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Abstract

:

Water wall tube temperature is a major parameter in the steam generator design which has a significant role in keeping the steam generator available. Thus, knowing the tube average temperature in different operating conditions is very important to avoid the causes of tube failures. High temperatures are a major cause of various types of failures, such as overheating, hydrogen damage, thermal stress, etc. Furthermore, deposits on the inner tube wall contribute to such failure by changing the thermal resistance of the tube wall, which causes a significant increase in the tube wall’s average temperature, consequently lowering the allowable stress. Therefore, the model was created by using ANSYS FLUENT (Canonsburg, PA, USA) to determine the wall average water tube wall temperature considering the deposit layer thickness (magnetite). Furthermore, this model was verified. It was found that increasing tube thickness can increase the average tube temperature but combining it with increasing deposit thickness leads to higher temperatures. In other words, the effect of the deposit on the tube with higher thickness is higher than on the tube with lower thickness. By discussing the minimum thickness of the water wall tube, the suitable selection of the tube thickness and courses of action concerning the operating conditions that minimize the potential overheating of water tubes in the furnace section of the boiler can be determined.
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1. Introduction


The increasing energy demand induces continuous development in creating new energy generation systems and enhances the existing ones, making them more robust and reliable. One such technology is steam thermal power plants, which possess a remarkable share in energy production worldwide and contribute to several applications. The boiler is an essential component in a thermal power plant to generate steam, driving the turbine to produce power or direct it to subsystems for subsequent use, such as in the desalination plant and fuel heating systems.



The tubes in water tube boilers are subjected to several types of failure [1] caused by stress rupture, waterside and fireside corrosion [2,3], fatigue [4], erosion [5] and lack of quality control. The main focus of the present work is the stress rupture, particularly in water tubes, caused by the overheating associated with being exposed to high temperatures and pressure that lead to tube failure. These conditions are induced in the short or long term. For example, the former is associated with decreasing cooling rate possibly attributed to complete or partial plugging, sudden shutdown of boiler circulating water pump, the rabid temperature increased during the start-up of the boiler evaporation of water in the liquid section, and the increase in the overall thermal resistance due to deposits accumulation inside the tube. The visual examination of the ruptured wall presents with fish mouth appearance, usually in overheating conditions [6]. Ref. [6] described that the plastic deformation in the rupture area shows deformation with elongated grains in the tube over a period during prolonged heat transfer. Refs. [7,8] further explained that the impact of the difference in temperature conditions on either side of the tube displays variation in the appearance. It has been reported that the different temperatures on either side of the wall, hot wall (fireside), and cool wall demonstrated microstructural changes, especially more toward the hotter side [7,8]. Concurring, ref. [9] stated that the fireside wall presented in the trials with partial degradation (spheroidization) of the lamellar structure mainly of iron carbide in pearlite colonies. The lamellar structure indicates the main driving force for change, excessive surface energy, which reduces the internal energy of the tube. Ref. [9] further pointed out that after the rupture of the tube, the rapid cooling causes a change in the structure and formation of bainite. However, Refs. [10,11] demonstrated that the substantial increase in the temperature lowers the yield stress of the metal. Thus, if the yield stress becomes equal to or less than the hoop stress of a metal tube at high temperature, the tube starts to deform, bulge, and thin [10,11]. Ref. [9] have studied the short-term overheating failure of a boiler water wall tube and examined the evolution of different microstructures during the failure through visual examination. They have concluded from the microstructure examination that the failure occurred due to overheating above the eutectoid temperature (lower critical temperature) of the tube material.



One solution to prevent overheating problems is enhancing the heat transfer through the tube wall to the water. Several researchers enhance the heat transfer by modifying the water tubes’ inner surface area or inserting different shapes of obstructions inside tubes to induce more flow turbulence and mixings [12]. Either way, considerable concerns exist regarding these techniques for the possible increasing accumulation rate of deposits inside tubes.



Most of the literature paid attention to enhancing the heat transfer through the tubes without considering the adverse effect of the accumulated deposits inside the tube on the thermal-mechanical consequences. Therefore, the main objectives addressed in the present work are the numerical investigation of the impact of deposit thickness inside tubes on the minimum thickness of the water tube for safe operation under different working loads and the influence the operating conditions, such as heat flux and flow rate, on the minimum thickness of the furnace water tube during the boiler lifetime.



Ansys fluent software student version 2021 R2 provides a suite to cover the entire range of physics, which enables virtual access to any field of engineering simulation, thereby permitting designing models to identify problems and functional processes. Conventional gas boilers have been shown to dissipate a high heat loss. Thus, the engineers designed a new type of boiler with thermal efficiency [13,14]. Regardless, the efficient boiler engineers continued to develop to minimize complete heat loss and designed Ansys software that analyzes the internal water distribution within the heat exchanger [14,15]. Thus, ref. [14] pointed out that the engineers aim to improve the heat exchange coefficient within the tube to permit higher water flow velocity.



Furthermore, ref. [16] added that the system predicts the fluid flow behavior of water in the heat exchanger and throughout its distribution. In addition, ref. [16] showed that the software supported the designing of the simulation model for the boiler with boundary conditions of heat transfer and heat loss in the system. Thus, using the software, several simulations were garnered over many years for a substantial improvement in the flow and heat exchanging behavior of the boiler with the updated shape of the baffle.



This study concentrates on the CFD model, which provides easy simulation of different input parameters. The CFD is categorized into three types of systems: Reynolds-averaged Navier–Stokes (RANS) computations, large-eddy simulations (LES), and direct numerical simulations (DNS). The RANS technique applied is used mainly for resolving the mean values of each quantity that uses turbulent models for unclosed terms, whereas DNS solves the full instantaneous Navier–Stokes equations without the inclusion of turbulent motions models [17]. On the other hand, LES measures the turbulent large eddies and models the small-scale eddies that prove to be effective in establishing the mechanism required to stabilize the problem [17]. Ref. [17], integrated LES with Computational Fluid Dynamics to successfully simulate the effectiveness simulate the ultra-supercritical boiler at different operation load conditions, which concurred with the findings of [18]. Nevertheless, ref. [19] presented use of the DNS only to be feasible for calculating academic issues, such as heat flow due to the computational cost.



Refs. [20,21] studies have shown its application in terms of superheaters where the thermal efficiency of the furnace is based on the performance of the boiler.



CFD analysis is mostly employed at the designed stage, troubleshooting stage, and performance evaluation during the plant operation [22]. Ref. [22], stated that the outcome obtained from the CFD analysis had shown an effective approach to visualize the condition of the tubes and predict the further life of the tube depending upon the condition. Recently, the implementation of the PRO-E design software enabled the authors to evaluate the thermal flow at different velocities in the 3D model simulation that provided a complex identification of the transfer of heat flux along with ANSYS analysis [22]. Moreover, it enabled the engineer to adjust the high-temperature zone to prevent tube erosion and refrain from tube leakage issues [23]. Ref. [23] demonstrated crude oil substitution with oil using the CFD approach. Thus, the advanced property of the system allowed several authors to study the operating parameters responsible for erosion without halting the process [23,24,25].



This article aims to study the impact of deposit thickness on the thickness of the water tube under different working loads and determine the minimum thickness of the tube wall by comparing the maximum allowable thickness with the hoop stress to assure safe operation. The tube thickness is the first line of defense to prevent the tube failure during regular operation. So, if the tube thickness is less than the required thickness, the boiler tube will fail. In other words, the tubes with thicknesses less than the required thickness will cost a lot during the life of the boiler.




2. Methodology


2.1. Physical Model


The present work focuses on the water tube boiler. Figure 1 shows a schematic of the different components of the water tube boiler. These are lower water drums where the water is introduced after passing through the economizer and upper steam drum where the steam is extracted and directed to the superheater section. Both drums are connected via water tubes, and the present work concentrates on the furnace section where the water remains in the liquid phase, as shown in Figure 1a. The considered tube has the current dimensions shown in Figure 1b in terms of tube length (   L p   ), outer pipe diameter (   D o   ), tube thickness (   t p   ), and deposit layer thickness (   t d   ). The water tubes are made from carbon steel seamless pipe (SA210 C) and the deposit layer (Magnetite) is considered in the present work using a generic material with a variable range of thickness. Table 1 shows the material properties of the deposit. The used material properties and driving dimensions for different parts are presented in Table 1. The outer diameter of the tubes and original thicknesses are 44.45 mm and 5.588 mm, respectively. The new thickness of the water tube is set between 1 mm to 6 mm, whereas the thicknesses are based on a deposit maximum length of 0.2 mm. The present work is focused on the water tubes in the furnace section and therefore is considered a single-phase with temperature-independent material properties at the average temperature of inlet water and outlet temperature at the working pressure. Note that the pressure is based on maximum operating pressure at 210 bar, however, which is expected to result in higher stresses on the water tubes.




2.2. Numerical Model


2.2.1. Governing Equations


A comprehensive three-dimensional thermal model conjugate with an incompressible turbulent flow model is developed to determine the thermo-fluid characteristics of the proposed heated water considering deposit layer. The governing equations include applying conservation of energy on solid parts and conservation of mass, momentum, and energy with the turbulence model on fluid parts.



Solid Regions: Tube Wall and Deposit Layer


The conservation of energy governs the thermal characteristics and energy transfer through the solid domain, including the tube wall and deposit layer, and can be written as follows:




	
Conservation of Energy:










  ∇ ·    k s  ∇ T   = 0  



(1)




where    k s    is the thermal conductivity of the solid part (i.e., tube material or deposits material), and the term on the left-hand side refers to the heat flux by conduction.




Fluid Region


The flow inside the tube is considered to be single-phase, steady, Newtonian, incompressible, and turbulent. Therefore, the flow characteristics can be represented using the conservation of mass, momentum-based on Reynolds-averaged Navier–Stokes (RANS) equations coupled with turbulence model, and conservation of energy as indicated by Equations (2)–(7):




	
Conservation of mass and momentum:










    ∂    u i   ¯    ∂  x i    = 0  



(2)






     u i   ¯    ∂    u i   ¯    ∂  x i    = −  1   ρ f      ∂  P ¯    ∂  x i    +    μ f     ρ f       ∂ 2     u i   ¯    ∂  x j    2    −  ∂  ∂  x j         u i    ′   u i    ′   ¯     



(3)




where      u i   ¯    and    x i    refer to the mean velocity of the flow and coordinate system, respectively, with   i = 1 ,   2 ,   and   3  .   P ¯   is the mean pressure of the flow whereas    ρ f    and    μ f    represent water density and viscosity, respectively.      u i    ′   u i    ′   ¯    is the turbulent Reynolds stress associated with the imposed turbulence over the mean flow, modelled and solved via turbulence models.








	
Turbulence Model: Realizable k-ε turbulent model








the realizable k-ε turbulent model with enhanced wall function is used following [26,27] to account for the existing fully turbulent flow while obtaining an accurate solution at a reasonable computational time. The model is based on model transport equations for the turbulence kinetic energy ( k ) and its dissipation rate ( ε ). The modeled transport equations for Realizable k-ε model for steady, incompressible, fully turbulent flow can be written as follows


   ∂  ∂  x j       ρ f  k  u j    =  ∂  ∂  x j        μ +    μ t     σ k      ·   ∂ k   ∂  x j      +  G k  +  G b  − ρ ε  



(4)




and


   ∂  ∂  x j       ρ f  ε  u j    =  ∂  ∂  x j        μ +    μ t     σ ε      ·   ∂ ε   ∂  x j      +  ρ f   C 1  S ε −  ρ f   C 2     ε 2    k +   υ ε     +  C  1 ε    ε k   C  3 ε    G b   



(5)




where


   C 1  = m a x   0.43 ,  η  η + 5     ,   η = S  k ε  ,   S =   2  S  i j    S  i j      



(6)




where    G k    and    G b    refer to the generation of turbulence kinetic energy due to the mean velocity gradients and the generation of turbulence kinetic energy due to buoyancy, respectively.    C 1    and    C  1 ε     are constants where    σ ε    and    σ k    are the turbulent Prandtl numbers for  ε  and  k , respectively.




	
Conservation of Energy:










  ∇ ·    u →  h   = ∇ ·    k w  ∇ T    



(7)




where h is the sensible enthalpy and equal to    ∫   T  r e f    T   c p  d T  , and    c p    is the specific heat at constant pressure.





2.2.2. Boundary Conditions


The applied boundary conditions are presented in Figure 2. To reduce the computational costs, the quartile of the domain (i.e., water tube) is considered, and therefore, a symmetry boundary condition is applied on the XZ plane, as indicated in Figure 2. Instead of applying constant heat flux on the outer surface of the water tube from one side and the other side being isolated, the heat transfer at the outer surface of the tube is as follows:


   Q s  =  q ¨  ·    A s  =    m ˙  ·    h O  −  h i       η  B o i l e r      



(8)




where h0 and hi are the enthalpy at outlet and enthalpy at inlet.    A s    is the outer surface area of the water tube,    η  B o i l e r     is the boiler efficiency,   m ˙   is the mass flow rate, and     q    ¨    is the heat flux. The heat flux and mass flow rate are varied in the present work; the mass flow rate value is between 350, 231, and 156 kg/s and the heat flux value is between 263,703.57, 218,028.07, and 152,917.44 W/m2 to represent different loads of 50%, 75%, and 100%. Furthermore, the heat flux is constant on the surface not affected by the outer surface shape.



Thermally coupled boundary conditions are used at the interfaces, such as the interface between the inner surface of the water tube and the outer surface of the deposit layer and the interface between the inner surface of the deposit layer with water volume circumferential surface in the case of the tube with deposit layer. Moreover, the inlet and outlet are set to mass flow rate inlet and pressure outlet boundary conditions, respectively. At the inlet, the constant mass flow rate is adopted equal to 0.368, 0.2432, and 0.1642, representing the total mass flow rate circulated between drums divided by the number of tubes. The Reynolds number for the presented cases beyond critical value and therefore turbulent flow model is considered. The inlet temperature of the water    T i    is set to   290   ° C   and the minimum temperature recommended at the operating pressure is   P = 210   bar. Nevertheless, the maximum value of the range,   P = 210   bar, is considered in the present work, which leads to the minimum thickness attained under severe working conditions.




2.2.3. Minimum Tube Thickness Calculations (ASME)


The minimum thickness is determined using the following relation:


     σ  m a x      S  h o o p     ≥ 1    



(9)






   S  h o o p   =   P ⋅  D O    2    t p     



(10)




where P is the operating pressure inside the tube,    D o    is the outer diameter of the water tube;    σ  m a x     is the maximum allowable stress,    t p    tube thickness which is varied between 1, 2, 3, 4, 5, and 6 mm. Note that both allowable stress and yield strength of carbon steel seamless pipe (SA210 C) are temperature-dependent, as shown in Figure 3.





2.3. Numerical Solution and Model Verification


The model was created in a 3D symmetric model by ANSYS. The model had three surface areas, and the axis of symmetry was on the XZ plane, as shown in Figure 2. These areas include water, scale, and tube. The water surface area had a dimension of 500 mm in length and 33.27 mm in width. Moreover, the scale and tube areas had a dimension of 500 mm in length and 1 mm in width. In addition, the mesh has been created in water, deposit layer, and tube wall domains via ANSYS meshing. A mesh independence test and validation are performed to exclude the influence of the mesh on the simulation calculations. The boundary conditions for the simulation are shown in Table 2.



Figure 4 shows the correlation Reynolds Number and Nusselt Number Curve with multiple element numbers of 476,370, 202,400, 137,410, and 92,516 mm (see Figure 5), and the 202,400 cells have been chosen to be accurately sufficient with the correlation of Reynolds Number and Nusselt number and lower computational time.



The Reynolds number, convection heat transfer coefficient, and Nusselt number at a fully developed area were calculated as follows:


  Q =  q ¨  ·  A  O S   =  m ˙  ·  C p  ·    T O  −  T i     



(11)






   h ∞  =    q ¨     T s  −  T O     



(12)






  N  u ∞  =    h ∞  ·  D i   k   



(13)






  R e =   4   ·    m ˙    π   ⋅  D i    ⋅   μ    



(14)






  P R =    C  p   ·   μ    k   



(15)






  N  u ∞  = 0.0214 ·   R  e  0.8   − 100   · P  r  0.4    



(16)









3. Results and Discussion


In the present section, the average water wall tube temperature was extracted at different loads, and the maximum allowable stress was calculated at the average tube temperature via linear interpolation that assures the safe operation of the water tubes in the furnace section of the boiler. Furthermore, the stress of working pressure Sworking Pressure was calculated via Equation (10). Increasing tube thickness can increase the average tube temperature but combining it with increasing deposit thickness leads to higher temperatures. In other words, the effect of the deposit on the tube with higher thickness is higher than on the tube with lower thickness. The following sections will analyze the impact of the deposits in full load, 75% of full load, and 50% of full load.



As shown in Figure 6, the high temperature concentrates on the region exposed to direct fire. So, this region is prone to overheating failure. Also, the temperature on the internal surface in this region is higher than in the opposite region. So, the Scale deposition in the area near the flame will be higher than in the other area.



As shown in Figure 7, the increase in the average temperature of the water wall tube is conjugated with accumulating deposit layer of Magnetite with low thermal conductivity. For example, the average temperature    T  a v e r a g e       reaches 400.19, 395.56, 391.49, 387.90, 384.68, and 381.77 °C at    t p  = 6 ,   5 ,   4 ,   3 ,   2 ,    and    1    mm  ,    respectively, in the case of    t d  = 0.2   mm   compared with 342.71, 341.48, 340.44, 339.51, 338.67, and 337.94 °C in the case of    t d  = 0.02   mm   at    t p  = 6 ,   5 ,   4 ,   3 ,   2 ,    and    1    mm  ,    respectively. Therefore, an increase in the tube and deposit thickness leads to a significant reduction in yield strength (Figure 3) or allowable stress based on the ASME code (Figure 3). It can be noticed that in the deposit layer with   k = 0.625   W /  m   K   , the allowable stress divided by hoop stress Equation (9) at full load reaches 1.3, 0.72 in 6 mm and 3 mm tube thickness, respectively. See Figure 7 and Figure 8.



Overall, the minimum value of the wall tube thickness is 4 mm, with magnetite thickness less than 0.16 mm, which is approximately equal to the maximum allowable stress in the ASME code at full load.



A similar analysis, as previously discussed, is conducted in the present section to determine the minimum tube thickness and shows the effect of magnetite deposit on the average tube temperature under 75% of full load. As shown in Figure 9, the average tube temperature was also affected by the deposits’ thickness. However, it is noted that the temperatures here are lower than what was previously discussed. Furthermore, it can be noticed that the deposit layer with k = 0.625 W/m K, the allowable stress divided by hoop stress Equation (9) at 75% of full load, reaches 1.39, 0.75 in 6 mm and 3 mm tube thickness, respectively; see Figure 10. The minimum thickness of the water wall tube is 4 mm, with magnetite thickness less than 0.18 mm.



In addition, the average temperature at 50% of full is discussed. As shown in Figure 11, the increase in the average temperature of the water wall tube is conjugated with accumulating deposit layer of Magnetite with low thermal conductivity. For example, the average temperature Taverage reaches 409.38, 405.25, 401.55, and 398.21 °C at tp = 6, 5, 4, and 3 mm, respectively, in the case of td = 0.4 mm, compared with 338.89, 338.92, 339.00, and 338.82 °C in the case of td = 0.02 mm at tp = 6, 5, 4, and 3 mm, respectively.



Finally, as shown in Figure 7, Figure 9 and Figure 11, the change in average temperature in the tube with higher thickness is greater than the change in the tube with lower thickness. Chemical treatment and tube replacement are recommended for the water tubes in the case of the formation of a deposit layer with thermal conductivity less than 0.625 W/m K. Table 3 shows the relation between the maximum deposit thickness and the minimum tube thickness at different load. The table data was extracted from Figure 8, Figure 10 and Figure 12, the effect of changing of load can be observed. So, another temporal action is considering the operation should be at a lower load if it isn’t feasible to conduct the chemical treatment.




4. Conclusions


The present work was set to numerically determine the effect of the deposit layer thickness and thermal conductivity on the minimum thickness of the tube wall that attains safe operation, considering the different working loads of 50%, 75%, and 100% at the maximum operating working pressure of 210 bar. Based on the adopted parameters, the investigation of the minimum thickness of the water tube wall has revealed that:




	
The thermal conductivity of deposits affects the maximum temperature of the tubes. Consequently, the high potential for overheating, particularly at the deposit layer with thermal conductivity is 0.625 W/m2 K. The maximum crown temperature exceeds 495 °C at 100% load in the 6 mm tube thickness with deposit thickness of 0.2 mm, which is near the maximum temperature of 539 °C of SA-210 C.



	
Increasing the thickness of the deposit layer leads to a linear increase in the tube wall average temperature. Consequently, it is essential to consider the consistency between the chosen wall tube thickness and the maintenance schedule considering the deposit accumulation rates and the operating conditions.



	
The deposit and tube thickness are mandatory inspection requirements. Furthermore, if the deposit thickness and tube thickness exceed the previous results, chemical cleaning and tube replacement are mandatory requirements.








The present study is limited to the water tube in the furnace section. The identified effect of the deposit layer of magnetite on the tube wall temperature and the corresponding minimum thickness assists our understanding of the role of the deposit layer attributes for suitable selection of the tube thickness. Furthermore, it presents courses of action concerning the operating conditions that minimize the potential overheating of water tubes in the furnace section of the boiler.
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Figure 1. Schematic of (a) boiler, (b) the simulated water tube, and (c) magnification of the tube tip with written parametric dimensions. 
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Figure 2. Boundary conditions on the simulated domain. 
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Figure 3. The maximum allowable stress and yield strength based on ASME code section II Part D for carbon steel seamless pipe (SA210 C) edited from [28]. 
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Figure 4. Correlation Reynolds Number and Nusselt Number Curve. 
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Figure 5. Mesh Dependency Test. (a) 476,370 Cells, (b) 202,400 Cells, (c) 137,410 Cells, and (d) 92,516 Cells. 
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Figure 6. Average temperature distribution of water wall tube at full load. 
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Figure 7. Thickness variation effects of deposit layer on average water wall tube temperature at full load. 
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Figure 8. The effect of the deposits’ thickness on the tube stress at full load. 
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Figure 9. Thickness variation effects of deposit layer on average water wall tube temperature at 75% of full load. 
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Figure 10. The effect of the deposits’ thickness on the tube stress at 75% of full load. 
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Figure 11. Thickness variation effects of deposit layer on average water wall tube temperature at 50% of full load. 
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Figure 12. The effect of the deposit thickness on the tube stress at 50% of full load. 
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Table 1. Material properties and related dimensions.
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	Domain
	Deposit Material
	Density

[kg/m3]
	Specific Heat

[j/kg·K]
	Thermal

Conductivity

[mm]
	Viscosity

[kg/m·s]
	Dimensions

[mm]





	Deposit
	Magnetite
	5175
	586
	0.625–1.39
	NA *
	td = from 0 to 0.2



	Tube
	Carbon Steel Seamless Pipe (SA210 C)
	7830
	465
	53
	NA *
	tp = from 1 to 6

Lp = 500

Do = 44.45



	Fluid
	Water at

P = 210 bar

Taverage = 300 °C
	736.44
	5288.40
	0.57314
	9.04 × 105
	Di = from 42.45 to 32.28







* NA refers to not applicable.
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Table 2. Boundary condition and geometry.
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	   L    m    
	5 × 10−1
	    T i     K    
	5.63 × 102



	    D i     m    
	4.25 × 10−2
	     m    ˙    kg / s     
	3.6632 × 10−1



	    D O     m    
	2.22 × 10−2
	    q ¨      W /  m 2      
	3 × 105
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Table 3. Summary.
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	Load

[%]
	Minimum Tube Thickness

[mm]
	Maximum Deposit Thickness

[mm]





	100%
	4
	0.16



	75%
	4
	0.18



	50%
	4
	0.28
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