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• การจ าลองสถานการณ์ (Simulation)  
กระบวนการในการออกแบบแบบจ าลองของระบบจริงและประสบการณ์ด้านพฤติกรรม

ต่าง ๆ โดยการสร้างแบบจ าลองเพื่อให้เข้าใจถึงพฤติกรรมของระบบ หรือการประเมินด้วย
วิธีการที่แตกต่างกันไป ส าหรับการปฏิบัติการของระบบ (ภายใต้ข้อจ ากัดซึ่ง ถูกก าหนดตาม
มาตรฐานหรือเกณฑ์ที่ตั้งไว้) 

• การจ าลองสถานการณ์ด้วยคอมพิวเตอร์ (Computer Simulation) 
เป็นวิธีการการออกแบบตัวแบบจ าลอง (Model) ของสถานการณ์จริงที่เกิดขึ้น หรือระบบ

ในเชิงทฤษฎี โดยการจ าลองผ่านทางคอมพิวเตอร์ และวิเคราะห์ผลการปฏิบัติการ (Output) 
ซึ่งการจ าลองสถานการณ์ด้วยคอมพิวเตอร์สามารถใช้ในการท านายผลกระทบที่จะเกิดขึ้น เมื่อมี
การเปลี่ยนแปลงเงื่อนไขในสถานการณ์ของระบบจ าลอง 
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▪ แบบระบบสถิตกับแบบระบบเชิงพลวัต 
(Static & Dynamic Simulation Models)
• การจ าลองแบบระบบสถิต คือ การจ าลอง ณ เวลาหนึ่งหรือการเปลี่ยนแปลงสถานภาพ
ของระบบไม่เกี่ยวข้องกับเวลา 
• การจ าลองแบบระบบเชิงพลวัต คือ ระบบที่มีการเปลี่ยนแปลงสถานภาพของระบบมี
ความเกี่ยวข้องกับเวลาหรือเปลี่ยนแปลงไปตามเวลา 



ประเภทของแบบจ าลอง

4

▪ แบบระบบงานต่อเนื่องกับแบบระบบงานไม่ต่อเนื่อง 
(Continuous & Discrete Simulation Models)  
• การจ าลองแบบระบบงานต่อเนื่อง คือ ระบบงานที่การเปลี่ยนแปลงสถานภาพของระบบ
มีความต่อเนื่องตลอดเวลา เช่น ระดับน้ าภายในเขื่อนจะต้องมีการเพิ่มหรือลดตลอดเวลา
ซึ่งเกิดจากการเปิดระบายน้ าออกหรือเมื่อเกิดฝนตก เป็นต้น 
• การจ าลองแบบระบบงานไม่ต่อเนื่อง คือ ระบบงานที่การเปลี่ยนแปลงสถานภาพของ
ระบบเป็นช่วง ๆ ระยะเวลาใดเวลาหนึ่ง เช่น ระบบการท างานของ ธนาคารที่มีการ
เปลี่ยนแปลงสถานภาพระหว่างเวลา8.30-16.30 น. เป็นต้น 
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▪ แบบระบบแน่นอนกับแบบระบบไม่แน่นอน 
(Deterministic & Stochastic Simulation Models)  
• การจ าลองแบบระบบแน่นอน คือ ระบบที่มีการเปลี่ยนแปลงสถานภาพของระบบใหม่
สามารถบอกได้แน่นอนว่าเป็นอย่างไรหรือตัวแบบที่ไม่มีการป้อนข้อมูลแบบสุ่ม (Random 
Input) จะเป็นแบบไม่มีความเสีย่งหรือความแปรปรวนเลย ทุกอย่างเกิดขึ้นในปริมาณที่แน่นอน 
เช่น ตัวแบบทางการเงินของบริษัทที่สมมติว่ายอดขายหรือค่าใช้จ่ายเป็นไปตามประมาณการ 
ดังนั้น ก าไรในแต่ละเดือนหรือปลายปีจะมีตัวเลขเป็นค่าประมาณการ เป็นต้น 
• การจ าลองแบบระบบไม่แน่นอน คือ ระบบที่มีการเปลี่ยนแปลงสถานภาพของระบบที่ไม่
สามารถบอกได้ว่าจะเกิดอะไรขึ้นหรือเป็นการใช้ตัวแปรป้อนเข้าที่มีความแปรปรวนหรือความ
เสี่ยง เช่น ตัวแบบงบประมาณทางการเงินของบริษัทที่สมมติว่ายอดขายหรือค่าใช้จ่ายมี
คุณลักษณะแบบมีการแจกแจง ดังนั้น ก าไรในแต่ละเดือนหรือปลายปีจะมีค่าไม่แน่นอน แต่
อย่างไรก็ดีการจ าลองแบบนี้ก็สามารถประเมินค่าความเสี่ยงเป็นตัวเลขได้ เช่น โอกาสที่บริษัท
จะได้ก าไร 40% เท่ากับ 75% เป็นต้น



ระเบียบวิธีไฟไนต์เอลิเมนต์ (Finite Element Method หรือ FEM) 

6

เป็นเทคนิคการวิเคราะห์เชิงตัวเลขส าหรับการหาค าตอบโดยประมาณของสมการเชิง
อนุพันธ์ย่อยพร้อม ๆ กับสมการปริพันธ์ ผลลัพธ์ที่ได้จากระเบียบวิธีนี้มีพื้นฐานมาจากทั้งการ
ก าจัดสมการเชิงอนุพันธ์อย่างสมบูรณ์ (ส าหรับปัญหาที่อยู่ในสภาวะคงที่) หรือการปรับแก้
สมการเชิงอนุพันธ์ให้กลายเป็นระบบโดยประมาณของสมการเชิงอนุพันธ์สามัญซึ่งเป็นปริพันธ์
ทางคณิตศาสตร์ด้วยการใช้เทคนิคมาตรฐานทางคณิตศาสตร์ เช่น Euler method Runge–
Kutta methods

 

 

   

• 

• 

https://en.wikipedia.org/wiki/Partial_differential_equation
https://en.wikipedia.org/wiki/Partial_differential_equation
https://th.wikipedia.org/wiki/%E0%B8%AA%E0%B8%A1%E0%B8%81%E0%B8%B2%E0%B8%A3%E0%B9%80%E0%B8%8A%E0%B8%B4%E0%B8%87%E0%B8%AD%E0%B8%99%E0%B8%B8%E0%B8%9E%E0%B8%B1%E0%B8%99%E0%B8%98%E0%B9%8C
https://en.wikipedia.org/wiki/Steady_state
https://en.wikipedia.org/wiki/Ordinary_differential_equation
https://en.wikipedia.org/wiki/Euler_method
https://en.wikipedia.org/wiki/Runge%E2%80%93Kutta_methods
https://en.wikipedia.org/wiki/Runge%E2%80%93Kutta_methods
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ข้อดีของวิธีไฟไนต์เอลิเมนต์
▪ สามารถน ามาใช้วิเคราะห์ปัญหาที่มีรูปร่างซับซ้อนได้  
▪ สามารถน ามาใช้วิเคราะห์ปัญหาที่ซับซ้อน เช่น Heat Transfer, Fluids, Electromagnetic หรือ     

Multi-Physics เป็นต้น 
▪ สามารถน ามาใช้วิเคราะห์ปัญหาที่รับภาระต่าง ๆ เช่น ภาระที่กระท ากับ node หรือ element, ภาระที่

เปลี่ยนแปลงตามเวลา หรือ ภาระที่ขึ้นอยู่กับความถี่
▪ สามารถน ามาใช้วิเคราะห์ปัญหาที่วัตถุมีคุณสมบัติแบบ non-isotropic 
▪ สามารถน ามาใช้วิเคราะห์ปัญหาที่วัตถุมีคุณสมบัติพิเศษ เช่น คุณสมบัติของวัตถุที่เปลี่ยนแปลงตาม

อุณหภูมิ 

ข้อเสียของวิธีไฟไนต์เอลิเมนต์
▪ เป็นวิธีการประเมินเชิงตัวเลข ดังนั้นจะมี error เกิดขึ้นเสมอ
▪ ผู้ใช้ต้องมีประสบการณ์และความช านาญในการท าแบบจ าลอง FEM ถึง จะท าให้ได้ค าตอบที่สอดคล้องกับ

ความเป็นจริง 
▪ ต้องใช้คอมพิวเตอร์ที่มีสมรรถนะสูงและซอฟต์แวร์ท่ีน่าเชื่อถือ 
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หลั กสั ตรการยกระดั บความปลอดภั ย พลั งงาน และสั ั งแวดล+อม สำหรั บหม+อนั ำด+วยเทคโนโลยั  4.0 

 

• สามารถนำมาใช+วั เคราะห3ปvญหาทั ั รั บภาระตา̀ง ๆ เชน̀ ภาระทั ั กระทำกั บ node หรั อ 
element, ภาระทั ั เปลั ั ยนแปลงตามเวลา หรั อ ภาระทั ั ขั ั นอยั ก̀ั บความถั ั  

• สามารถนำมาใช+วั เคราะห3ปvญหาทั ั วั ตถั มั คั ณสมบั ตั แบบ non-isotropic  

• สามารถนำมาใช+วั เคราะห3ปvญหาทั ั วั ตถั มั คั ณสมบั ตั พั เศษ เชน̀ คั ณสมบั ตั ของวั ตถั ทั ั เปลั ั ยนแปลง
ตามอั ณหภั มั   

 

• เป[นวั ธั การประเมั นเชั งตั วเลข ดั งนั ั นจะมั  error เกั ดขั ั นเสมอ 

• ผั +ใช+ต+องมั ประสบการณ3และความชำนาญในการทำแบบจำลอง FEM ถั ง จะทำให+ได+คำตอบทั ั 
สอดคล+องกั บความเป[นจรั ง  

• ต+องใช+คอมพั วเตอร3ทั ั มั สมรรถนะสั งและซอฟแวร3ทั ั นา̀เชั ั อถั อ  
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เป็นระเบียบวิธีที่พัฒนามาจากระเบียบวิธีผลต่างสืบเนื่อง (Finite Difference Method) 
โดยหลังจากการแบ่งขอบเขตของปัญหาเป็นปริมาตรย่อย ๆ แล้ว จะท าการอินทิเกรตสมการ
อนุพันธ์ของปัญหาตลอดปริมาตรควบคุม (Control volume) ซึ่งให้ความหมายทางกายภาพที่
ชัดเจนหากจะเปรียบเทียบกับระเบียบวิธีไฟไนต์เอลิเมนต์ อาจกล่าวได้ว่าระเบียบวิธีไฟไนต์   
วอลุม เสมือนแทนค่าฟังก์ชันประมาณแบบขั้นบันได (Stepwise) หรือ แบบเชิงเส้น (Linear 
piecewise) แทนรูปแบบทั่วไปอยู่ในรูปแบบจุด (Point form) การประมาณตัวแบบทาง
คณิตศาสตร์ที่มีความซับซ้อนจึงมีความง่ายกว่า ท าให้เป็นที่นิยมในการค านวณพลศาสตร์ของ
ไหล (Computation fluid dynamics)
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ข้อดีของวิธีไฟไนต์วอลุม
▪ ระบบสมการมีความซับซ้อนน้อย เป็นที่นิยมในการค านวณพลศาสตร์ของไหล เนื่องจากใช้

ฟังก์ชันประมาณแบบขั้นบันได (Stepwise) หรือ แบบเชิงเส้น (Linear piecewise)
▪ สามารถใช้ได้ดีในแบบจ าลองที่มีการแบ่งเอลิเมนต์ที่ไม่เป็นระเบียบ (Unstructured 

meshes)

ข้อเสียของวิธีไฟไนต์วอลุม
▪ มีข้อจ ากัดในการแก้ปัญหาที่มีรูปร่างซับซ้อน



การประยุกต์ใช้การจ าลองสถานการณ์ด้วยคอมพิวเตอร์กับหม้อน  า
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“Computer simulation of the fire-tube boiler hydrodynamics” 
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 การจำลองสถานการณ3ด+วยคอมพั วเตอร3 สามารถนำมาใช+เพั ั อการศั กษาแนวโน+มตา̀ง ๆ ทั ั จะ
เกั ดขั ั นจากการใช+งานหม+อนั ำได+หลากหลาย ในหั วข+อนั ั ได+นำเสนอตั วอยา̀งการประยั กต3ใช+การจำลอง
สถานการณ3ด+วยคอมพั วเตอร3จากบทความวั จั ยในระดั บนานาชาตั ทั ั มั ความนา̀สนใจดั งตอ̀ไปนั ั  

 
        Sergei A. Khaustov, Konstantin Vladimirovich Buvakov

งานวั จั ยนั ั เป[นการใช+วั ธั ไฟไนต3เอลั เมนต3และไฟไนต3วอลั ม เพั ั อจำลองไฮดรอไดนามั กส3ทั ั เกั ดขั ั น
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Figure 1. Boiler Vitoplex 300 [3] (a) and computational polyhedral mesh of its water volume (b).

Full-scale multiple-factor experimental research of three-dimensional dynamics of turbulent flows

in the branch pipes of the boiler, as well as free convection directly in the water volume is quite labor-

consuming. Therefore, nowadays computational simulation with the use of widely approved engineering

software is widely used to solve listed boiler hydrodynamics problems.

2. Object of study

In order to study the hydrodynamics of the fire-tube boiler water shell, to identify its features and

estimate a number of its characteristic parameters a series of numerical experiments using ANSYS

Fluent engineering software was made. For the computational research, a full geometrical model of

3D-model of water volume boiler Viessmann Vitoplex 300 (Fig. 1) was implemented. A computational

mesh was designed by means of the ANSYS Workbench based on the original drawings.

The computational mesh (Fig. 1) consists of 45387 polyhedral cells, 252006 polygonal interior

faces and 217156 nodes. Total volume intended for water in boiler: 0.215 m3. 2580 polygonal wall

faces are used for 1.76 m2 of paired fire-tube furnace walls: first (1.32 m2) and second processes of flue

gases (0.44 m2). 7954 polygonal wall faces are used for 1.72 m2 of third flue gases process walls. 9482

polygonal wall faces are used 3.23 m2 of outer walls covered by insulation, providing a heat loss to

environment 0.5% at most. 45 polygonal outlet faces and 285 polygonal inlet faces are used for mass

flow of liquid water equal to 1.09 kg/s.

The initial data for calculation included: inlet medium – liquid water (100% H2O); its temperature

70 °C; output water temperature should be 95 °C [3]. Heat flow is set as the boundary conditions for

the heating surfaces. Uneven heat flow for paired fire-tube furnace walls (first and second processes of

flue gases) was calculated by computer simulation (Fig. 2) using ANSYS FLUENT and a set of models

given in [4, 5]. Heat flow through the walls of the third process pipes is calculated according to the

equations of heat transfer [2, 6] and its value is 18850 W/m2.

3. Calculation results

Results of computer simulation show that a coolant specific volume value of 1.83 m3/kW causes low

rates of average flow velocity magnitude and leads to an irregular hydrodynamic circulation (Fig. 3)
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Figure 2. Fire-tube furnace wall heat fluxes (W/m2).

Figure 3. Hydrodynamic structure of boiler water volume (pathlines).

with natural convection at speeds less than 0.1 m/s. For this reason, the maximum value for the thermal

stresses in the flue-heating surfaces in terms of preventing boiling in the wall areas is much lower than

in water-tube boilers. Thus, the value of thermal stress of the flame tube should be considered as the

main factor determining the reliable and efficient operation of the test boiler.

In addition a huge coolant flow rate with low flow velocity magnitudes results in intense precipitation

of suspended particles of sludge at the bottom of the boiler water shell and horizontal heating surfaces.

These areas are further exposed to intense limescale corrosion.

In the boiler water volume there is a kind of organized vortex structure (Fig. 3). The coolant is

supplied by a special channel on a tangent to this vortex at the level of the furnace. Next water sinks to

the bottom of the water volume, which is in contact with the most intense heat flow from the combustion

chamber (Fig. 2). Heated, the upward flow of coolant is shifted to the boiler rear part, where steel flow

splitters are installed. Internal flow of heated water flows close to the furnace and then directed to the
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Figure 1. Boiler Vitoplex 300 [3] (a) and computational polyhedral mesh of its water volume (b).

Full-scale multiple-factor experimental research of three-dimensional dynamics of turbulent flows

in the branch pipes of the boiler, as well as free convection directly in the water volume is quite labor-

consuming. Therefore, nowadays computational simulation with the use of widely approved engineering

software is widely used to solve listed boiler hydrodynamics problems.

2. Object of study

In order to study the hydrodynamics of the fire-tube boiler water shell, to identify its features and

estimate a number of its characteristic parameters a series of numerical experiments using ANSYS

Fluent engineering software was made. For the computational research, a full geometrical model of

3D-model of water volume boiler Viessmann Vitoplex 300 (Fig. 1) was implemented. A computational

mesh was designed by means of the ANSYS Workbench based on the original drawings.

The computational mesh (Fig. 1) consists of 45387 polyhedral cells, 252006 polygonal interior

faces and 217156 nodes. Total volume intended for water in boiler: 0.215 m3. 2580 polygonal wall

faces are used for 1.76 m2 of paired fire-tube furnace walls: first (1.32 m2) and second processes of flue

gases (0.44 m2). 7954 polygonal wall faces are used for 1.72 m2 of third flue gases process walls. 9482

polygonal wall faces are used 3.23 m2 of outer walls covered by insulation, providing a heat loss to

environment 0.5% at most. 45 polygonal outlet faces and 285 polygonal inlet faces are used for mass

flow of liquid water equal to 1.09 kg/s.

The initial data for calculation included: inlet medium – liquid water (100% H2O); its temperature

70 °C; output water temperature should be 95 °C [3]. Heat flow is set as the boundary conditions for

the heating surfaces. Uneven heat flow for paired fire-tube furnace walls (first and second processes of

flue gases) was calculated by computer simulation (Fig. 2) using ANSYS FLUENT and a set of models

given in [4, 5]. Heat flow through the walls of the third process pipes is calculated according to the

equations of heat transfer [2, 6] and its value is 18850 W/m2.

3. Calculation results

Results of computer simulation show that a coolant specific volume value of 1.83 m3/kW causes low

rates of average flow velocity magnitude and leads to an irregular hydrodynamic circulation (Fig. 3)
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Figure 2. Fire-tube furnace wall heat fluxes (W/m2).

Figure 3. Hydrodynamic structure of boiler water volume (pathlines).

with natural convection at speeds less than 0.1 m/s. For this reason, the maximum value for the thermal

stresses in the flue-heating surfaces in terms of preventing boiling in the wall areas is much lower than

in water-tube boilers. Thus, the value of thermal stress of the flame tube should be considered as the

main factor determining the reliable and efficient operation of the test boiler.

In addition a huge coolant flow rate with low flow velocity magnitudes results in intense precipitation

of suspended particles of sludge at the bottom of the boiler water shell and horizontal heating surfaces.

These areas are further exposed to intense limescale corrosion.

In the boiler water volume there is a kind of organized vortex structure (Fig. 3). The coolant is

supplied by a special channel on a tangent to this vortex at the level of the furnace. Next water sinks to

the bottom of the water volume, which is in contact with the most intense heat flow from the combustion

chamber (Fig. 2). Heated, the upward flow of coolant is shifted to the boiler rear part, where steel flow

splitters are installed. Internal flow of heated water flows close to the furnace and then directed to the

01039-p.3

 

Thermophysical Basis of Energy Technologies

Figure 2. Fire-tube furnace wall heat fluxes (W/m2).

Figure 3. Hydrodynamic structure of boiler water volume (pathlines).

with natural convection at speeds less than 0.1 m/s. For this reason, the maximum value for the thermal

stresses in the flue-heating surfaces in terms of preventing boiling in the wall areas is much lower than

in water-tube boilers. Thus, the value of thermal stress of the flame tube should be considered as the

main factor determining the reliable and efficient operation of the test boiler.

In addition a huge coolant flow rate with low flow velocity magnitudes results in intense precipitation

of suspended particles of sludge at the bottom of the boiler water shell and horizontal heating surfaces.

These areas are further exposed to intense limescale corrosion.

In the boiler water volume there is a kind of organized vortex structure (Fig. 3). The coolant is

supplied by a special channel on a tangent to this vortex at the level of the furnace. Next water sinks to

the bottom of the water volume, which is in contact with the most intense heat flow from the combustion

chamber (Fig. 2). Heated, the upward flow of coolant is shifted to the boiler rear part, where steel flow

splitters are installed. Internal flow of heated water flows close to the furnace and then directed to the

01039-p.3

EPJ Web of Conferences

)b()a(

Figure 4. Contours with color indexation according to the temperature (°C) in hydraulic section of the boiler
Vitoplex 300: (a) in the wall region; (b) in the water volume.

second and third gas process area where it heats up to the desired temperature and leaves the boiler. The

external flow has a lower temperature, because it occurs at a greater distance from the furnace heating

surface. The splitter sends it to the next round on the vortex, where it is mixed with a new portion of the

coolant.

4. Limescale formation prevention

According to the results of boiler hydrodynamics computer simulation the maximum value of the

flowing water local temperature is 110 °C (Fig. 4). In areas covered by sludge, temperature of metal and

coolant will be far above designated value of 110 °C, resulting in a local overheating of the pipe walls,

boiling and intensification of the processes of scaling. Coolant boiling, in its turn, not only doesn’t wash

away the sludge, but also exacerbates its negative impact on the metal of heating surfaces and intensifies

local deposition of slurry seals. Therefore fire-tube boiler requires fine water treatment for preventing

limescale formation.

In this connection, the pressure in the water volume in order to avoid boiling should be chosen not

lower the level of 4 bar, which corresponds to saturation temperature ts ≫ 110 °C.

5. Conclusion

Thus, using the software package ANSYS a detailed picture of the Viessmann Vitoplex 300 boiler water

shell, suitable for qualitative analysis of its hydrodynamics and singularities identification, is obtained.

In particular it is shown that the heating surfaces thermal stress values is a major factor of fire-tube

boiler reliability. All loads must be maintained with the calculated hydraulic pressure mode and coolant

mass flow to avoid boiling and reduce the possibility of corrosion and scaling. Operation of the boiler

with an inappropriate or broken water treatment system should not be allowed, as well as a number of

violations of operating modes: such as disabling circulation pumps, changing the order of connection

for the coolant; continuous operation without blowdown.

For further development required to investigate a dependence of construction and mode

characteristics of the boiler on boiler hydrodynamics and its thermal parameters.
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coolant.
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away the sludge, but also exacerbates its negative impact on the metal of heating surfaces and intensifies
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lower the level of 4 bar, which corresponds to saturation temperature ts ≫ 110 °C.
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shell, suitable for qualitative analysis of its hydrodynamics and singularities identification, is obtained.

In particular it is shown that the heating surfaces thermal stress values is a major factor of fire-tube

boiler reliability. All loads must be maintained with the calculated hydraulic pressure mode and coolant

mass flow to avoid boiling and reduce the possibility of corrosion and scaling. Operation of the boiler

with an inappropriate or broken water treatment system should not be allowed, as well as a number of
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Measurements of the stability limits and temperature 

contour maps of flame inside a water-cooled 

tangentially-fired model furnace were performed by 

Habib et al (1992). The limits of ignition were found 

to depend on the inclination angle of the burners and 

on the temperature levels. A one-component model 

to represent oil- and gas-fired boilers was developed 

and implemented in a system simulation program by 

Handby and Li (1997). The objective of their study 

was to calculate the emissions of NOx, CO and SOx, 

in addition to prediction of the performance of the 

boiler. The model was developed for boilers with 

outputs in the range 100 kW to 3 MW. The 

application of a full three-dimensional mathematical 

model to a fuel-oil fired power station boiler was 

conducted by Coelho and Carvalho (1995). Several 

variants of thermal and fuel-NO formation models 

were applied to the prediction of NO concentration 

in a utility boiler.  

    Based on the above literature search, it is clear 

that the problem of NOx formation in industrial 

boilers although received much attention in regard 

of coal fired boilers, a limited portion of research 

work was focused on gas fired boilers. The present 

work is aimed at conducting a numerical 

investigation of the problem of the influence of the 

air to fuel ratio, the inlet combustion air temperature 

and the swirl angle on NO formation. 

 

2. Description of the Boiler Model 
 
    The boiler considered in the present study is 160 

MW, natural gas, water-tube boiler, having two 

vertically aligned burners. The boiler is composed of 

a furnace (radiation section) and return tube bank 

(convection section). The boiler is used for 

production of superheated steam for process 

industry. The steam flow rate is 240 t/h. Steam 

pressure and steam temperature are 51 bar and 

330oC. The combustion chamber has 12.541 m 

length in the direction of flame, 4.579 m width of 

front wall and 7.925 m (distance between drums). A 

schematic of the boiler is shown in Fig.1. The 

primary air has a swirl angle of 45o and the 

secondary air has no swirl. 

 

 
Fig. 1.  3D illustration of the boiler furnace. 

 

3. Mathematical Formulation 
 

The mathematical model is based on the 

numerical solution of the conservation equations for 

mass, momentum, and energy, and transport 

equations for scalar variables. The equations, which 

are elliptic and three-dimensional were solved to 

provide predictions of the flow pattern, thermal and 

pollution characteristics of reacting flows inside a 

model of an industrial boiler. Operating parameters 

include the air to fuel ratio, combustion air 

temperature and swirl angle. The governing 

equations, turbulence model, the boundary 

conditions and the solution procedure are presented 

in the following sections. The equations which 

govern the conservation of mass, momentum and 

energy as well as the equations for species transport 

may be expressed in the following general form 

(Reynolds, 1987 and Shih et al, 1995): 
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Where Φ  is the dependent variable and u j is the 

velocity component along the coordinate 

direction jx , 
__

Φ  is the fluid density; ΦΦ  is the 

diffusion coefficient and ΦS  is the source term,  

jU  :  is the velocity component in the jx  

directions, 

jU :  is the average velocity component, 

jx : is the a space coordinate, and 

Φ :  is the density. 

    Equation (1) stands for the mass conservation 

equation when Φ  = 1; the momentum conservation 

equation when Φ  is a velocity component; the 

energy equation when Φ  is the stagnation enthalpy. 

 

 

 

 

upper burner. The velocity vectors of are shown in 

Fig. 2. The velocity of fuel decreases as the fuel is 

mixed by turbulent diffusion with air due to air 

entrainment. The velocity along the burner axis 

decreases slightly towards the exit of the furnace. 

The flow velocity increases again in the passage to 

the convection section and maintains the same level 

throughout the convection chamber.  

 

 
Fig 2.  Velocity vectors of the flow field in a 

horizontal plane passing through the upper burner. 

 

   The temperature distributions in a horizontal 

section passing through the two burners are shown 

in Fig. 3. The temperature distribution in a vertical 

section passing through the upper burner is shown in 

Fig. 4. The temperature reaches its maximum of 

about 2000 K at the flame front where 

stoichiometric mixture occurs. Temperature then 

decreases to around 1500 K at exit of the furnace 

before entering the convection section. The 

interaction of the two flames is shown in Figure 3 

where a complete mixing occurs, providing quasi-

homogeneous temperature in the last one third of the 

furnace. Figure 5a presents the distribution of NO in 

the burners’ plane. The NO concentration reaches its 

maximum value at the flame front. This is attributed 

to the elevated value of temperature at these 

locations which result in elevated value of the 

thermal NO. The NO value decreases towards the 

exit of the furnace. The NO distribution in a 

horizontal plane is shown in Fig. 5b and shows that 

NO stays unchanged in the convection part (tube 

bank passage). This is attributed to the low 

temperature values. The distributions of the mole 

fraction of oxygen in a horizontal section passing 

through the upper burner are shown in Fig. 6. The 

oxygen concentration is reaching its minimum 

values at the locations of maximum temperature.  

 
Fig 3. Temperature distributions at a vertical plane  

passing through the two burners. 

 

 
Fig 4.  Temperature (K) distribution at a horizontal 

plane passing through the upper burner. 

 

 

 
Fig 5a.  Concentration distributions of  NO (ppm) at 

a vertical plane  passing through the two burners. 
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jU  :  is the velocity component in the jx  

directions, 

jU :  is the average velocity component, 

jx : is the a space coordinate, and 

Φ :  is the density. 

    Equation (1) stands for the mass conservation 

equation when Φ  = 1; the momentum conservation 

equation when Φ  is a velocity component; the 

energy equation when Φ  is the stagnation enthalpy. 
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   The temperature distributions in a horizontal 

section passing through the two burners are shown 

in Fig. 3. The temperature distribution in a vertical 

section passing through the upper burner is shown in 

Fig. 4. The temperature reaches its maximum of 

about 2000 K at the flame front where 

stoichiometric mixture occurs. Temperature then 

decreases to around 1500 K at exit of the furnace 

before entering the convection section. The 

interaction of the two flames is shown in Figure 3 

where a complete mixing occurs, providing quasi-

homogeneous temperature in the last one third of the 

furnace. Figure 5a presents the distribution of NO in 

the burners’ plane. The NO concentration reaches its 

maximum value at the flame front. This is attributed 

to the elevated value of temperature at these 

locations which result in elevated value of the 

thermal NO. The NO value decreases towards the 

exit of the furnace. The NO distribution in a 

horizontal plane is shown in Fig. 5b and shows that 

NO stays unchanged in the convection part (tube 

bank passage). This is attributed to the low 

temperature values. The distributions of the mole 

fraction of oxygen in a horizontal section passing 

through the upper burner are shown in Fig. 6. The 

oxygen concentration is reaching its minimum 

values at the locations of maximum temperature.  
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Fig. 6  O2 (mole fraction) at a horizontal plane 

passing through the upper burner. 

 

      The boiler was simulated under various 

operating conditions to study the influence of 

varying air to fuel ratio by varying fuel or air mass 

flow rates, inlet combustion air temperature and 

combustion air swirl angle on the maximum and 

average temperature inside the furnace as well as 

NO concentration. The various operating conditions 

and the resulting NO concentrations are summarized 

in Table 2. 

The air to fuel ratio is expressed in terms of the 

excess air factor, λ. The excess air factor is defined 

as the air to fuel ratio divided by the theoretical 

value for complete burning of fuel. Several 

conclusions could be drawn from these extensive 

simulations of the boiler.  When the fuel flow rate 

increases at a fixed air mass flow rate, the maximum 

temperature does not change significantly, but the 

zones of maximum temperatures increase leading to 

increase in the thermal NOx. The average chamber 

temperature, the exit air temperature, the prompt 

NOx, and the thermal NOx, all increase with fuel 

consumption. 

 

 
Table 2 Temperature and NO Results. 

 NO  

Concentration  Parameter

(changed)

Parameter

Value 

Furnace

Max 

Temp 

Furnace 

Avg. 

Temp 

Furnace 

Exh. 

Temp Thermal Prompt

T=300             

Fuel 

Flow λ=1.05 2131.6 1446.1 1171.5 230.3 73.2 

Fuel 

Flow λ=1.15 2132 1409 1130 210.5 46.4 

Fuel 

Flow λ=1.25 2133.8 1372.9 1092.1 192.6 25.4 

Air Flow λ=1.1 2128 1420 1144 210.4 59.4 

Air Flow λ=1.2 2136.6 1397.8 1122.9 210.7 34.7 

Air Flow λ=1.3 2144.7 1372 1108.4 207.9 17.1 

Air Temp T=300 2132 1409 1130 210.5 46.4 

Air Temp T=500 2221.9 1497.6 991.7 588 106.1

Swirl 

Angle 30 2116.8 1465.8 1137.1 212.1 51.9 

Swirl 

Angle 45 2132 1409 1130 210.5 46.4 

Swirl 

Angle 60 2158.8 1420 1107.7 231.6 37.5 

 

        On the other hand, when the fuel mass flow 

rate is kept constant and the air flow increases, the 

maximum temperature again does not change 

significantly, but the average temperature and the 

exit temperature decrease, which indicate that 

prompt NO decreases monotonically with the air to 

fuel ratio. It is shown that the average furnace 

temperature as well as the boiler exit temperature 

decrease as the A/F ratio increases. As the air flow 

rate is increased above the theoretical value, the 

boiler input energy per kg of flue gases is reduced 

and, thus, the exhaust gas temperature decreases. 

However, the maximum temperature starts to 

decrease only at excessive air/fuel ratio. 

    Inlet air temperature has more significant effect 

on the maximum temperature and the average 

temperature, and can cause rapid increase in thermal 

NOx. Increasing the inlet air temperature from 300 

K to 550 K, triples the thermal NO and almost 

doubled the prompt NO .  

   The NO distribution in a horizontal plane stays 

unchanged in the convection part (tube bank 

passage). This is attributed to the low temperature 

values. Thermal NO and prompt NO, increase with 

increased exhaust gas temperature. As the 

combustion air temperature increases, and furnace 

temperature increases, and NO concentration 

increases. The study indicates clearly that thermal 

NO formation is highly dependent on temperature. 

In fact, the thermal NOx production rate doubles for 

every 90 K temperature increase beyond 2100 K. 

According, installation of proper instrumentation for 

monitoring the combustion and flue temperatures 
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1971) as shown in Fig. 6 is utilized to determine the rupture time. In

order to obtain conservative estimation, the minimum curve

correlating stress variation and Larsen–Miller parameter is used.

The Larsen–Miller parameters for Case 1 and Case 2 may be

obtained from Fig. 6. It is shown that the parameters for Case 1 and

Case 2 are 39,900 and 37,800, respectively. The estimated life for

the tubes in Case 1 and Case 2 are determined in the form of the

cumulative creep damage as expressed in Eq. (11). If the total of the

fractional damages is greater or equal to 1, the failure is predicted to

occur. It can be seen from Fig. 7, the estimated lives for both cases

are around 6–15%higher than that of the actual data. The estimated

results are reasonably shown to be in agreement w ith the actual

data. The estimated scale thickness as show n in Table 7 is also

show n to be in agreement w ith the actual data (Table 4). The

increasing of the average temperatures of Case 1 is significantly

higher than that in Case 2 as show n in Fig. 8. It results in the

estimated hardness values for Case 1 show ing moderately less than

Case 2. It is believed that the geometry of the tube and mass flow

rate of steam influence the phenomena of heat transfer. It is

important to note that if the applied internal steam pressure is

higher, the mass flow rate of the steam has also to be considerably

high. Insufficient mass flow rate of steam may cause a significant

increase of the metal tube temperature and scale grow th. This

feature may be seen from the condit ions of Case 1 and Case 2. It can

be seen from Table 7 and Fig. 8, the increased tube temperatures

would accelerate the developments of the oxide scale on the inner

surface. The relation betw een the hardness values and the average

temperature of the tube over period of t ime can be used for future

references. The strength of the low-alloy steel w ill change w ith the

increasing of temperature over period of t ime.

The life estimations through computer simulations utilizing

parameters of the operational condition may provide an advanced

warning to take preventiveactionsprior to failure.Poor massflow rate

of steam,higher operational steam temperatureand higher convective

Fig. 5. Temperature ( C) distribution of Case 2 for the service hours of 115,494 h.

Fig. 6. Diagram of Larsen–Miller parameter w ith stress variation to rupture of

annealed material 2.25Cr–1Mo steel (ASTM) (Smith, 1971) (1 ksi ¼ 6.895 MPa).
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coefficient and temperature of flue gas would lead to increasing tube

metal temperature and oxide scale thickness. Tube metal temperature

may increase slowly over many years or rapidly over a few hours.

Internal oxide scales usually result in long-term overheating that

gradually increase the tube metal temperature. The increasing tube

metal temperature and oxide scale growth have a reciprocal casual.As

the tube metal temperature increase, so does the rate of internal scale

formation. As the oxide scale thickness increases, so does the tube

metal temperature. The cycle continues progressively over period of

time. Lossof boiler feedwater or impaired steam flow usually results in

rapid overheating and often rapid failure. Localized high temperature

fluegasflow definitely causes localized overheating of the boiler tube.

These features potentially lead to rupture of the boiler tubes that

consequently leads to unscheduled and costly outages.

It is an essential element of condit ion-based maintenance in

which the equipment is maintained on the basis of its condition, or it

allowsactionsto be taken to avoid the consequencesof failure,before

the failure occurs. It is typically much more cost-effective than

allow ing the components to fail.By selecting aphysical measurement

which indicates that deterioration is occurring, the readings on the

parameter need to be taken at regular interval. Since failure occurs to

individual components, the monitoring measurements need to focus

on the particular failure modes of the critical component. If a power

plant has been operating w ith breakdown maintenance or regular

planned maintenance, a change over to condit ion-based mainte-

nance can result in significant improvements in plant availability and

in reduced cost. Then, life estimationsof the boiler tubes through the

computer simulations may be employed from time to time.

Failure analysis on the water-tube boiler can also be performed

by referring to Section 2, Part D of The ASME Boiler and Pressure

Vessel Code (ASME,1998) for the maximum allowable stress values

and data from United States Steel Corporation (1972) as shown in

Table 8. The maximum allowable stresses and the operational hoop

stresses of the tubes (Case 1 and Case 2) over the service hours are

then plotted in Fig. 9. It can be illustrated that the crit ical condit ions

may be predicted when the stresses in the tube exceeding the

maximum allowable stress. It can also be seen from Fig. 9 that the

tube can be estimated when the overheating condit ion occurs.

Since the operating hoop stresses are higher than the allowable

stresses, tubes in Case 1 and Case 2 are estimated to be crit ical at

the beginning of service. Even though the operating hoop stresses

remain much lower than the ult imate strength shown in Table 8,

a careful consideration needs to be taken. Monitoring on the

temperature increase over period of t ime is particularly important

when overheating in the tube is concerned. Thus, combination of

estimating the life expectancy using the cumulative creep damage,

considering the maximum allowable stresses and monitoring the

increasing of temperature in tube metal may provide better

monitoring of the boiler tubes. Appropriate preventive actions may

be taken during the scheduled outage for close inspections and

necessary examinations in order to avoid forced outage due to

a single failure of a component.

It is reported that the microscopic examination for Case 1 and

Case 2 were also carried out to support the life assessment. The

finding of Case 1 indicated that the tube metal microstructure had

a complete stage of spheroidization where the carbide particles
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Fig. 7. The estimated cumulative creep damages.

Table 7

Estimations for scale thickness for Case 1and Case 2.

Case 1 (reheater tube) Case 2 (superheater tube)

Service hours Scale thickness, mm Service hours Scale thickness, mm

0 0.0000 0 0.0000

250 0.0556 250 0.0229

500 0.0736 500 0.0301

1000 0.0965 1000 0.0392

2500 0.1371 2500 0.0550

5000 0.1783 5000 0.0707

10,000 0.2315 10,000 0.0907

20,000 0.3008 20,000 0.1163

40,000 0.3916 40,000 0.1491

60,000 0.4584 60,000 0.1728

80,000 0.5133 80,000 0.1920

100,000 0.5610 100,000 0.2085

117,522 0.5982 115,494 0.2200
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Fig. 8. The estimated hardness and the average metal tube temperatures over period

of time.

Table 8

The maximum allow able stresses and tensile strengths for seamless tube SA213-T22.

Temperature, C Max. allow . stress,

MPa (ASME, 1998)

Tensile strength, MPa (United

States Steel Corporation, 1972)

537.78 55.16 377.16

565.56 39.30 –

593.33 26.20 282.69

621.11 16.55 –

648.89 9.65 –

784.00 – 151.69
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have coalesced and dispersed uniformly as shown in Fig.10. Similar

feature of the microstructure was also reported for Case 2.

The change of microstructure confirmed that the failed tube had

operated at higher temperature or experienced overheating for

prolonged period of time. It agrees w ith the estimation obtained

from the simulations.

Abnormal governing parametersclearly cause lossof expected life

due to microstructural changes and creep failures as result of over-

heating. Well-informed data for heat transfer parameters according

to variations in the operating conditions from the monitoring system

will improve estimations obtained from the iteration procedure. In

other words,better estimation of the average temperature in the tube

metal could be obtained, provided that all the heat transfer param-

eters used are well specified. Early warning of failure may be moni-

tored from time to time through simulations utilizing data of the

operational heat transfer parameters taken from the monitoring

devices. Regular measurements need to be taken, e.g. for months or

years, before a crit ical situation arises. It is expected that more

detailed evaluation can indicate the nature of the problem so that

rect ification action can be planned.

6. Conclusions

Finite element simulations incorporated with the iterative proce-

dures may be used to estimate the increased temperature and

decreased hardnessvaluesof thetubemetal and development of oxide

scaleon theinner surfaceof boiler tubesover prolonged period of time.

Two failure cases in reheater and superheater tubes were evaluated.

Estimations obtained from the simulation were shown to be in

agreements with the actual data. Combination of estimating the life

expectancy using the cumulative creep damage, considering the

maximum allowable stresses and monitoring the increasing of

temperature in tube metal may provide an advanced warning to take

preventive actions prior to failure. A reciprocal casual of increasing

tube metal temperature and oxide scale growth in a hazardous envi-

ronment of boiler operation would lead to tube leakage/rupture, by

which the safety and cost-effective of the thermal power plant is

influenced seriously.Theruptured boiler tubesin power plant generate

a serious problem that often leads to unscheduled and costly outages.
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Fig. 9. Operational hoop and maximum allowable stresses of the failed tubes for Case 1

and Case 2 at the corresponding average tube temperatures and service hours.

Fig. 10. Complete stage of spheroidization w ith the coalesced carbide particles to form

chain of pores (Ahmad, 2004).
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coefficient and temperature of flue gas would lead to increasing tube

metal temperature and oxide scale thickness. Tube metal temperature

may increase slowly over many years or rapidly over a few hours.

Internal oxide scales usually result in long-term overheating that

gradually increase the tube metal temperature. The increasing tube

metal temperature and oxide scale growth have a reciprocal casual.As

the tube metal temperature increase, so does the rate of internal scale

formation. As the oxide scale thickness increases, so does the tube

metal temperature. The cycle continues progressively over period of

time.Lossof boiler feedwater or impaired steam flow usually results in

rapid overheating and often rapid failure. Localized high temperature

flue gasflow definitely causes localized overheating of the boiler tube.

These features potentially lead to rupture of the boiler tubes that

consequently leads to unscheduled and costly outages.

It is an essential element of condit ion-based maintenance in

which the equipment is maintained on the basis of its condition, or it

allowsactions to be taken to avoid the consequencesof failure,before

the failure occurs. It is typically much more cost-effective than

allow ing the components to fail.By selecting aphysical measurement

which indicates that deterioration is occurring, the readings on the

parameter need to be taken at regular interval. Since failure occurs to

individual components, the monitoring measurements need to focus

on the particular failure modes of the critical component. If a power

plant has been operating w ith breakdown maintenance or regular

planned maintenance, a change over to condit ion-based mainte-

nance can result in significant improvements in plant availability and

in reduced cost. Then, life estimationsof the boiler tubes through the

computer simulations may be employed from time to time.

Failure analysis on the water-tube boiler can also be performed

by referring to Section 2, Part D of The ASME Boiler and Pressure

Vessel Code (ASME,1998) for the maximum allowable stress values

and data from United States Steel Corporation (1972) as shown in

Table 8. The maximum allowable stresses and the operational hoop

stresses of the tubes (Case 1 and Case 2) over the service hours are

then plotted in Fig. 9. It can be illustrated that the crit ical condit ions

may be predicted when the stresses in the tube exceeding the

maximum allowable stress. It can also be seen from Fig. 9 that the

tube can be estimated when the overheating condit ion occurs.

Since the operating hoop stresses are higher than the allowable

stresses, tubes in Case 1 and Case 2 are estimated to be crit ical at

the beginning of service. Even though the operating hoop stresses

remain much lower than the ult imate strength shown in Table 8,

a careful consideration needs to be taken. Monitoring on the

temperature increase over period of t ime is particularly important

when overheating in the tube is concerned. Thus, combination of

estimating the life expectancy using the cumulative creep damage,

considering the maximum allowable stresses and monitor ing the

increasing of temperature in tube metal may provide better

monitoring of the boiler tubes. Appropriate preventive actions may

be taken during the scheduled outage for close inspections and

necessary examinations in order to avoid forced outage due to

a single failure of a component.

It is reported that the microscopic examination for Case 1 and

Case 2 were also carried out to support the life assessment. The

finding of Case 1 indicated that the tube metal microstructure had

a complete stage of spheroidization where the carbide particles
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Table 7

Estimations for scale thickness for Case 1and Case 2.

Case 1 (reheater tube) Case 2 (superheater tube)

Service hours Scale thickness, mm Service hours Scale thickness, mm

0 0.0000 0 0.0000

250 0.0556 250 0.0229

500 0.0736 500 0.0301

1000 0.0965 1000 0.0392

2500 0.1371 2500 0.0550

5000 0.1783 5000 0.0707

10,000 0.2315 10,000 0.0907

20,000 0.3008 20,000 0.1163

40,000 0.3916 40,000 0.1491

60,000 0.4584 60,000 0.1728

80,000 0.5133 80,000 0.1920

100,000 0.5610 100,000 0.2085

117,522 0.5982 115,494 0.2200
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Fig. 8. The estimated hardness and the average metal tube temperatures over period

of time.

Table 8

The maximum allow able stresses and tensile strengths for seamless tube SA213-T22.

Temperature, C Max. allow . stress,

MPa (ASME, 1998)

Tensile strength, MPa (United

States Steel Corporation, 1972)

537.78 55.16 377.16

565.56 39.30 –

593.33 26.20 282.69

621.11 16.55 –

648.89 9.65 –

784.00 – 151.69
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have coalesced and dispersed uniformly as shown in Fig.10. Similar

feature of the microstructure was also reported for Case 2.

The change of microstructure confirmed that the failed tube had

operated at higher temperature or experienced overheating for

prolonged period of time. It agrees w ith the estimation obtained

from the simulations.

Abnormal governing parametersclearly cause lossof expected life

due to microstructural changes and creep failures as result of over-

heating. Well-informed data for heat transfer parameters according

to variations in the operating conditions from the monitoring system

will improve estimations obtained from the iteration procedure. In

other words,better estimation of the average temperature in the tube

metal could be obtained, provided that all the heat transfer param-

eters used are well specified. Early warning of failure may be moni-

tored from time to time through simulations utilizing data of the

operational heat transfer parameters taken from the monitoring

devices. Regular measurements need to be taken, e.g. for months or

years, before a crit ical situation arises. It is expected that more

detailed evaluation can indicate the nature of the problem so that

rect ification action can be planned.

6. Conclusions

Finite element simulations incorporated with the iterative proce-

dures may be used to estimate the increased temperature and

decreased hardnessvaluesof thetubemetal and development of oxide

scaleon theinner surfaceof boiler tubesover prolonged period of time.

Two failure cases in reheater and superheater tubes were evaluated.

Estimations obtained from the simulation were shown to be in

agreements with the actual data. Combination of estimating the life

expectancy using the cumulative creep damage, considering the

maximum allowable stresses and monitoring the increasing of

temperature in tube metal may provide an advanced warning to take

preventive actions prior to failure. A reciprocal casual of increasing

tube metal temperature and oxide scale growth in a hazardous envi-

ronment of boiler operation would lead to tube leakage/rupture, by

which the safety and cost-effective of the thermal power plant is

influenced seriously.Theruptured boiler tubesin power plant generate

a serious problem that often leads to unscheduled and costly outages.
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