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The thickening in scale may have an adverse effect on heat transmission while the exfoliation
may possibly result in blocking, tube explosion and solid particle erosion in turbine, thereby
causing accident. It is reported that the solid particle behavior in both gas and solid flows can be
measured by detecting the shock wave produced by probe impacted by scale, but no application
case of plant unit has yet been identified in China. At present, it is impossible to accurately
predict the timing of exfoliation as there is no method available to test the scale concentration in
steam in China.
In this study, a sampling method for particles in main steam is proposed [11], a calculating model
for sampling of scale in main steam pipe is established, effects of different sampling conditions
on sampling efficiency are studied and on-line detection technology of scale concentration based
on magnetic coupling granularity detection [12] is proposed.

PRINCIPLE OF DETECTION

The gas and solid flows formed by high-temperature and high-pressure steam and scale particles
of supercritical (ultra-supercritical) units are cooled to form high-pressure and low-temperature
liquid and solid flows. After the large solid particles are accumulated in a detector with the
difference in density between scale and water, the height of accumulation can be detected with
the ferromagnetic properties of particles; after small solid particles are fed into a granularity
detector, the concentration can be measured with the optical reflectance of them.
The scale particles are of metal oxides generated from the reaction between Austenitic stainless

steel and steam at a high temperature, with 32OFe and 43OFe as their main components. A
magnetic field is applied to the space in which the scale particles are located. The calculation
formulas for magnetic induction intensity of scale particles in magnetic field are as follows:

)(0 MHB   (1)
HM  (2)

In formulas (1) and (2), B represents magnetic induction intensity, 0 represents vacuum
permeability, H represents magnetic field intensity, M represents intensity of magnetization
and  represents magnetic susceptibility. Under the action of space magnetic field, a significant
variation in magnetic induction intensity will come out on the interface between the accumulated
scale and water, so the height of scale can be measured by detecting the magnetic induction
intensity on such interface.
When being blocked by particles, some of the beams will be scattered, as shown in Fig. 1. An
angle θ will be formed between the direction of propagation of scattered light and direction of
propagation of main beam. It is known from both theory of scattering and experiment results that
the size of scattering angle θ is related to the size of particles, i.e. the larger the particles are, the
smaller the scattering angle θ is; the smaller the particles are, the bigger the scattering angle θ is.
In Fig. 1, the scattered light I1 is caused by larger particles while the scattered light I2 is caused
by smaller particles. Further study indicates that the intensity of scattered light represents the
quantity of the particles in corresponding grain sizes. In this case, the granularity distributions of
samples can be obtained by measuring the intensity of scattered light from different angles.

Fig. 1 Principle to Measure Granularity with Laser
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NUMERICAL SIMULATION OF SCALE SAMPLING IN MAIN STEAM PIPE

Calculation Model and Method

In this paper, the main steam pipe of 600MW unit in a power plant is taken as the example. A
sampling tee is arranged behind the elbow at which vertical section is changed to horizontal
section and the sampling efficiency of particles is numerically predicted. The sampling efficiency
is defined as the number of particles entering the tee pipe and the total number of particles
entering the main steam pipeline. The purpose of installing the tee pipe is to drain the scale
particles from the main steam and reduce the amount of scale particles entering the rear steam
turbine of the main steam pipe, thereby reducing the erosion damage of scale particles on the
blade. It is assumed that scale particles are evenly spread over the cross section at the inlet of the
calculation model, and the statistics of quantities of particles entering the tee pipe and leaving the
outlet of the horizontal main steam pipe are made with number of motion curves. It is shown in
Fig. 2. The tee pipe is built by drilling holes in the original main steam pipe. The tee pipe is a
circular pipe with an inner diameter of about 15 mm. The model is established by Creo.5.0
modeling software.

Fig. 2 3D Flow Diagram for Calculation Model of Piping System at Steam Flow Rate of 50m/s
and for Single-phase Field Flow Rate

Calculation Results

Motion Curve of Scale Particles in Different Grain Sizes. Fig. 3 is the diagram of motion
curve of 200μm scale particles in main pipe, elbow at which vertical section is changed to
horizontal section and small tee pipe at the steam flow rate of 50m/s. The tee pipe is directly
below the horizontal pipe of the main steam pipe, as shown in Figure 3. Fig. 4 is the curve of

collection efficiency（ collection efficiency is the same as the sampling efficiency of particles）
in different grain sizes in the pipe tee at the numerically predicted steam flow rate of 50m/s and
under 5 quantities of steam for sampling.
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Fig. 3 Motion Curve of 200μm Particles at Steam
Flow Rate of 50m/s

Fig. 4 Sampling Efficiency of Particles at
Steam Flow Rate of 50m/s

It can be seen from Fig. 3 that the pattern features of motion curve in elbow can be clearly viewed,
indicating that the scale particles flow rate in vertical pipe is lower than the steam flow rate; after
particles are blocked in the elbow, their flow rate is lowered and the particles are concentrated on
the bottom of the elbow, and then the particles move on the inner pressure side of the elbow
under the inertia force; after colliding the side surface, the particles rebound to leave such surface
and to mix with the steam flow. Therefore, how to determine the position in which the tee is set
will have a significant effect on the sampling efficiency.

It can be seen from Fig. 4 that law of motion of particles in different sizes entering the steam is
affected by multiple factors, so the law of change of collection efficiency with size of particles is
non-linear. Within the range of sizes of particles in this study, the collection efficiency increases
in a non-linear manner as the sampling flow rate increases. However, the grain size
corresponding to the maximum sampling efficiency is about 175μm. The collection efficiency
can reach 21% at the flow rates of 50m/s and 2.5L/min.

STUDY ON MAGNETIC DETECTION TECHNOLOGY OF SCALE

Numerical Calculation of Height of Accumulation of Scale Based on ANSYS
Software
Simulation and Modeling. Fig. 5 is the structure chart of multi-channel magneto-dependent
sensor detection system. The ANSYS software is applied to 3D simulation and modeling. Firstly,
a solid model is established; secondly, attributes of each material are defined, model is meshed
and load is applied, as shown in Fig. 6.
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Fig. 5 Structure Chart of Multi-channel
Magneto-dependent Sensor Detection System

Fig. 6 Simulation Model of the Magnetic
Detection Technology of Scale

The relative permeability of air is set to 1 while relative permeability of scale is set to 15. The
function of free meshing is provided in ANSYS Maxwell, together with the mode to generate the
maximum quantity of meshes and the mode to generate the maximum dimension of meshes. The
maximum dimension unit 0.1mm is selected for meshing on the interface between scale and air.

Calculation Results. Along the pipe with scale, 600 points are taken for calculation of
corresponding magnetic field intensities, with the calculation results shown in Fig. 7. It can thus
be seen that scale is magnetized in the magnetic field produced by electrified copper wires to
bring about a change in magnetic field intensity around. A significant change with smooth
waveform is found in magnetic field intensity due to the magnetized scale on the interface
between air and scale.

To increase the accuracy of position of interface corresponding to the change in magnetic field
intensity on the interface, slope is analyzed for those results, as shown in Fig. 8. It can thus be
seen that the peak value of change in slope occurs on the scale interface. Therefore, the
measuring accuracy of position of interface can be improved with the positions corresponding to
the maximum and minimum values of the rate of change in magnetic field intensity.
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Fig. 7 Trend of Change in Magnetic Field Intensity Along Pipe

Fig. 8 Trend of Change in Slope of Magnetic Field Intensity Along Pipe

Experimental Research. The magnetic field detection device is shown in Fig. 1. The device is
subject to a mode of DC excitation with multi-turn coils, where multi-channel
magneto-dependent sensors are used as the detection elements to measure the magnetic induction
intensity on the sampling pipe side. Coils are covered with sheet iron as magnetic screen for the
purposes of improving the electromagnetic compatibility of the equipment and avoiding the
mutual effect between internal and external magnetic fields. In the course of working, each
channel can output the magnetic induction intensity signal that can be detected by the sensor in
that channel. Model can be established on the basis of the relationships between different heights
of accumulation of scale and the signals output by multi-channel sensor, and finally the height of
accumulation of scale can be predicted with the signals output by the multi-channel sensor.
During the model establishing, the input/output relationship model is established by testing the
outputs from 16 channels of magneto-dependent sensors corresponding to different heights of
scales in 80 groups extracted at an interval of 2mm within the height range of scale being
0-160mm, with partial data samples obtained as follows:
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Fig. 9 Curve of Change in Magnetic Induction Intensity

Error Analysis. After many times of experiments, it is found out that the change of gradient of
magnetic induction intensity surrounding the scale particles accumulated to different heights with
the spatial position can reflect the quantity of accumulation. After collecting and processing
multiple groups of data information, modeling is respectively carried out for relationships
between magnetic induction intensity and height of accumulation of scale and between magnetic
induction intensity gradient and height of accumulation of scale. The effects of two models are
respectively detected by selecting 6 groups of scale particles accumulated to different heights
(30mm, 50mm, 70mm, 90mm, 110mm and 130mm), and the detection results are shown in Fig.
10.

Fig. 10 Comparison of Effect between Two Models

Higher detection accuracy can be achieved by estimating the quantity of scale accumulated by
use of the change in spatial magnetic induction intensity gradient after scale particles are
magnetized. The tested error percentage is lower than 2%, which meets the requirements on
industrial on-site test.
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GRANULARITY DETECTION AND TEST FOR SCALE CONCENTRATION

Detection Result of a Power Plant. The granularity of reheated steam of a 600MW unit is
analyzed with a granularity analyzer, where the variation curve of scale particles and unit load
obtained after the test is shown in Fig. 11.

Fig. 11 Variation Curve of Granularity of Reheated Steam of a 600MW Unit

RESULTS ANALYSIS

It can be seen from Fig. 11 that there is a certain relationship among scale granularity, unit load
and steam flow rate, and this relationship keeps growing as time goes on, ranging from 4
particles/mL (minimum) to 18 particles/mL (maximum), so it is feasible to represent the variation
in solid particles in steam by use of granularity.
It can also be seen from figure that the scale granularity shows a sharp decrease in case of a
relatively large amplitude of increase in unit load. After analysis, it is believed that the large
increase in load can on one hand promote the exfoliation of scale and on the other hand increase
the steam flow rate, because the scale in unit volume is diluted; the granularity of scale shows an
opposite trend of change in case of a sharp decrease in unit load, possibly because of the
exfoliation of scale in superheater and reheater in the system.

CONCLUSIONS

In the study mentioned in this paper, a sampling method for particles in main steam is proposed.
The effects of different sampling conditions on sampling efficiency are studied by establishing a
calculating model for sampling of scale in main steam pipe; on-line detection technology of scale
concentration based on magnetic coupling granularity detection is proposed, and law of change in
magnetic field intensity of magnetic detection method is analyzed. The detection results of actual
scale samples obtained with multi-channel magnetic detection devices in laboratory indicate that
the magnetic detection method is feasible for large scale particles in high-temperature and
high-pressure steam. Scale particles in reheated steam of some plant are tested with laser
granularity method, and the test results indicate a certain relationship of change between quantity
of scale particles and unit load.
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