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ABSTRACT

This article presents an approach for monitoring the expansion state of water walls in coal-fired
power plants using a digital twin (DT) model. The monitored boiler belongs to a 1000 MW ultra-
supercritical power generating unit; it has been in service for more than 14 years and has
accumulated more than 100 000 hours of operation. The fracture of the water wall has become
a serious problem for safe operation. The size of the water wall is huge, the structure is complex,
the stress state is changeable, and the fracture treatment is difficult. Existing online monitoring
systems are mainly based on wall temperature, and it is difficult to evaluate the stress state of
the water wall. However, there are few technical systems that can monitor the expansion
displacement and local strain/stress of water walls online. To address this problem, a DT model
is built to monitor the expansion state of boiler water walls. An optical non-contact strain
monitoring system (based on digital image correlation (DIC) technologies) coupled with finite
element analysis is developed to measure the actual strain/stress data and generate more
simulation data for improving the accuracy of the DT model. This monitoring system provides
an effective way to prevent the expansion fracture of the water wall.

1. Introduction

A boiler water wall accident may occur due to the frequent start-stop and the deep-
load changing of coal-fired plants. Such accidents seriously threaten the safe and
stable operation of coal-fired plants. Moreover, corrosion of boiler water walls leads
to potential failures and downtime [1,2]. Therefore, monitoring the state of boiler
water walls in coal-fired power plants is crucial for maintaining structural integrity
and operational efficiency. Advancements in online monitoring technologies have
enhanced the ability to assess and manage these systems in real time [3,4]. Hence,
condition monitoring, such as the digital twin (DT) approach [5,6] for the water wall,
is an important means to ensure the safety of the water wall. Existing online monitor-
ing systems are mainly based on wall temperature [7], but evaluating the stress state
of the water wall remains difficult.

Recently, General Electric introduced the Digital Power Plant for Steam [8], a suite
of technologies designed to enhance efficiency and reduce emissions of coal-fired
plants. By interpreting data from over 10 000 sensors, this system improves perform-
ance and increases efficiency by up to 1.5 percentage points. Such digital model solu-
tions contribute to better monitoring and control of boiler components, including
water walls. However, there is a lack of technical systems that can monitor the ex-
pansion displacement and local strain/stress of water walls online. In this article, we
present a power plant of 1000 MW that has been in service for over 14 years. The
fracture of the water wall has become a serious problem for safe operation (Fig. 1).

For the structural health monitoring of boiler water walls, we need to investigate
mechanical properties such as strain/stress and expansion displacements of the
water wall structure under different loading conditions. Knowing the values of the
expansion and strain/stress will allow us to assess the water wall’s state of health.
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Fig. 1. Water wall with details of the fractures.

For this, we developed two systems for data acquisition:
an online expansion monitoring system and an optical non-
contact strain monitoring system. Based on these two systems,
DT approaches are developed for smart monitoring of the ex-
pansion state of boiler water walls in coal-fired power plants.

2. Methodology

Laser-ranging technology is used to measure the expansion
displacements of water walls online. A total of 40 laser sen-
sors are installed at different positions on the water walls
(Fig. 2). As shown in Fig. 3, the Internet of Things (IoT)
technology is used to gather and transmit the data on ex-
pansion displacements. Firstly, the data of 40 laser sensors
are gathered by 20 wireless gateways that have the data ac-
quisition function. The time interval of data acquisition is
set at 1 s. Then, the gathered data are transmitted via the 4G
network to a database in the cloud. Finally, the data are
analyzed on the monitoring platform to indicate the ex-
pansion state of water walls. A statistical analysis method
is developed to perform the expansion state monitoring. The
expansion data are analyzed using a statical value 772,
calculated as follows [9]:

_
x_n,z-xi’ (2)

5= ﬁZ () (v, 3)

where x, =[x, , |, X, ,, ..., x,] denotes the data vector of a
sensor at time ¢ that consists of k£ data points in a moving data
window, x, (i = 1, ..., n) are the n reference data vectors of
this sensor. The 7?2 statistic generally follows an F
distribution, and thus its statical limit 7, at the significant
level of a (a = 0.05) is computed by [9]:
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Based on the 77 statistic, a decision is made regarding the
anomaly warning and damage assessment. Once the com-
puted 77 value exceeds the statical limit T o€, Tf >T ,the
expansion state is considered to be abnormal. The out-of-limit
T2 values are accumulated to assess the damage degree at the
location where the sensor is installed. The larger the accum-
ulated 77 value is, the higher the damage degree is. Figure 3b
illustrates the algorithm for decision making regarding the
anomaly and damage.

For strain evaluation, an optical non-contact monitoring
system based on digital image correlation (DIC) technologies
[10], coupled with the finite element analysis, was imple-
mented (Fig. 4a). The design concept and installation of the
strain monitoring system are described in Fig. 4b,c. The finite
element model of the water wall structure is developed with
the ANSYS software, which can compute the stress/strain
field of the water wall in given conditions. A simple DT model
was built to compute the stress using the expansion displace-
ments measured by laser sensors and the strain measured by
DIC. This DT model was validated by the simulation data
of the finite element model. This combination of DIC and
finite element analysis technologies allows us first to measure
the actual strain/stress data and second to generate more si-
mulation data for improving the accuracy of the DT model.

Fig. 2. Installation positions of
laser sensors on the water wall.
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Fig. 3. Online expansion monitoring system: (a) loT architecture
for acquiring and transmitting expansion data, (b) algorithm for
decision making regarding anomaly and damage.

This monitoring approach provides an effective way to pre-
vent the expansion fracture of the water wall.

In the DT model, the stress caused by restricted thermal
expansion is calculated as follows:

L-L
, (5)
L

0

o=F

where L” is the theoretical thermal expansion displacement
(mm), L is the actual expansion displacement (mm), and L,
is the original length of the water wall pipe segment (mm).
The local stress computed from the strain measured by DIC is

o=EE-&), (6)
e =a(l,-T), ()

where o is the stress (MPa), ¢ is the strain measured by DIC,
&" is the strain due to thermal expansion, E is the elasticity
modulus of the pipe material (MPa), a is the linear expansion
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Fig. 4. Strain monitoring system: (a) algorithm, (b) computer-aided
design (CAD) model of the system for DIC measurement, (c) imple-
mentation for the water wall. The notations in (b) are: 1 - water
wall, 2 — welded fixed plate, 3 — steel frame, 4 — window bracket,

5 - horizontal bracket, 6 — vertical bracket, 7 — bolts, 8 - camera
mount, 9 = blue light, 10 — binocular digital video camera, 11 - high
temperature resistant glass window, 12 — window side panel.
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coefficient of the pipe material (°C™"), T is the original wall
temperature (°C), and 7, is the current wall temperature (°C).

3. Results

As a result of the described methodology and correlation
analysis, we observe that the expansion has a similar variation
trend as the temperature and load (Fig. 5a—c). Based on the
matrix representation, the correlation between the expansion,
temperature, and load data is greater than 0.94 (Fig. 5d). This
result demonstrates that it is feasible to monitor the state
fluctuation of the water wall with the expansion displacement
data.

Figure 5a,b shows that the temperatures and expansion
displacements of the six measuring points all show a trend of
first rising and then falling. The change trends of the mea-
suring points located on the same perpendicular line are
basically the same (e.g., D21, C18, and B21 have almost the
same temperature change trends). However, there is a certain
difference in temperatures at six measuring points, which may
be caused by the uneven expansion of the water wall. The
temperature of C21 at about 18:00 far exceeds the tempera-
tures of other monitoring points, which causes the expansion
displacement of this monitoring point to exceed the expansion
displacements of other points (e.g., C18) on the same floor,
resulting in the excessive local stress on layer C of the water
wall.
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Figure 6a,b shows the expansion monitoring results at the
monitoring points D21 and D23. The T? values of the two
monitoring points exceeded the corresponding control limits
at multiple moments, indicating that the expansion anomaly
occurred at these moments. Figure 6¢ shows the total number
and the accumulated 7 value of the out-of-limit expansion
at the monitoring points on layers C and D. It can be observed
that the number of out-of-limit expansions is higher at D21,
B21, and B23, while the accumulated 72 value of out-of-limit
expansions is larger at D23. Considering that the accumulated
T2 value has a greater influence on the damage degree of the
water wall than the total number of out-of-limit expansions,
the damage degree at D23 is greater than that at other moni-
toring points.

Figure 7 shows the strain cloud images of the strain
monitoring area at different times between 06:00 and
22:00. As indicated in Fig. 7, the overall strain in the mon-
itored area shows a trend of increasing first (the strain contour
changed from purple to green) and then decreasing (the strain
contour changed from green to blue). At about 06:00, the
strain in the whole monitoring area is relatively uniform, and
there are only a few locations with high strain. Then, with the
increase of wall temperature at 12:00, the degree of strain
inhomogeneity in the monitoring area increases, and the area
with high strain also increases. At about 22:00, even though
the overall strain in the monitoring area falls back to a low
level with the decrease in wall temperature, the degree of
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Fig. 5. Data of the water wall: (a) temperature, (b) expansion, (c) load, (d) correlation analysis.
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Fig. 6. Expansion monitoring results: (a) T2 value at B23, (b) T2 value at D23, (c) accumulated out-of-limit times, (d) accumulated out-of-
limit expansions.

Fig. 7. Strain cloud images of the monitoring area at different times: (a) 06:00, (b) 12:00, (c) 17:00, (d) 22:00.

strain unevenness is still high, and the area of high strain is  stress concentration in these two regions. The stress area of
still larger. By comparing the strain contour diagram of the  the fin is much smaller than that of the pipe for the transverse
monitoring area with the water wall structure, we can infer  load, and the temperature of the fin is generally higher than
that the high-strain area mainly appears at the fin as well as  that of the pipe. Therefore, it is easy to create a high-strain
at the weld joint of the pipe and the fin. This is mainly dueto  region at the weld joint and the fin.
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4. Conclusion

An online monitoring system was developed for the ex-
pansion displacements of boiler water walls, based on laser
sensing and the Internet of Things technologies, which en-
abled the functions of real-time expansion measurement,
abnormal expansion alarm, and expansion damage assess-
ment. The monitoring system has the advantages of high
scalability, good real-time performance, and high accuracy.
An optical non-contact strain monitoring system was also
developed for the water wall, based on binocular stereo vision
and digital image correlation analysis technologies, which
enabled the functions of dynamic strain/stress measurement
and out-of-limit strain/stress warning. However, this strain
monitoring system still has some shortcomings, such as the
small monitoring range, slower dynamic response, and larger
stress calculation errors (due to the use of a linear elastic
material model). Future work may focus on the improvement
of the strain monitoring system. Moreover, the digital twin
model used for computing the stress of water walls is very
simple. More complex and accurate digital twin models are
required to improve the condition monitoring performance of
boiler water walls.
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Katlamaja veeseinte paisumise nutikas jalgimine soekuttel todtavates
elektrijaamades digitaalsete kaksikute mudeli abil

Lijia Luo, Weida Wang, Zhenheng Lei, Shiyi Bao, David Bassir ja Gongfa Chen

TA6s tutvustatakse metoodikat soeklittel tddtavate elektrijaamade veeseinte paisumise oleku jalgimiseks di-
gitaalsete kaksikute (DT) mudeli abil. Uuritav katel kuulub 1000 MW ultra-superkriitilise elektritootmisiiksuse
koosseisu ja on olnud kasutuses Ule 14 aasta, td6tades enam kui 100 000 t66tundi. Veeseina pragunemine on
muutunud tdsiseks probleemiks ohutu t66 tagamisel. Kuna veesein on suur ja keeruka struktuuriga ning pinge-
seisundid muutuvad pidevalt, on pragude kdrvaldamine keeruline. Olemasolevad reaalaja jalgimissiisteemid
pohinevad peamiselt seina temperatuuri andmetel, mistdttu on veeseina pingeseisundi hindamine komplitsee-
ritud. Seni on olnud vahe tehnilisi stisteeme, mis suudaksid reaalajas jalgida veeseinte siiret ning lokaalset de-
formatsiooni ja pinget paisumise kaigus. Katla veeseinte paisumise oleku modelleerimiseks on arendatud DT-
mudel. Samuti on loodud optiline kontaktivaba deformatsiooni jalgimissiisteem, mis pdhineb digitaalse pildi-
korrelatsiooni (DIC) tehnoloogial ning on tihendatud I8plike elementide anallilisiga, et md&ta tegelikke pinge-
deformatsiooni seisundeid ja genereerida rohkem simulatsiooniandmeid DT-mudeli tdpsuse parandamiseks.
Véljatootatud jalgimisslisteem pakub tdhusa lahenduse veeseina paisumispragude tekke ennetamiseks.
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