurzfassung
Trübungsmessung als Trendmonitor für
teilchenförmige Korrosionsprodukte
Die Überwachung von Korrosionsprodukten ist
unerlässlich, um die Wirksamkeit der Maßnahmen zur Wasserchemie zu bestimmen. Aufgrund der erforderlichen flexiblen und damit
sich stetig verändernden Fahrweise thermischer
Kraftwerke, die durch die verstärkte Einspeisung erneuerbarer Energiequellen in die Netzen
auftreten, wird die Ermittlung von Trends für
Korrosionsprodukte in den verschiedenen Anlagensystemen thermischer Kraftwerke heute
noch entscheidender.
Die exakte und vollständige Bestimmung von
Korrosionsprodukten, die meist als ungelöste
Partikel vorliegen, kann nur mit komplexen
und zeitaufwändigen Analysemethoden realisiert werden. Für moderne Kraftwerksanlagen
sind diese manuellen, analytischen Methoden
eher wenig geeignet, da das kurze Zeit- und
starke Änderungsverhalten nicht vollständig
und zufriedenstellend verfolgt werden kann.
Sicherlich können solche Prozesse nicht vollständig durch Online-Messsysteme ersetzt werden. Einige verfügbare Online-Parameter können aber als hilfreicher Trendmonitor eingesetzt
werden.
Die technischen Möglichkeiten und Grenzen der
Trübungsmessung werden als Trendmonitor
für partikelförmige Korrosionsprodukte diskutiert.
l
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Corrosion product monitoring is essential
to determine the effectiveness of the cycle
chemistry treatment program. Nowadays
the determination of trends for corrosion
products in the various systems becomes
even more crucial due to the countless
numbers of cycling plants as a result from
the increased use of regenerative energy
sources in the grids.
The correct and complete determination of
corrosion products, which are almost present as undissolved particles, can be realized by complex and time-consuming analytical methods [1+2] only. For modern
cycling plants these manual, analytical
methods are of minor benefit, since the
short time and strong oscillating, spiking
behavior cannot be followed up in a complete and satisfactory manner.
Certainly, such processes cannot be replaced by online measuring systems completely. However, some available online
parameters are already in use as helpful
trend monitor.
The technical possibilities and limits of turbidity measurement are discussed as trend
monitor for particulate corrosion products.

Introduction to turbidity
measurement
Light scattering is a physical phenomenon,
of most importance, for the understanding
of turbidity. The theory of light scattering
is quite complicated, because scattering is
dependent on different physical parameters:
–– Particle size, shape and its dielectric
properties (absorption, refraction…),
–– Wavelength spectrum and polarization
of the illuminating light beam,
–– Direction of the illumination and detection.
Particles much smaller than the wavelength scatter light symmetrically around
the illumination beam, mainly in forward
and backward direction. Particles of comparable size to the wavelength and larger
particles scatter predominantly in forward
direction, the larger the particle the more
intense.

The dependence on particle size is least
pronounced 90 degree to the incident
beam.
In addition the intensity of the scattered
light is dependent on wavelength and the
particle size. The smaller the particle the
more efficiently it scatters light of shorter
wavelength.
The dielectric properties of the particles,
i.e. the refraction and absorption of the incident light beam, influence the intensity of
the scattered light too. Generally the larger
the difference of the refraction index of the
particle from the refractive index of the water, the more intense is the scattering.
If particles are colored and also absorb in
the wavelength range of the illuminating
beam the intensity of the scattered light becomes attenuated.
A consequence of the dependence of turbidity on different parameters is that turbidity can only be used as a characteristic
property of a sample if the measurement
method is standardized. For reporting purposes, as required in the production of
drinking water, the EPA and the ISO stated
the Standard Methods EPA 180.1 [5] respectively ISO 7027 [4]. Both standard
methods define in detail how the turbidimeter has to be designed, as well as the units
for turbidity (NTU respectively FNU and
FAU). Beside these two standard design
configurations there are approved alternative methods, as the GLI-Method-2 or the
SWAN Turbiwell white LED-Method-1.
Common to all these methods is the nephelometric measurement principle: the scattered light is detected at an angle of 90°
degree to the incident illuminating beam.
(F i g u r e 1 )
For non-regulatory applications the ratio
design is widely used. The 90 degree scattered light signal is divided by the transmitted, respectively forward and/or backward
scattered light signal. The advantage of the
ratio design is its ability to cancel unwanted effects due to fouling of the optics or
colored samples.
The sensitivity of a turbidimeter is dependent on its specific design and on the measurement method. The sensitivity curve is
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purities to measure are white like particles.
So it makes sense to calibrate and verify
such instruments with a similar looking
white colored polymer. But what if these
instruments are used in the water-steam
cycle to detect particulate corrosion products? Such particles obviously differ in
their color, shape and size distribution
from drinking water impurities. In the following chapter, a series of tests are recorded to show the potential of the different
designs of turbidity meters with iron oxide
particle
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Fig. 1. (left) non-regulatory ratio design; (right) ISO and USEPA compatible non-ratio design.
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Particulate corrosion products in the water-steam cycle can have many forms. The
main chemical crystals formed are magnetite and hematite. In the following experiments, only magnetite, iron (II,III) oxide
powder with different particle sizes was
used.
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Fig. 2. Sensitivity curves of two turbidimeters with different designs. Ratio design (red)
and non-ratio (blue).

determined by measuring a series of
formazin standard solutions of different
concentrations.
Every instrument type has its own sensitivity curve. The graph in F i g u r e 2 shows
the averaged, normalized sensitivity curves
for two turbidity meters with different design. The relation between turbidity and
the signal is not linear; it is determined by
a polynomial.
All the manufactured instruments of a certain type have to be built and adjusted as
identical as possible. Then the individual
sensitivity curves have all the same shape
and may only differ by a proportionality
factor - the calibration factor.

Drinking water application
Turbidity measurement is an important
parameter in the drinking water industry
because it affects both the acceptability of
water to consumers, and the selection
and efficiency of treatment processes, particularly the efficiency of disinfection with
chlorine since it exerts a chlorine demand and protects microorganisms and
may also stimulate the growth of bacteria.
[3]

The two most important guidelines with
respect to nephelometric turbidity measurement of drinking water are listed in the
Ta b l e 1 . Both regulations define formazin as primary standard. Formazin is a
white water insoluble polymer. Its dispersion remains stable over a long time.
The main difference between the USEPA
and the ISO standard is the light source.
USEPA defines a Tungsten Lamp (white
light) where ISO refers to an infrared light
source at 860 nm. Both light sources have
their advantages, the sensitivity towards
whitish residuals in water is better with the
Tungsten Lamp, but it suffers from bias due
to color of the solution.
The discussion of different light sources
used in turbidity meters becomes very important when the application changes. In
potable water industries, the expected im-

Influence of light source
In the first experiment, iron (II,III) oxide
powder with an average particle size distribution of 1 µm was inserted into a sample
stream. The response was measured with
two turbidity meters of equal design. The
two instruments only differ in their light
source. In F i g u r e 3 , the black line was
the response of an analyzer with a Tungsten Lamp like light source where the red
line was the measurement of a light source
at 860 nm. The amount of injected iron
(II,III) oxide powder was 50 ppb of total
particulate iron.
Using a light source with a wavelength of
860nm is clearly an enormous advantage
by the detection of black colored particles.
For the same sample, the response for the
two light sources were 0.181 FNU (860  nm)
respectively 0.054 FNU (Tungsten Lamp).
Due to different drinking water regulations, the analyzers can be equipped with
different light sources as well. This fact can
lead to false conclusion:
[…] Since metal oxide particles are usually
dark they absorb rather than reflect light so
nephelometry is not a preferred method for
this application […] [2]
The statement above is true, if an analyzer
with a Tungsten Lamp is used. But with an
infra-red light source, the color of the particle doesn’t have the same influence. The
experimental data supports this theory.

Tab. 1. Comparison for two different turbidity measurement regulations.
USEPA 180.1 [5]
Units
Design
Wavelength of light source
Primary calibration Standard

ISO 7027 [4]

NTU

FNU

Non-ratio

Non-ratio

400 – 600 nm (Tungsten Lamp)

860 nm

Formazin

Formazin
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Fig. 3. Injection of iron(II, III) oxide powder (average particle size: 1 µm) with a concentration of
50 ppb as total particulate iron. The response was measured with similar turbidity meters
but with different light source.
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Fig. 4. Injection of iron(II, III) oxide powder (average particle size: 1 µm) with a concentration of
50 ppb as total particulate iron. The response was measured with two turbidity meters
using 860 nm light source but with different designs.

For the measurement of black iron
(II,III) oxide powder, only a wavelength
according to ISO 7027 (860 nm) is suitable.

is an advantage for the measurement of
iron(II,III) oxide powders. But the benefit
compared to influence of the light source
is minimal. (F i g u r e 4 )

Ratio vs. non-ratio design
Two turbidity analyzers with 860 nm light
source but different designs were compared. The response of the non-ratio design was higher, but the signal was noisier
than the measurement of the ratio design
analyzer.
The ability of the ratio design to cancel
unwanted effects due to colored samples

Influence of the particle size
Iron(II;III) oxide powder is available commercially in a number of qualities and
forms. Two products were dispersed in
separate bottles with similar iron concentrations. In one bottle, the powder had an
average particle size distribution of
0.95 µm – for the second bottle the powder
had particles not bigger than 50 nm. F i g -
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u r e 5 shows the two stock solutions – the
different turbidities of the solutions are
distinguishable.

Correlation of turbidity and
particulate corrosion product
measurement
In potable water industries, the quality of
drinking water is defined with respect to
Formazin Nephelometric Units, which is
the standard turbidity unit with respect to
the calibration with formazin. Besides
showing a turbidity trend, such a unit has
no use for water-steam cycle. That’s why
there is a great interest of transferring the
abstract term of turbidity into a concrete
concentration. Most of the time, the turbidity term is correlated with the iron concentration in the sample.

0.25

0.00

Fig. 5. D
 ispersed iron (II,III) oxide powder. The
total particulate iron concentration is the
same in both bottles. Average particle
size is different.

Detection limit and particle size
distribution
F i g u r e 5 demonstrated the different turbidities one can expect for stock solutions
with the same iron concentration. So, the
particle size distribution plays an important role for the iron-turbidity correlation.
Or in other words: Only if the particle size
distribution of a sample stays constant over
the time, a correlation can be made. Another consequence of that is the fact that
the correlation must be made on site. An
iron-to-turbidity correlation on site A does
not necessarily match with the correlation
from site B.
A good example of how the particle size influences the iron-to-turbidity correlation is
the detection limit measured with two iron
(II,III) oxide powders with different particle size. According to the signal-to-noise
relation, the detection limit was estimated
[6]. For iron (II,III) oxide powder with a
particle size of 1 µm, a detection limit of
0.5 ppb Fe could be achieved. Is the experiment repeated with the same substance,
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Fig. 6. Definition of different terms according to [1].
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Fig. 7. Fluctuation of corrosion products in feedwater caused by fast and frequent load variation.
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Useful hints for a turbidity-iron/copper
correlation
If a turbidity reading is correlated with an
iron/copper concentration, the following
hints should be taken into account:
–– The grab sample or corrosion product
sample should be installed on the same
extraction point as the turbidity analyzer
–– Stable conditions are required
–– Comparative method for iron/copper
analysis must have an appropriate detection limit
–– Only if the ‘dissolved iron/copper’ fraction is insignificant, turbidity can be correlated with the ‘total corrosion product’
–– Relation between turbidity and iron/
copper concentration is only linear in a
small concentration region

Particle size: 1 µm
Detection limit (as ppb Fe)

Turbidity HP Feedwater in NTU

Comparative methods
According to the IAPWS Technical Guidance Document ‘Corrosion Product Sampling and Analysis for Fossil and Combined
Cycle Plants’, three terms with respect to
‘corrosion products’ are defined (F i g u r e 6 ): [1]
–– Dissolved corrosion products: ionized
form. This fraction is not detected with
turbidity measurement
–– Particulate corrosion product: suspended corrosion products. This fraction is
detected with turbidity measurement
–– Total corrosion products: sum of dissolved and particulate corrosion products
It depends on the grab sample and analytical method, whether the total corrosion
product is determined or only a fraction
like the particulate corrosion product.
With the usual corrosion product sampling, suspended solids are collected with a
mesh. This fraction is defined as ‘particulate corrosion products’. Everything which
passes the mesh is defined as the ‘dissolved’
fraction. It follows that ‘dissolved’ corrosion products involve all particles that pass
through the filter. But with turbidity measurement, even solids in the nano-meter
range are detected.
If the dissolved corrosion product fraction
is insignificant compared to the particulate
corrosion product fraction, turbidity can
be correlated with the total corrosion product.

Tab. 2. Detection limit of turbidity measurement with respect to particle size distribution based on
experimental data with iron(II,III) oxide powder.

Iron concentration in ppb

but with a particle size in the nano-meter
range, a detection limit of 15 ppb Fe could
be reached. (Ta b l e 2 )
If the precision of turbidity meters are compared, a stated detection limit to an ‘iron
concentration’ is totally useless without
declaring the particle size.
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Cycling plants and total-iron
In the so called “good old times”, where
most of the plants had been either operated in base load, or at least with very seldom
and smooth load variations, the analyses of
total-iron were not required in a high frequency (max. 1 x per day, often just 3 x per
week), since strong fluctuations neither
had to be expected, nor experienced.
Meanwhile the situation changed completely, and base load plants rather exist anymore
and the importance for a detailed knowledge of the trend behavior of total-iron in
the various systems increase tremendously.
Steady state conditions recommended in
all current guidance are not achieved by
the plant during flexible operating periods.
Manual grab samples with analyses and
evaluation the lab cannot fulfill these
needs in gaining those data, since also in
most of the plants there is a lack of chemical staff having the time and the facilities to
perform this high time-consuming task especially during those cycling phases. On
the other hand, without those trends and
data a development of counter measures or
at least maintenance strategies are simply
impossible and very expensive surprises,
like strongly increased wear and tear on
control valves, particle impingement, particle erosion and deposit problem, etc. will
be the result.
Considering also the experienced concentrations of total-iron during those events
(peaking up to x mg/kg!) time intensive
analytical methods in the lower µg/kg
range are certainly unnecessary and a very
high accuracy is not really required.
Proxy methods like the online monitoring
of turbidity may help here, however it must

be clearly stated that those methods cannot
replace a proper analysis at all and the conversion from turbidity into a concentration will have always a significant error,
hence it should not be used as complete
replacement for proper analysis. Nevertheless, as trend monitor on one hand and for
a good estimation about the approximate
concentration levels (few µg/kg, or some
100 µg/kg, etc.) the turbidity monitoring
may be a helpful tool to indicate where the
corrosion products are released and how
those are distributed.

Case studies
The 2 graphs in F i g u r e 7 are demonstrating the use of online turbidity in different locations and situations.
The values gained and shown in F i g u r e 8
had been gone along with an extraordinary
and intensive grab sample monitoring program in parallel. As mentioned before the
individual, single values may differ slightly, but the overall level and trend was always congruent.
These trends are also clearly demonstrating that relying solely on grab samples at
steady load conditions may lead to false
conclusions and may sway the operator in
a false safety.

Conclusion
Turbidity measurement is a suitable method for trend monitoring of particulate corrosion products in water-steam cycle. The
analyzer should be equipped with a light
source according to ISO 7027 (860 nm)
[4]. Correlation of turbidity with iron/copper depends on several properties of the

particle. Such properties like particle size
distribution are individual for each plant
and can change over time. Consequently,
the turbidity measurement cannot replace
a proper analysis at all and the conversion
from turbidity into a concentration will
have always a significant error. Nevertheless, as trend monitor on one hand [7] and
for a good estimation about the approximate concentration levels (few µg/kg, or
some 100 µg/kg, etc.) the turbidity monitoring may be a helpful tool to indicate
where the corrosion products are released
and how those are distributed, which will
at least support further, individual strategies for the plant.
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