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The alkali recovery boiler is an important piece of equipment in chemical pulp production. It 
uses papermaking black liquor as fuel. Due to the large number of impurities, the heating 
surface is prone to severe ash deposition. To improve the heat transfer coefficient, the traditional 
method is to carry out timed soot blowing, which has problems such as untimely ash cleaning 
or excessive steam consumption caused by overly frequent soot blowing. In this paper, an 
experimental device for the relationship between the heat transfer coefficient and the weight of 
ash deposition was developed. The functional relationship between the two was obtained. There 
is an inflection point when the amount of ash deposition reaches 294.77 g. A control strategy 
of soot blowing at the inflection point was further proposed. A load-strain experimental testing 
device was developed. Experiments show that when the weight of ash deposition reaches 3503 
N, the deformation of the suspender is 9 με, and starting the soot blowing device is the most 
efficient when the heat transfer coefficient is 725.15 W/(m²·K). Therefore, the degree of decline 
of the heat transfer coefficient can be indirectly reflected by measuring the strain. A method of 
soot blowing by detecting the degree of suspender strain was further proposed. This method is 
more scientific than the original timed soot blowing method and provides a technical reference 
for the energy-saving and consumption-reduction theories and engineering applications of 
alkali recovery boilers. 

Keywords: alkali recovery boiler; strain measurement; ash deposition detection; intelligent 
soot blowing; decline of heat transfer coefficient. 

1. Introduction
In the papermaking industry, displacement cooking is mainly used in the pulping process.

By heating to make water boil, the organic substances in the plant fiber raw materials are 
dissolved in the cooking alkali to form black liquor, which is then separated from the pulp. This 
provides a basis for subsequent black liquor treatment and alkali recovery[1]. The alkali recovery 
boiler uses the black liquor discharged after washing the pulp in the alkaline pulping process as 
fuel for combustion[2]. The concentrated black liquor is fed into the furnace for combustion to 
generate steam and melt. The steam can be reused as a secondary energy source, and the melt 
is causticized to be reduced to alkali for reuse in pulp cooking [3]. The alkali recovery boiler not 
only treats the waste liquid generated in the papermaking process but also realizes the recycling 
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of resources, energy conservation, and emission reduction[4]. However, during the combustion 
of black liquor, inorganic substances are vaporized at high temperatures and solidify in the flue 
gas in the furnace, forming ash deposits in the alkali recovery boiler[5]. In black liquor, silicon 
mainly exists in the form of sodium silicate. Sodium silicate is prone to form silicate at high 
temperatures, increasing the viscosity and hardness of the ash deposits, thus exacerbating the 
formation and blockage problems of ash deposits. Therefore, monitoring the degree of ash 
deposition on the heating surface of the boiler[6]and carrying out timely soot blowing play a 
very important role. 

As early as the 1970s, research on on-line monitoring systems for boilers began one after 
another. For example, the Electric Power Research Institute of the United States focused its 
research on boiler fouling monitoring[7] and regarded the optimization of the boiler soot blowing 
mode as the key to improving the operation of boiler units[8]. The University of Waterloo placed 
a disk-type heat flux meter [9] to directly monitor the dynamic changes of the radiation in the 
furnace, and successfully developed a monitoring system[10] based on this. Scholars such as 
LeVert upgraded the heat flux meter [11]and introduced the pulse heater technology. The signal 
response time can directly reflect the real-time dynamics of the fouling in the furnace. Through 
the heat balance method [12], the whole process of pollution monitoring of the convective 
heating surface was realized. However, due to the complexity of the alkali recovery boiler, 
especially the intricate heat transfer processes of each heating surface[13], in this mechanism-
based modeling method, a large number of simplifications have to be made to the actual process 
during the modeling process. Although this simplification reduces the complexity of modeling 
to a certain extent, it also significantly reduces the accuracy of the model. Especially when the 
boiler undergoes significant load changes, the impact of this simplification is more prominent, 
making it difficult for the model to accurately and reliably reflect the fouling conditions of the 
heating surface[14]. Scholar Pang Liping [15] simulated the operation processes of convective 
heat transfer and radiation based on the software developed by a Canadian simulation company. 
Scholars such as Ye Jiangming [16] completed the dynamic monitoring of ash deposition on the 
heating surface with the help of the Kriging model and the monitoring data collected from 
power plants. When studying the unit, scholars such as Zhang Hailin[17] found that the structure 
of the tail heating surface was extremely complex. They described it through the 
renormalization group and compared it with the random impedance network to obtain the 
thermal percolation model. This data algorithm-based modeling method relies on a large 
amount of data for analysis and training. On specific datasets, such methods can demonstrate 
excellent fouling monitoring effects. However, due to their dependence on and limitations of 
data, their generalization ability is relatively weak. That is, when facing different data 
distributions or complex and changeable actual situations, their monitoring effects may be 
greatly affected. In addition to using the heat flux meter method to monitor the fouling of the 
heating surface, some scholars have combined the heat transfer characteristics of the furnace 
and used other parameters to reflect the pollution state of the water wall, and achieved phased 
results. Scholars such as Wang Binzhong[18] built a model to judge the slagging degree in the 
furnace. This model is mainly realized through the temperature at the fin end on the back-fire 
side, opening up a new direction for judging the slagging situation in the furnace. It can be seen 
that for the research on the ash deposition monitoring and soot blowing control system of power 
plant boilers, the cleanliness coefficient of each heating surface is determined based on the heat 
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balance principle, and the severity of ash deposition on the boiler heating surface is reflected 
through index factors. This method is applicable to boilers with a single raw material and 
basically unchanged operating conditions[19]. Moreover, since the boiler is a complex system 
with multiple variables and strong coupling, and has a very large thermal inertia, the calculated 
cleanliness coefficient is not very accurate and it is difficult to guide real industrial production. 

The soot blowing system [20] is one of the important systems of the alkali recovery boiler. Its 
main function is to blow the ash deposits on the heating surfaces such as the economizer, boiler 
tubes, and superheater of the alkali recovery furnace, so as to prevent a decrease in the thermal 
efficiency of the alkali furnace due to excessive ash deposition on the heating surfaces, and 
avoid situations such as forced shutdown for water washing caused by flue blockages [21].At 
present, the boiler soot blowing system mainly blows the ash on all heating surfaces at fixed 
time intervals. It is difficult to carry out soot blowing according to the actual ash deposition 
situation. Infrequent soot blowing will reduce the heat transfer efficiency of the boiler and 
degrade its performance. While frequent soot blowing [22] not only causes waste of high-
pressure steam, but also wears the surface of the heating surface pipes, generates huge thermal 
stress, shortens the service life of the heat exchange device, and increases the maintenance cost 
of the soot blowers. The abnormal ash deposition and slagging attached to the heating surfaces 
in the furnace will have a direct impact on the operation of the boiler. For example, it will 
increase the heat transfer resistance and the ventilation resistance in the flue, cause the exhaust 
gas temperature of the unit to rise, reduce the thermal efficiency of the boiler, cause high-
temperature corrosion, and shorten the actual service life of the equipment[23]. At the same time, 
the periodic collapse of loose ash deposits can also cause problems such as sudden 
extinguishment during the operation of the boiler. In severe cases, it may lead to the unit 
operating at a reduced load or even cause the boiler to shut down, directly affecting the safety 
of the boiler operation and the efficiency of the unit. Therefore, it is very important to establish 
a real-time monitoring system[24] that matches the ash deposition state of the boiler heating 
surfaces and optimize the soot blowing system [25]guided by the monitoring data. This plays an 
irreplaceable role in terms of safety and economy. 

It can be seen that in the field of studying the fouling monitoring of the heating surfaces of 
alkali recovery boilers, it is very necessary to develop an intelligent control method that can 
avoid the shortcomings of the mechanism-based modeling method and the data algorithm-based 
modeling method. At the same time, this method can start the soot blowing according to the 
actual ash deposition degree of the boiler and the degree of decline in the heat transfer 
coefficient. 
 
2. Materials 

As a key component in the thermal energy recovery system, the heating surfaces of an alkali 
recovery boiler are not only the main areas for heat exchange but also the primary sites for dust 
accumulation. These heating surfaces are typically suspended inside the boiler by a suspender 
system to ensure their stable and efficient operation. When dust accumulates on the surface of 
the heating surfaces, it not only affects the heat exchange efficiency but also causes an increase 
in the suspension load borne by the suspenders. This increase in load may pose a potential threat 
to the structural integrity and operational safety of the boiler. 
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In view of the above situation, this study proposes an innovative approach, which is to 
indirectly determine the ash deposition situation on the heating surfaces of the alkali recovery 
boiler by analyzing the stress distribution and deformation characteristics of the boiler's 
suspenders. Additionally, through heat transfer experiments on the influence of ash deposition 
simulation on the heat transfer coefficient, the relationship between the deformation amount 
and the heat transfer coefficient is further explored. The core of this method lies in the fact that 
the change in the suspender load caused by ash deposition directly leads to changes in the stress 
distribution and deformation pattern of the suspenders. Therefore, by monitoring these changes, 
the ash deposition status of the heating surfaces can be effectively evaluated, enabling timely 
implementation of necessary ash removal measures to ensure the efficient and safe operation of 
the boiler. To achieve this goal, a mathematical model highly corresponding to the actual 
operating conditions was first established, and simulation software was used for simulation 
analysis. This model fully takes into account factors such as the material properties and 
geometric dimensions of the suspenders, ensuring the accuracy and reliability of the simulation 
results. 

After preliminary analysis and verification, the model successfully reproduced the stress 
distribution and deformation characteristics of the suspenders under ash deposition conditions, 
demonstrating its feasibility as a basis for judging the ash deposition in the boiler. On this basis, 
a set of experimental equipment was further set up to conduct real-time monitoring and 
recording of the stress distribution and deformation characteristics of the suspenders, providing 
data for subsequent research. 

 

2.1 Development of the experimental device for measuring the relationship between ash 
deposition weight and heat transfer coefficient 

High-finned tubes used in high-efficiency heat exchangers are special-shaped tubes. They 
take plain tubes as blanks and form spiral fins on the outer surface of the tubes through rolling 
or pressing. They are mainly divided into single-metal high-finned tubes and bimetallic high-
finned tubes. For single-metal high-finned tubes, the outer surface of the metal tube blank is 
processed into a fin shape, and the fins and the metal tube are an integral whole. Bimetallic 
high-finned tubes are composed of two kinds of metal tubes closely combined, and the outer 
surface of the outer metal tube blank is processed into a fin shape. High-finned tubes not only 
expand the heat exchange surface area but also promote the disturbance of the fluid, reduce the 
heat transfer resistance, effectively increase the heat transfer coefficient outside the tube, and 
thus greatly improve the efficiency of the heat exchanger. In the field of fin heat exchange in 
boilers, the heat transfer coefficient is a key indicator for measuring the heat transfer efficiency 
between the fins and the fluid. The theory of "Heat Transfer" clearly states that the heat transfer 
coefficient K represents the amount of heat transferred per unit time, through a unit area, and 
under a unit temperature difference. This parameter is crucial for evaluating the performance 
of boiler fin heat exchange, as it directly determines the efficiency of the heat exchange process 
and the related energy consumption.   
Overall heat transfer coefficient as follows: 

1
𝑈𝑈

= 1
ℎ𝑖𝑖

+ 1
ℎ𝑜𝑜

+ 𝑅𝑅𝑓𝑓
𝐴𝐴

+ 𝑅𝑅𝑐𝑐,                      （2.1） 
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where 
U — the overall heat transfer coefficient (W/m²·K), 
ℎ𝑖𝑖 — the convective heat transfer coefficient of the inner surface (W/m²·K), 
ℎ𝑜𝑜 — the convective heat transfer coefficient of the outer surface (W/m²·K), 

𝑅𝑅𝑓𝑓 — the thermal resistance of the solid wall material (K·m²/W), 

 A — the heat exchange area of the heat exchanger (m²), 
𝑅𝑅𝑐𝑐 — the thermal resistance caused by the thermal conductivity and flow state of the fluid 
(R). 
 
2.1.1. Heat transfer theorem of the ring pipe 
 

The heat transfer behavior between the inner and outer walls of an annular pipe is described. 
When the temperature of the inner wall is constant, the heat flux density of the inner wall 
remains constant, while the heat flux density of the outer wall varies with changes in the outer 
wall temperature. This phenomenon is determined by radial heat conduction and convective 
heat transfer. The relationship as shown in Eqs. (2.2)–(2.4).  
Internal heat flow density of the pipe wall: 

                           𝑞𝑞𝑖𝑖 = ℎ𝑖𝑖(𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑓𝑓),                            （2.2） 

where  
𝑞𝑞𝑖𝑖 – the heat flow density of the inner tube wall (W/m²), 
ℎ𝑖𝑖 – the convection heat exchange coefficient of the inner tube wall (W/m²·K), 
𝑇𝑇𝑖𝑖 – the internal pipe wall temperature (K),  
𝑇𝑇𝑓𝑓 – the fluid temperature (K). 

Heat flow density of the outer pipe wall: 

                     𝑞𝑞𝑜𝑜 = ℎ𝑜𝑜(𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑜𝑜),                              （2.3） 

where 
𝑞𝑞𝑜𝑜 – the heat flow density of the outer tube wall (W/m²), 
ℎ𝑜𝑜 – the convection heat exchange coefficient of the outer tube wall (W/m²·K), 
𝑇𝑇𝑜𝑜 – the external pipe wall temperature（K） 
Heat transfer balance:  

𝑞𝑞𝑖𝑖 ∙ 𝐴𝐴𝑖𝑖 = 𝑞𝑞𝑜𝑜 ∙ 𝐴𝐴𝑜𝑜,                          （2.4） 
where 
𝐴𝐴𝑖𝑖 = 2𝜋𝜋𝑟𝑟𝑖𝑖𝐿𝐿 – the surface area of the inner tube wall (m²), 
𝐴𝐴𝑜𝑜 = 2𝜋𝜋𝑟𝑟𝑜𝑜𝐿𝐿 – the surface area of the outer tube wall (m²). 
 
2.1.2. Conduction thermal resistance 
The conduction thermal resistance refers to the thermal resistance through the fins as follows: 

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐿𝐿
𝑘𝑘∙𝐴𝐴

,                               （2.5） 
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where 
L – the thickness of the heat conduction path (m), 
k – the thermal conductivity of the material (W/m·K), 
A – the cross-sectional area of heat conduction (m²). 
 
2.1.3. Radiative heat transfer 

If the heat exchanger involves high-temperature surfaces, radiative heat transfer may also 
need to be considered, especially when there is a large temperature difference as: 

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜎𝜎 ∙ 𝐴𝐴 ∙ 𝜖𝜖 ∙ �𝑇𝑇𝑆𝑆4 − 𝑇𝑇∞4�,                      （2.6） 

where 
𝜎𝜎 – Stefan–Boltzmann constant (5.67 × 10−8W/m2K4), 
A – area of the radiating surface (m²), 
𝜖𝜖 – emissivity of the material, 
𝑇𝑇𝑠𝑠 – surface temperature (K), 
𝑇𝑇∞ – ambient temperature (K). 

Combining these heat transfer processes, the heat transfer coefficient of the overall heat 
exchange can be expressed as: 

𝐾𝐾 = 𝑄𝑄/(𝐴𝐴0∆𝑇𝑇𝑚𝑚).                          （2.7） 
The formula for calculating the heat transfer coefficient of the measured tube can be 

obtained as follows: 
– the heat transfer area: 

                     𝐴𝐴0 = 𝜋𝜋𝜋𝜋𝜋𝜋,                            （2.8）   
 

– the heat transfer quantity: 
𝑄𝑄 = 𝐺𝐺𝐺𝐺,                             （2.9） 

  
– the amount of condensed water: 

              𝐺𝐺 = ℎ𝑔𝑔𝑠𝑠𝛾𝛾
1000𝑡𝑡×60

,                     （2.10） 

 
– the logarithmic mean temperature: 

       ∆𝑇𝑇𝑚𝑚 = (𝑇𝑇1−𝑇𝑇2)

𝑙𝑙𝑙𝑙(𝑇𝑇1−𝑇𝑇∞)
(𝑇𝑇2−𝑇𝑇∞)

,                          （2.11） 

 
where: 
d – outer diameter of the heat exchange tube (cm), 
L – length of the measured heat exchange tube (cm), 
r – latent heat of vaporization (J/kg), 
h – water level height of the accumulator (cm), 
𝑔𝑔𝑠𝑠 – condensate water amount per unit height (g/cm), 
𝛾𝛾 – specific weight of the condensed water (kg/m³), 
𝑇𝑇1,𝑇𝑇2 – temperatures at both ends of the finned tube (K), 
𝑇𝑇∞ – ambient temperature (K). 
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During the heat transfer process of spiral finned tubes, deposits such as dust and oil will 
gradually accumulate on the fin surface. These deposits will have a negative impact on the heat 
exchange effect. The accumulation of the dust layer increases the surface thermal resistance, 
leading to a decrease in the heat transfer coefficient. As the dust accumulation intensifies, the 
surface heat transfer efficiency decreases, thus affecting the overall thermal efficiency of the 
heat exchanger. 

In an actual heat exchanger system, the heat transfer coefficient  K generally decreases as the 
degree of surface dust accumulation (i.e., the amount of dust deposition)𝑆𝑆𝑎𝑎𝑎𝑎ℎ increases. The 
influence of the degree of surface dust deposition can be approximately represented by an 
empirical formula: 

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐾𝐾0�1 − 𝛼𝛼𝑆𝑆𝑎𝑎𝑎𝑎ℎ + 𝛽𝛽𝑆𝑆𝑎𝑎𝑎𝑎ℎ2 − 𝛾𝛾𝑆𝑆𝑎𝑎𝑎𝑎ℎ3�,                 （2.12） 

where: 
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 – effective heat transfer coefficient after ash deposition (W/m²·K),  
𝐾𝐾0  – initial heat transfer coefficient when there is no dust deposition (W/m²·K),  
𝑆𝑆𝑎𝑎𝑎𝑎ℎ – dust accumulation mass (g), 
𝛼𝛼,𝛽𝛽, 𝛾𝛾 – a constant related to the dust accumulation situation. Usually, it is fitted through 
experimental data or empirical formulas, and the specific value is determined according to the 
actual system. 

The research team reproduced the complex heat exchange scenarios during the actual 
combustion process of the boiler in a highly simulated environment through comprehensive 
heat transfer performance experiments. In the experiment, dry saturated steam was used as the 
heat source. As these steam passed through the specially designed copper finned tube radiators, 
the heat transfer process between the high-temperature steam inside the boiler and the external 
environment was simulated. As the steam flowed inside the finned tubes, the heat it carried was 
gradually released to the outside, causing the steam temperature to gradually decrease. 
Eventually, the steam condensed into water on the surface of the finned tubes. This process well 
reflected the essence and effect of heat transfer. 

The core of this experiment is to explore how the surface condition of the finned tubes and 
the air flow conditions subtly affect the heat transfer efficiency. The study has found that factors 
such as the cleanliness of the finned tube surface, the distribution and thickness of dust 
accumulation, as well as the velocity, temperature and humidity of the surrounding air, all have 
a significant impact on the heat transfer process. These factors not only change the surface area 
of heat transfer and the characteristics of the boundary layer, but also affect the condensation 
effect and the amount of condensed water per unit time, thus becoming key parameters for 
evaluating the heat transfer performance. 

By statistically analyzing the changes in the amount of condensed water under different 
conditions, and based on these data, the total heat transfer coefficient  K value of the finned 
tubes under different dust accumulation states was calculated using the principles of heat 
transfer and relevant formulas. The calculation results visually demonstrate the negative impact 
of dust accumulation on the heat transfer performance, providing strong data support for a deep 
understanding of the heat transfer mechanism and the optimization of boiler design. The 
experimental setup is shown in Fig. 1. 
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Fig. 1. Heat transfer experimental setup. 
 

2.2 Development of the dust accumulation weight detection device 
In practical applications, the heating surface of the boiler is suspended on the crossbeam. 

When the boiler is operating, the heat exchange tubes of the heating surface are filled with water. 
After the pulverized coal in the boiler enters the furnace, it is entrained and burned by the high-
temperature flame to produce coal ash. The molten or semi-molten fly ash, entraining the dust 
generated by combustion, adheres to the heating surface. Slagging and dust accumulation on 
the heating surface will cause an increase in the weight of the heating surface. The suspension 
rod will undergo a slight deformation along the axial direction as the weight changes. According 
to Hooke's law in the mechanics of materials: in the elastic deformation stage of metal materials, 
stress and strain are linearly related. The relationship between stress and strain can be expressed 
as: 

𝜎𝜎 = 𝐸𝐸 ∙ 𝜀𝜀,                            （2.13） 
where 
𝜎𝜎 – stress (Pa), 
E – elastic modulus  of steel is a constant value (𝐸𝐸 = 2.06 × 105Pa) 
𝜀𝜀 – strain(με)，1με = 10−6,  
 
and 

  𝜎𝜎 = 𝑁𝑁
𝐴𝐴

,                       （2.14） 

 
N – applied load, with the unit of Newton (N) 
A – cross-sectional area of the suspension rod (m²). 
 

During the mechanical experiment, in order to accurately measure  and quantify the 
deformation behavior of the suspension rod under tensile force, an integrated testing system 
was adopted. This system combines a high-precision mechanical experimental platform, strain 
gauge sensors, and an advanced deformeter. By applying tensile force on the high-precision 
mechanical experimental platform, the suspension rod undergoes corresponding deformation. 
At the same time, the strain gauge sensors pasted on the surface of the suspension rod change 
and transmit signals to the deformeter. The weak signals are amplified simultaneously, enabling 
the reading of corresponding data. 
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2.2.1 Selection of the acquisition device 
In view of the problem of inaccurate detection of the heating surface, this paper intends to 

develop a device that can detect the degree of dust accumulation on the heating surface in real 
time to assist in precise soot blowing. Therefore, the actual working conditions of the factory 
were investigated, and an experimental device was designed by simulating the site. Considering 
that the increase in the weight of dust accumulation on the heating surface will cause an increase 
in the axial load of the suspension rod, it was decided to reflect the degree of dust accumulation 
on the heating surface by detecting the change in the weight load borne by the suspension rod. 
Through preliminary analysis, two measurement methods are available: using a load sensor and 
pasting strain gauges on the suspension rod, And a comparison was made to select between the 
two methods, as shown in Fig. 2. 

Fig. 2. Schematic diagram of scheme comparison. 
 

As shown in Fig. 2a, an S-shaped sensor was adopted. The S-shaped sensor offers high 
precision, stability, and strong anti-interference capabilities. Its compact size makes it easy to 
install in various space-constrained situations and reduces the additional burden on surrounding 
equipment. However, the sensor must be precisely suspended on the main suspension rod. This 
specific installation requirement not only increases the initial installation difficulty but also 
causes inconvenience during subsequent maintenance or when the sensor needs to be replaced. 
Moreover, the S-shaped sensor has certain limitations in terms of its frequency response range. 
For application scenarios requiring rapid response or high-frequency measurements, its 
performance may not fully meet the requirements. Additionally, the installation process is 
inconvenient, as it requires complete disassembly of the system for installation. 

As shown in Fig. 2b, The method of directly attaching strain gauges was adopted, as shown 
in Fig. 2b. As a highly sensitive sensor element, strain gauges can tightly adhere to the surface 
of measured objects with complex curvatures. They can make good contact and attach to one 
side of the suspension rod, capturing minor strain changes on the surface of the measured object 
and converting them into electrical signals. This process offers high precision and rapid 
response, accurately reflecting the strain conditions of the measured object and providing real-
time monitoring capabilities. Additionally, installation and replacement are convenient, as there 
is no need to disassemble the entire system; the strain gauges can be directly replaced and 
attached at the suspension rod. However, temperature changes are one of the main factors 
affecting their measurement accuracy. Since the resistance value of strain gauges varies with 
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temperature, when the measured object is in an environment with significant temperature 
fluctuations, the measurement results of the strain gauges may be subject to some degree of 
interference. 

Through the analysis and comparison of the two schemes, the scheme of directly pasting 
strain gauges was finally adopted. In order to eliminate the influence of temperature changes, 
strain gauges with built-in temperature compensation were selected to ensure the accurate 
measurement of the strain caused by the applied force. 

 
2.2.2 Suspension rod loading device 

To accurately simulate and evaluate the stress distribution and deformation characteristics of 
the suspension rods of the heating surface of the alkali recovery boiler, 20 steel (C 0.17-0.23，
Si ≤ 0.17，Mn:0.35 ~0.65，P ≤ 0.035，S ≤ 0.035), which is widely used in the industry, 
was selected as the material for the suspension rods. The intention is to precisely replicate the 
stress conditions in the actual working environment. The diameter of the suspension rod is 55 
mm, and its length is 380 mm. To ensure the accuracy of the experimental results, holes with a 
diameter of 15 mm perpendicular to each other were designed at both ends of the suspension 
rod. The purpose is to reduce the impact of stress concentration on the measurement results 
when tensile force is applied. To ensure the smooth progress of the experiment, 45 steel (C 
0.42-0.50，Si 0.17-0.37， Mn 0.50-0.80，P ≤ 0.035，S ≤ 0.035) with high load-bearing capacity 
was chosen to manufacture the base and the upper seat. At the left and right ends of these 
components, holes with a diameter of 15 mm corresponding to those of the suspension rod were 
also designed. The suspension rod and the base are fixedly connected by dowel pins. This not 
only ensures stability but also guarantees that the suspension rod has appropriate degrees of 
freedom in the x and y directions. It effectively prevents the suspension rod from breaking or 
deforming due to stress concentration and significantly reduces experimental errors.Finally, the 
base is firmly fixed to the experimental bench with bolts and nuts, thus completing the 
construction of the entire experimental device. The entire construction process strictly adheres 
to international safety standards and operating procedures, ensuring the safety and reliability of 
the experimental device. This provides a guarantee for the subsequent in-depth exploration and 
optimization of the performance of the suspension rods of the alkali recovery boiler. The 
structure is shown in Fig. 3. 
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Fig. 3 Suspension rod loading device.       

 

2.3 Experimental design and setup of the device 
In the research on the stress distribution and deformation characteristics of the suspension 

rods of the alkali recovery boiler, experimental design is of crucial importance. To ensure 
measurement accuracy and data reliability, a resistive strain gauge with a large resistance value 
of 350 ohms was first selected. Due to its high sensitivity and long-term stability, this type of 
strain gauge demonstrates excellent performance in capturing the stress changes of the 
suspension rod under various complex working conditions. It is especially suitable for high-
temperature working environments, providing a solid hardware foundation for the experiment. 
In the experimental design, the middle ring wall position of the suspension rod was chosen to 
paste the strain gauges to accurately measure the strain of the suspension rod. 

To reduce experimental errors and balance the Wheatstone bridge, a reference control group 
was set up. The control group consists of the same suspension rods as those in the experimental 
group. Strain gauges of the same specifications are pasted on them under the unloaded state and 
then connected to the XL2118A static resistive strain gauge. By measuring and recording the 
strain data of the suspension rod in a stationary state, an accurate baseline is provided for the 
subsequent data under the loaded state, effectively eliminating the errors that may be introduced 
by environmental factors or the equipment itself. 

During the setup of the experimental device, first, the strain gauges were precisely pasted on 
the middle sidewall of the suspension rod. Then, bolts and pins were used to firmly connect the 
suspension rod to the mechanical loading test bench, forming a complete and reliable testing 
system. According to the principle of electronic measurement, the leads of the strain gauges 
were connected to the corresponding ports of the static resistive strain gauge according to the 
standard single-bridge circuit connection method. At the same time, to ensure the rigor of the 
experiment and the reliability of the data, the suspension rod of the control group and its strain 
gauges were also connected to the strain gauge in the same way to achieve synchronous 
monitoring and comparative analysis. The structure is shown in Fig. 4. 
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Fig. 4 Schematic diagram of the tensile force application platform:  
1. strain indicator, 2. mechanical loading platform, 3. temperature compensator,  

4. strain gauge, 5. suspension rod. 
 
 

2.3 Final application of the simplified model 
The ultimate goal of this paper is to develop a device based on strain gauge monitoring 

technology. By attaching strain gauges to the suspension rods, the device can capture the 
deformation of the rods caused by the accumulation of ash on the heating surface in real time. 
By monitoring the degree of deformation, the device determines the ash accumulation status 
and triggers corresponding cleaning mechanisms, ensuring that the heat transfer efficiency of 
the heating surface remains within the high-efficiency range. As shown in Fig. 5. 

 
Fig. 5. Practical application scenarios:  

1. Strain gauge, 2. suspension rod, 3. heating surface. 
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3. Methods 
3.1 Simulation of the ash deposition process 

Excessive ash deposition will reduce the heat transfer efficiency of the boiler. Since the 
thermal conductivity of the ash layer is much lower than that of the metal pipe wall, ash 
deposition seriously affects the heat transfer inside and outside the heating surface, resulting in 
a decline in the boiler's heat transfer efficiency. It will also increase the flue gas temperature. 
As the heat transfer efficiency drops, the flue gas temperature will rise, which may further 
trigger more serious high-temperature ash deposition and large-scale coking. Moreover, it will 
increase the operating cost. When the ash deposition is severe, the boiler needs to be shut down 
for cleaning and maintenance, which will cause production disruptions and thus increase the 
operating cost. 

In the ash deposition simulation experiment, an electric heating steam generator was used to 
replace the combustion and heat transfer process of the recovery boiler. The system was scaled 
down proportionally for the experiment. The main components of the ash in the actual ash 
deposition process include unburned carbon, inorganic minerals, and other impurities such as 
sulfur oxides and carbonates. It is quite difficult to simulate the actual ash deposition situation 
during the actual operation. Therefore, choosing gypsum liquid as a simulation material is a 
relatively reasonable alternative, which can simulate some characteristics of actual ash 
deposition to a certain extent. (The slurry formed after preparing the gypsum mixture will 
gradually harden during the drying process, forming a solid layer similar to the ash deposit, 
which can simulate the physical form and adhesion of the actual ash deposition. Gypsum 
powder has good adhesion, and this property can simulate the characteristics of actual ash 
deposition that accumulates on the surface of objects for a long time and is difficult to clean. 
Meanwhile, gypsum materials have a certain degree of hygroscopicity, which can simulate the 
phenomenon of actual ash deposition absorbing moisture, increasing in weight and volume in 
a humid environment. The prepared slurry has a high degree of controllability in terms of 
proportioning, coating thickness, and drying conditions, etc., and can simulate ash layers with 
different thicknesses, densities, and hardnesses as required). 
   First, design the ratio of gypsum to water. Conduct small-scale preliminary experiments 
first. Prepare gypsum slurries with different ratios, smear them, and observe their surface 
adhesion and whether a stable ash deposition layer can be formed. Finally, the optimal ratio is 
determined to be gypsum: water = 1:0.5. Weigh gypsum powder and water strictly according 
to the ratio of 1:0.5 for preparation. After stirring evenly, use a paintbrush to smear the mixture 
evenly on the heat dissipation pipe. Let it stand and air dry naturally until it gradually hardens. 
When conducting the experiment, the dust distribution state is as shown in Figure 6. 
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Fig. 6. Schematic diagram of ash deposition distribution. 
 
3.2 Experimental method for measuring the relationship between ash deposition weight 
and heat transfer coefficient 

(1) Before operating the electric heating steam generator, first ensure that there is enough 
water in the boiler of the steam generator. Open the water supply valve and exhaust valve on 
the electric heating steam generator to add water to the boiler of the steam generator. When the 
water level reaches two-thirds of the height of the water level gauge, close the valves. 
  (2) Turn on the electric heater switch on the steam generator. The automatic 6kW indicator 
light turns on, and the steam generator starts heating. When the electric contact pressure gauge 
reaches the required pressure value of 0.3 MPa, the electric contact pressure gauge cuts off the 
power. At this time, the electric contact pressure gauge controls the relay to make the heater 
heat within a certain range to supply the steam amount required for the experiment. 
  (3) Open all the valves on the steam distribution pipe and the drain valve below the glass 
water accumulator. Open the steam supply valve and slowly send steam into the test tube to 
preheat the entire experimental system and exhaust the air in the system. 
  (4) After the drain valve at the bottom of the water accumulator discharges steam for a period 
of time, close all the drain valves. The preheating is completed. Adjust the drain valve at the 
bottom of the steam distribution pipe to make it emit steam slightly to drain the condensed water 
in the rubber tube. Adjust the steam supply pressure, and then the experiment can start. To 
prevent the glass water accumulator from being damaged, the experimental pressure is 0.2 MPa, 
and the maximum should not exceed 0.3 MPa. 
 (5) Conduct a forced convection experiment. Drain the water accumulated in the accumulator 
and pipelines. Start the fan to conduct forced convection ventilation on the test pipeline. Pay 
attention to the water level change in the water accumulator. Start timing when the water level 
rises to the “0” position. The experiment officially begins. When the condensed water level 
reaches a certain height, record the steam supply time and the change data of the condensed 
water volume to calculate the heat transfer coefficient. 
(6) When the experiment is completed, turn off the power supply, open all the drain valves and 
steam release valves. After the water is completely drained, close all the valves, and cut off the 
power supply and water source. 

During the experiment, it is necessary to record the temperatures inside and outside the pipe 
corresponding to different ash deposition states, the initial liquid level, and the final liquid level. 
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Finally, obtain the temperature difference inside and outside the finned pipe and the amount of 
condensed water for the calculation of the heat transfer coefficient. 

 
3.3 Research and analysis of the relationship between weight load and strain 

The tensile force is applied to it through a mechanical testing machine, and the amount of 
deformation generated under different working conditions of tensile force application is 
measured. The steps are as follows: 
 (1) After the entire device is set up, first set the parameters of the strain gauge. Adjust the 
sensitivity, range, and filter of the strain gauge and perform zero adjustment to eliminate the 
initial errors of the instrument itself. 
 (2) According to the preset loading rate and tensile force range, gradually increase the tensile 
force from zero to 5000 N at a stable and controllable speed. Ensure the uniformity of the tensile 
force increase rate to avoid sudden impact or overloading on the sample. 
 (3) While applying the tensile force, use the strain gauge to monitor the deformation of the 
sample in real time, and accurately record the corresponding deformation amounts under 
different tensile force values through the data acquisition system. High-resolution sensors and 
high-speed data acquisition technology are adopted to ensure the accuracy and real-time nature 
of the data. 
 (4) After completing the tests at all the predetermined tensile force points, gradually reduce 
the tensile force to zero according to the operating procedures, and stop the operation of the 
mechanical testing machine. 
 
4 Results 
4.1 Heat Transfer Efficiency 

First, take 0g, 200g, and 400g as examples to analyze the results of the ash deposition heat 
transfer determination device. The results are shown in Figure 7 and Tables 1–3. 

 

Fig. 7. Distribution map of heat transfer coefficient of ash deposition. 
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Table 1. Heat transfer coefficient table corresponding to 400 g of ash deposition 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Inlet 
temperature 

[℃] 

Outlet 
temperature 

[℃] 

Initial liquid 
level 

[ml] 

Final liquid 
level 
[ml] 

Wind 
speed 
[m/s] 

Heat transfer 
coefficient 
[W/(m²·K)] 

126 96 0 251 5.2 695.28 
129.5 94.8 0 285 5.4 662.92 
136 105.2 0 210 5.1 582.1 
131 108 0 155 5.2 558.63 
128 103 0 190 5.1 633.72 
135 108.4 0 205 4.9 632.26 
128 99.8 0 235 5.1 621.72 

135.1 109 0 210 5.2 677.52 
133.9 110 0 180 4.8 653.16 
129.3 104.3 0 195 5.2 633.72 
131.9 102 0 210 5.1 628.13 
136.5 110.5 0 205 5.3 661.46 
133.7 107.7 0 205 5.2 630.95 
136.3 112.3 0 180 5.3 623.26 
128.5 105.5 0 175 5.1 632.29 
131.3 104.3 0 215 5.2 661.73 
136.5 112.4 0 180 5.0 623.26 
127.4 104.4 0 175 5.1 632.29 
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Table 2. Heat transfer coefficient table corresponding to 200 g of ash deposition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Inlet 
temperature 

[℃] 

Outlet 
temperature 

[℃] 

Initial liquid 
level 

[ml] 

Final liquid 
level 
[ml] 

Wind 
speed 
[m/s] 

Heat transfer 
coefficient 
[W/(m²·K)] 

137 104 0 300 5.2 755.47 

128 99 0 250 5 716.38 

131.1 101.1 0 275 5.1 761.76 

137 109 0 245 5.2 727.13 

130.4 102.5 0 240 5.3 712.29 

129.3 100.5 0 260 5.1 745.04 

130.2 99.2 0 300 5.2 804.22 

130.3 99.4 0 290 5.1 777.39 

131.1 104.1 0 230 5.2 707.89 

128.7 98.7 0 280 5.1 775.61 

135.2 104.2 0 275 5.3 737.18 

133 103 0 260 5.2 720.21 

133.1 101.2 0 295 5.2 766.08 

136.6 107.5 0 260 5.1 745.04 

129.2 101 0 235 5.3 692.51 

134.2 104 0 265 5.3 734.05 

136.8 107.8 0 255 5.2 730.71 

131.9 103.4 0 245 5.4 714.37 
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Table 3. Heat transfer coefficient table corresponding to the clean state. 

 
(1) Under the condition that the velocity, temperature, and humidity of the surrounding air 
remain constant, and only the cleanliness of the finned tube surface, the distribution, and 
thickness of the ash deposition are changed, through the analysis of the data obtained from the 
heat conduction experiments under three different ash deposition states, it is found that as the 
degree of ash deposition gradually increases, the steam temperature decreases more slowly. 
This leads to a reduction in the amount of accumulated water, thereby reducing the heat transfer 
coefficient. 
 (2) The data analysis shows that when the ash deposition amount reaches 400g, the heat 
transfer coefficient is restricted to a relatively low range of 600 to 700 W/(m²·K). When the ash 
deposition amount is halved to 200g, the heat transfer coefficient increases to the range of 700 
to 800 W/(m²·K). Most significantly, when the surface of the finned tube remains clean without 
ash deposition, the heat transfer coefficient reaches its optimal value, ranging from 800 to  900 
W/(m²·K). This series of data clearly reveals the influence of the degree of ash deposition on 
the heat transfer efficiency, indicating an inverse relationship between the ash deposition weight 
and the heat transfer coefficient. That is, as the ash deposition weight increases, the heat transfer 
coefficient gradually decreases. 

In order to obtain the relationship between the heat transfer coefficient and the amount of ash 
deposition more accurately, a heat transfer experiment was conducted for every 20 g increase 
in the amount of ash deposition within the range of 0 to 400g, with 20 g as the unit. The 
experimental results are shown in Table 4. 

Inlet 
temperature 

[℃] 

Outlet 
temperature 

[℃] 

Initial 
liquid 
level 

[ml] 

Final liquid 
level 
[ml] 

Wind 
speed 
[m/s] 

Heat transfer 
coefficient 
[W/(m²·K)] 

127.1 94 0 350 5.1 881.37 
131.2 99.2 0 349 5.2 906.31 
135.5 101.5 0 355 5.3 867.67 
135 104 0 320 5.2 857.81 

127.5 97 0 330 5.2 870.58 
132.2 102.2 0 305 5.1 844.86 
128 97.5 0 305 5.1 831.01 

130.5 100.5 0 290 5.2 803.31 
129.8 98.8 0 320 5.2 857.81 
135.6 104.1 0 320 5.3 844.21 
132.7 101.2 0 3 25 5.2 857.39 
127.3 95 0 335 5.1 869.96 
137.2 105.2 0 315 5.2 818.02 
130.8 99.8 0 340 5.3 911.43 
132.5 101.5 0 320 5.1 857.81 
129.8 97.8 0 325 5.2 843.98 
135.7 103.7 0 335 5.2 869.96 
127.1 94 0 350 5.1 881.37 
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Table 4. corresponding table of heat transfer coefficients at equal gradients for ash 
deposition amounts ranging from 0 to 400 g. 

 
  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(1) By observing Table 4, the relationship equation between the experimental heat transfer 

coefficient and the amount of ash deposition can be fitted as shown in Fig. 8. The obtained 
equation is as 
       𝑦𝑦 = 859.767 + 0.25𝑋𝑋 − 0.0038𝑋𝑋2 + 4.295 × 10−6𝑋𝑋3,              （4.1） 
 
where y is the heat transfer coefficient [W/m2·K] and X is the dust accumulation mass [g]. 

Dust mass 
[g]  

Average heat transfer 
coefficient [W/(m²·K)] 

0 863.44 
20 861.86 
40 862.21 
60 860.39 
80 857.62 
100 849.49 
120 838.56 
140 832.22 
160 823.61 
180 814.31 
200 795.75 
220 772.17 
240 760.17 
260 744.36 
280 725.21 
300 704.66 
320 691.73 
340 673.6 
360 660.73 
380 642.31 
400 627.31 
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Fig. 8. Curve graph of heat transfer coefficient distribution. 
 

(2) By taking the second derivative of it, the inflection point is found to be at X = 294.77 g. 
That is, when the ash deposition weight reaches 294.77 g, the downward trend of the heat 
transfer coefficient will change, affecting the heat exchange. 

In the initial stage of ash deposition, when the amount of ash deposition is in the range of 0 
to 294.77g, the decline rate of the heat transfer coefficient gradually slows down. When the ash 
deposition weight reaches 294.77 g, the downward curve will tend to be stable. At the same 
time, taking this point as the boundary, the concavity and convexity of the curve will also 
change. In the later stage, when the amount of ash deposition is in the range of 294.77 to 400 g, 
the decline rate of the curve will increase, and the heat transfer coefficient will drop 
significantly, having a great impact on the heat transfer effect. Therefore, starting the soot-
blowing device before the inflection point to remove ash can ensure the overall efficient 
operation. 

(3) Meanwhile, this equation can also indicate the adverse effect of the ash deposition 
phenomenon on the thermal performance of the system. Given the negative impact of ash 
deposition on the heat transfer efficiency, it is very important to develop highly efficient and 
accurate ash deposition detection devices and implement regular or timely ash cleaning and 
maintenance strategies to maintain the cleanliness of the heat dissipation surface and ensure the 
efficient operation of the system. 

 
4.2 Tensile Test 

The experiment was conducted using a mechanical loading test bench, and the corresponding 
deformations under different tensile forces were measured, as shown in Fig. 9.  
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                       Fig. 9. Tensile force – deformation diagram. 

Fig. 10. Strain error analysis under different load conditions. 
 

By observing the generated deformation and calculating the change of deformation with the 
applied load, the following points can be obtained. 
(1) In the initial state, when the applied load is 0, both the generated deformation and the 
calculated deformation are close to zero. This indicates that the object maintains its original 
shape without deformation when there is no external force. As can be seen from the figure, 
whenever the load increases from 500N to 600N, a corresponding deformation is added, and 
there is a good linear relationship between the two. 
(2) As the applied load increases, both types of deformations start to increase. The red curve 
(calculated deformation) may be slightly higher or lower than the gray curve (generated 
deformation) at some points, but overall, they maintain a very close trend. This closeness 
indicates that the theoretical model has a high degree of accuracy in predicting the object's 
deformation. Although the two curves are very close, there are still slight differences. For 
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example, when the applied pressure is 1549 N, the measured deformation is 4με, and the 
theoretically calculated deformation is 3.16με . This is because the data measured by the 
experimental equipment has a certain range, and the values are represented as integers rather 
than decimals. Therefore, there is a one-to-one correspondence between the deformation data 
values measured by the experimental equipment under different tensile forces and the 
deformations obtained through theoretical calculations as shown in Fig. 10, the strain 
measurement maintains a maximum 0.05 % deviation from theoretical values throughout 
progressive loading, demonstrating high precision with insignificant error influence. 
(3) In conclusion, although there may be slight numerical differences between the generated 
deformation and the calculated deformation, they show a high degree of linear similarity in the 
overall trend of changing with the applied load. This closeness indicates that the method of 
pasting strain gauges has a high degree of accuracy in predicting the object's deformation, can 
capture the deformation well, and provides strong support for practical applications. 
 
4.3 Corresponding Relationship 

In actual operating conditions, when the ash deposition weight reaches 500 kg, it usually 
reaches the critical value for soot blowing and cleaning. When the heat exchange tube used in 
the heat transfer experiment is scaled up to be the same as the heat exchange surface carried by 
the suspender in actual operating conditions, that is, scaled up by a factor of 1250, it can 
correspond to the actual operating conditions, and The corresponding relationship as shown in 
Table 5 is obtained. 

 
 

Table 5. Corresponding table of strain and heat transfer coefficient. 
 

 
(1) By reducing the experimentally measured tensile force in equal proportion, the 
corresponding ash deposition weight on the heat transfer finned tube can be obtained. Through 
the equation fitted from the data in Table 4, the heat transfer coefficient corresponding to the 

Tensile force 
[N] Dust mass [g] Strain [με] 

Heat transfer  
coefficient 
[W/m2·K] 

0 0 0 859.77 
568 45 1 863.73 

1042 83 3 856.83 
1549 123 4 841.05 
1955 156 5 842.57 
2442 195 7 795.86 
3027 242 8 758.73 
3503 280 9 725.15 
3962 316 11 694.37 
4463 357 12 660.03 
4937 394 13 631.66 
5360 428 14 607.73 
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ash deposition state can be calculated. The heat transfer coefficient can be correlated with the 
deformation corresponding to the applied tensile force one by one. It can be observed that as 
the ash deposition weight gradually increases, the corresponding deformation also gradually 
increases. At the same time, the heat transfer coefficient gradually decreases. The two show a 
good inverse relationship, that is, the heat transfer coefficient decreases as the generated strain 
increases. 
(2) By taking the derivative of the equation corresponding to the ash deposition state and the 
heat transfer coefficient, the inflection point is found to be at an ash deposition weight of 294.77 
g. As analyzed in Section 4.2, a continued increase in the ash deposition amount after the 
inflection point will have a significant impact on the heat transfer coefficient. Therefore, the 
soot-blowing device must be started before the inflection point. Corresponding 294.77 g to 
Table 5, it can be seen that when the ash deposition amount reaches 280 g, it is closest to the 
ash deposition amount at the inflection point and is before the inflection point. Therefore, it is 
most reasonable to perform the soot-blowing operation at this moment. 
(3) When the ash deposition amount reaches 280 g, according to the corresponding relationship 
in the table, in actual operating conditions, when the ash deposition weight reaches 3503N, the 
corresponding deformation of the suspender is 9 με, and the heat transfer coefficient is 725.15 
W/(m²·K). Starting the soot-blowing device at this time can avoid steam waste caused by 
excessive soot blowing and the decline in heat transfer efficiency due to untimely soot blowing. 
This further verifies the feasibility of pasting strain gauges on the main suspender to monitor 
the ash deposition weight. 
 
5 Conclusions 

This study focuses on the efficient and energy-saving operation of recovery boilers in the 
paper industry. Specifically, it addresses the pain point that the traditional time-based soot-
blowing system cannot flexibly adjust the soot-blowing frequency according to the real-time 
ash deposition status, resulting in energy waste. By innovatively proposing the integration of 
strain gauge detection technology on the main suspender, the dynamic monitoring and 
quantitative evaluation of the ash deposition weight on the heat absorption surface of the boiler 
have been achieved. 

Firstly, through comprehensive heat transfer performance experiments, the complex heat 
exchange scenarios during the actual combustion process of the boiler were reproduced. In the 
heat transfer performance experiments, particular attention was paid to the subtle influences of 
the surface state of the finned tubes, the cleanliness of the finned tube surface, the distribution 
of ash deposition, and the air flow conditions on the heat transfer efficiency. The experimental 
results show that the cleanliness of the finned tube surface, the distribution and thickness of ash 
deposition, as well as the flow velocity of the surrounding air, have a significant impact on the 
heat transfer process. They not only change the surface area of heat transfer and the 
characteristics of the boundary layer but also greatly affect the heat transfer efficiency. 

Then, through numerical calculations and finite element simulation analyses, an in-depth 
comparison was made between the experimental data and theoretical predictions. The results 
show that the error rate between them was controlled within a very low percentage range, which 
fully demonstrates the accuracy and reliability of this method. Finally, the experimental results 
indicate that when the ash deposition load reaches 500 kg, the strain gauges on the suspender 
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can accurately capture a strain increment of 14 με, and there is a highly linear relationship 
between this strain change and the ash deposition weight. 

Finally, by studying the corresponding relationship between the deformation amount and the 
heat transfer coefficient, the point at which the heat transfer coefficient begins to play a 
significant role corresponding to the ash deposition state and its corresponding ash deposition 
amount were obtained. It was concluded that the optimal point to start the soot-blowing process 
is when the ash deposition amount reaches 3503 N and the strain is 9με. This discovery not 
only verifies the feasibility and accuracy of using strain gauges as sensors for monitoring ash 
deposition amount but also lays a solid foundation for subsequent data processing and algorithm 
development.The specific implementation process is shown in Figure 5.1. 

 

 
Fig. 11. Strain working principle diagram: 1. alkali recovery boiler, 2. ash accumulation 

detection device, 3. strain gauge, 4. signal acquisition and amplification circuit,  
5. transmission bus, 6. signal processing software system. 

 
 

As shown in Fig. 11, the strain gauge-based ash monitoring system for the heat absorption 
zone of a recovery boiler proposed in this study has been applied in practical engineering 
applications. By installing high-precision strain gauges at key load-bearing positions near the 
heat-absorbing surface of the boiler, a comprehensive online ash accumulation monitoring 
system is established. This system utilizes a multi-channel strain measurement module, where 
signals from each measurement point are transmitted via shielded twisted-pair cables to an 
integrated stress amplification and data acquisition microcontroller. After 24-bit high-precision 
ADC conversion and digital filtering, the data is uploaded to the central control unit via an 
industrial Ethernet communication protocol. The control unit employs software algorithms to 
perform trend analysis, data logging, and storage. The real-time strain data is dynamically 
converted into ash layer thickness distribution on the heat-absorbing surface using a load-strain 
mathematical model. When a preset threshold is detected, the system automatically triggers an 
intelligent soot-blowing control strategy to achieve efficient ash removal. 

In conclusion, the method proposed in this study of pasting strain gauges on the main 
suspender to monitor the ash deposition weight can effectively address the problems of 
untimely or overly frequent soot blowing in traditional soot-blowing systems. It can 
significantly reduce the number of ineffective soot-blowing operations, decrease the steam 
consumption during the soot-blowing process, thereby reducing the overall energy consumption 
of equipment operation and enhancing the operational efficiency and economic viability of 
recovery boilers. The application of this innovative technology provides a new approach for 
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energy conservation and emission reduction in the pulp and paper industry. It also offers 
important theoretical support and technical references for the research, development, and 
promotion of intelligent soot-blowing systems for boilers. With the continuous maturation and 
optimization of the technology, this method will demonstrate its application potential and value 
in more fields. 

This pilot application plan selects the heat exchange surfaces of recovery boilers as the target 
application scenario to achieve quantitative monitoring of fouling levels on boiler heating 
surfaces. The three-phase implementation ensures technical reliability: phase 1 involves a 3-
month laboratory pre-validation, completing 20 sets of scaled-model soot-blowing tests and 
establishing a fouling detection database; phase 2 consists of 6 to 12 months of field testing to 
verify baseline performance of critical components and measurement stability across varying 
temperatures; phase 3 focuses on operational refinement. All validation metrics strictly comply 
with international standards, enabling precise management of soot-blowing system operation 
and performance optimization. 

 
Project funding： 
Shaanxi Province Science and Technology plan project（2024QCY-KXJ-006）. 
PhD Research Initiation Project of Shaanxi University of Science and Technology, 2018BJ-
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