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Abstract: To maximize the performance and safety of industrial boilers, this research examines their 

efficiency, highlighting the importance of thermal analysis and non-destructive testing (NDT). The study 

shows that careful design of pressure components and temperature and heat transfer calculations lead to 

higher thermal efficiency. It also examines non-destructive testing methods for finding structural flaws, 

emphasizing their importance in preventing failures and ensuring long-term, peak performance. The study's 

findings highlight how rigorous implementation of these techniques can significantly increase the 

operational safety and energy efficiency of industrial boilers. 
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1. INTRODUCTION 

 

The critical elements of thermal performance and 

safety in industrial boilers are examined in this study, 

"Studies on Industrial Boiler Efficiency: Thermal 

Analysis and NDT." In addition to optimizing energy 

utilization, efficient thermal operation is critical to 

providing the safe operation of these systems. High 

efficiency and reliability are obtained in large part 

through the design and construction of the pressure 

components. 

These systems are subjected to thermal and 

mechanical stresses that contribute to gradual material 

degradation, potentially leading to costly failures and 

safety issues. The first challenge in extending boiler life 

is to identify early signs of corrosion and implement 

preventive maintenance strategies before catastrophic 

failures occur. 

In addition, the combination of thermal analysis and 

non-destructive testing (NDT) provides a thorough 

evaluation of boiler components. This method helps to 

optimize design for improved energy performance and to 

identify potential defects before they cause serious 

problems. Combined, these techniques provide a solid 

plan for improving the efficiency and safety of industrial 

boiler operations.  

 

2. THERMAL ANALYSIS OF INDUSTRIAL 

BOILERS 

 

To achieve optimal thermal efficiency, this chapter 

examines the techniques used to calculate temperatures 

and analyse heat transfer in industrial boilers. By 

accurately identifying temperature distributions within 

critical components, accurate thermal analysis helps 

ensure that boilers operate within safe and effective 

parameters. 

 

2.1 Temperature Calculation in Boilers 

A key component of thermal analysis is temperature 

computation since it has a direct impact on the boiler's 

heat transfer efficiency. The mean metal temperature of a 

component is commonly viewed as the calculation 

temperature (tc), and it is calculated using formulas that 

the standards specify. For cylindrical shells, the 

calculation temperature shall be not less than the 

saturation temperature (ts) corresponding to the 

maximum allowable pressure or the maximum allowable 

temperature. The wall thickness of the smoke tube (et) is 

used for the thermal correction for the effect of the 

metal’s thickness on its average temperature.  For 

example, one of two formulas can be used to 

approximate the calculating temperature when examining 

smoke tubes: [1] 

 

tc = ts + 2et          (1) 

or 

tc = ts + 25          (2) 

 

To provide a safe and conservative estimate for the 

metal temperature in this instance, the bigger of the two 

computed values is used. Because it takes into 

consideration the worst-case possibilities, this cautious 

approach is important for guaranteeing the boiler 

components' integrity in a range of operating conditions. 

Moreover, a standard calculation temperature of 

300°C is used in some situations to determine the 

permissible number of load cycles. This temperature is 

used as a standard when examining the boiler's 

performance over time. [1] 

The thermal diffusivity (Dth) of the materials used to 

build boilers is an important thermal analysis 

characteristic. The following formula is used to 

determine thermal diffusivity: [2] 

 

Dth = λt / (ρt · cpdiff,t)        (3) 

 

Here, λt represents the thermal conductivity of the 

material, ρt is its density, and cpdiff,t is the differential 

specific heat capacity. This parameter is crucial because 

it indicates how quickly a material can respond to 

temperature changes, thereby influencing the overall heat 

transfer performance of the boiler. [2] 

In summary, temperature variations within boiler 

components can significantly affect thermal efficiency. 

Cristian-Vladimir GODOROJA, Ionel SIMION  

 
STUDIES ON INDUSTRIAL BOILER EFFICIENCY: THERMAL ANALYSIS AND 

NDT 

 



Studies on industrial boiler efficiency: thermal analysis and NDT 
 

VOLUME 20  ISSUE 1 JUNE 2025   

 

46 

The methods and formulas provided in the standards 

have an accurate and reliable framework for calculating 

these temperatures, allowing engineers to design boilers 

that are both efficient and safe. This careful calculation 

and analysis of thermal parameters are integral to 

optimizing heat transfer and ensuring the long-term 

reliability of industrial boilers. 

 

2.2 Thermal Design of Fire Tubes 

The thermal design of fire tubes is critical for 

optimizing combustion and heat transfer in industrial 

boilers.  

Key design conditions outlined in the standards 

specify that burners with a fixed firing rate (often 

referred to as on/off or single stage burners) should not 

be used for heat inputs exceeding 1 MW per furnace. 

This restriction helps maintain safe operating conditions 

and ensures efficient combustion. [2] 

For cases where the heat input exceeds 2 MW, the 

standards provide specific guidelines to have a safe 

burner/boiler combinations. For example, for coal-fired 

boilers using material grade P265GH/P295GH with grate 

firing, the minimum furnace diameter (di) is defined by 

the formula: [2] 

 

      di = 400 + 175 · H               (4) 

 

where H represents the furnace height. Graphical 

representations, such as Figure 1 in the standard, 

illustrate how changes in furnace height directly 

influence the required diameter to maintain safety and 

efficiency. [2] 

 

 
 

Figure 1 Relation between heat input and inside 

diameter of the furnace di [2]. 

 

1: coal firing P265GH/P295GH 

2: P265GH         3: P295GH / P355GH 

di : inner diameter for plain furnaces or average diameter 

for corrugated furnaces (with or without stiffeners) [mm] 

X1: heat input Hoil/Hcoal [MW]; X2: heat input Hgas [MW] 

  temperature monitoring necessary if di > 1800 mm 

 temperature monitoring necessary if Hoil > 14 MW 

respectively, Hgas > 18.2 MW 

  monitoring of operation conditions if di > 1433 mm 

 

2.3 Permanent parameter monitoring using IOT 

sensors. 

In industrial boiler management, continuous 

parameter monitoring is a well-established practice to 

ensure performance and safety. The use of Internet of 

Things (IoT) sensors adds a more practical layer to this 

approach, enabling real-time, continuous monitoring of 

key boiler metrics. For example, IoT sensors can detect 

pressure changes in the boiler's pressure regulator and 

temperature changes in the water condenser, providing 

accurate and immediate data. This technology builds on 

traditional periodic monitoring by improving accuracy, 

enabling early detection of irregularities, and supporting 

predictive maintenance efforts, all of which contribute to 

improved boiler efficiency and safety. The practical 

benefits are highlighted in Figure 2 and Figure 3, which 

illustrate how IoT sensors can be effectively applied to 

water boiler systems. 

 

 
 

Figure 2 Example for measuring pressure variations 

inside water boilers using an IOT sensor on the pressure 

regulator. 

 

 
 

Figure 3 Example for measuring temperature variations 

inside water boilers using an IOT sensor on the water 

condenser. 

 

3. NON-DESTRUCTIVE TESTING (NDT) IN 

BOILER EVALUATION 

 

Non-destructive testing (NDT) techniques allow for 

the inspection of boiler components without the need to 

disassemble the system, enabling efficient detection of 
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defects and structural evaluation. Commonly used NDT 

methods include ultrasonic testing (UT), magnetic 

particle inspection (MT) and dye penetrant (PT). UT 

method is used in measuring thickness and detecting 

internal flaws, but it requires a very skilled operator 

doing manual scanning, data interpretation and 

calibration so even small mistakes can lead to incorrect 

measurements. [3] 

Magnetic particle inspection is used only for 

ferromagnetic metals and detects only surface flaws. 

Compared to UT, MT is faster and requires less complex 

equipment. It detects tiny surface cracks, even under 0.1 

mm, and defects are visible in real-time under light. The 

surface is magnetized using alternating current and 

magnetic particles in wet suspension are covering the 

area. If there is any defect detected, cracks disrupt the 

magnetic field, causing particles to cluster at defect sites. 

[4]. 

Dye penetrant testing method is used to detect cracks 

or porosity on surface in non-porous materials. It is 

widely used because it is compatible with nearly all 

material types and can reveal extremely fine flaws, as 

small as 1 micron in width. Due to its precision, pre-

cleaning the area is a critical step by removing dirt, oil or 

paint by grit blasting and solvent wiping. After the part is 

sprayed in penetrant let to settle for about 5 to 15 

minutes, the excess is wiped using a remover solvent. 

Using a white chalky powder or spray as an applied 

developer it draws out trapped dye, making defects 

visible. [5] 

The integration of these techniques into routine 

inspections significantly strengthen maintenance 

planning and reduce the risk of unexpected failures.  

 

3.1 NDT Requirements for Fire Tube Boilers 

For fire tube boilers, the standards specify that NDT 

must be performed in accordance with established 

guidelines, particularly for critical welds (Figure 4). The 

weld factors used in the pressure component calculations, 

values such as 1, 0.85, or 0.7, are adjusted based on the 

extent and quality of the NDT performed. Techniques 

like ultrasonic testing (UT) (used in EN 10160) are 

commonly employed to detect flaws in the welds.  [1] 

 

 
 

Figure 4 Example of critical welds. 

 

This approach ensures that any potential defects are 

identified before they can compromise the boiler’s 

performance, thereby enhancing both safety and thermal 

efficiency.  

 

3.2 NDT Requirements for Water Tube Boilers  

In the case of water tube boilers, the standards 

emphasize a comprehensive NDT approach. For 

example, for longitudinal or circumferential welds 

(Figure 5) or welded attachments (Figure 6) in 

pressurized walls, if these welds are machined flush on 

both sides of the plate and 100% of the weld area 

undergoes NDT, a correction factor can be reduced in the 

fatigue analysis. This reduction signifies increased 

confidence in the weld quality and translates into 

improved durability and efficiency of the boiler. [2] 

 

 
 

Figure 5 Longitudinal or circumferential weld in walls 

of equal thickness [2]. 

 

 
 

Figure 6 Welded attachments with no additional cyclic 

forces or moments [2]. 

 

The rigorous application of NDT in both fire tube and 

water tube boilers is crucial for optimizing performance, 

enhancing safety, and ensuring long-term operational 

efficiency. 

 

4. BOILER EFFICIENCY: A COMPARATIVE 

STUDY 

 

This section presents a comparative analysis of 

firetube and water-tube boilers, having the attention on 

their thermal efficiencies and design requirements. Both 

types of boilers have distinct limitations and maintenance 

considerations that affect their overall performance, 

particularly when having their attention with high heat 

inputs and frequent thermal cycling. 

For firetube boilers, efficiency is moreover linked to 

heat input management. As specified in the standards, 

when heat input exceeds certain thresholds (e.g., Hgas= 

18.2 MW or Hoil= 14 MW), additional verification 

measures - such as verifying the heat flux and calculated 

temperature of the furnace - must be taken. These 

measures are essential to provide that high-capacity 

boilers operate safely and efficiently under demanding 

conditions. [1] 

In contrast, water tube boilers face significant 

challenges related to fatigue due to the frequent thermal 

cycles they experience. The standards require that fatigue 

assessments be performed in accordance with detailed 

procedures. This comprehensive fatigue analysis is 

crucial for predicting the long-term durability of water 

tube boilers and for planning effective maintenance 

strategies. 
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Both non-destructive testing (NDT) and thermal 

analysis play pivotal roles in enhancing efficiency for 

each boiler type. 

 

4.1 Fire Tube Boilers 

Efficient heat transfer is maintained by strictly 

managing heat input, ensuring that all thermal parameters 

fall within safe limits. 

NDT methods, particularly ultrasonic testing, help 

verify the integrity of welds and pressure components, 

directly impacting safety factors and performance. 

 

4.2 Water Tube Boilers 

Fatigue analysis is important due to the repeated 

thermal stresses used on welds and structural 

components. 

A comprehensive NDT approach can reduce the 

correction factors in fatigue, results in a better prediction 

of life and efficiency. 

In summary, while both fire-tube and water-tube 

boilers aim for high thermal efficiency, their design and 

operational requirements are far more different. Fire tube 

boilers are primarily challenged by high heat input 

conditions, while water tube boilers require thorough 

fatigue analysis because of more frequent thermal 

cycling. The integration of NDT and thermal analysis 

presents that both systems can be optimized for safety, 

performance, and longevity. 

 

5. APPLICATIONS AND FUTURE DIRECTIONS 

 

By maximizing heat transfer and minimizing energy 

loss, thermal analysis is crucial to increasing the 

efficiency of industrial boilers. Engineers in fields, such 

as power generation study heat flow and combustion 

processes inside boilers using sophisticated technologies, 

for example computational fluid dynamics (CFD) 

modelling. By improving boiler designs, these 

simulations provide that fuel is burned more efficiently 

and less energy is lost as waste heat. For example, a well-

designed boiler can produce more steam with less fuel, 

reducing costs and environmental impact. This technique 

is commonly used in gas and coal-fired power plants to 

meet stringent efficiency standards. Another critical 

method for maintaining boiler reliability without 

disrupting operations is non-destructive testing (NDT). 

Technicians can use techniques such as ultrasonic testing 

(UT) to inspect boiler parts, such as tubes and welds, for 

defects such as corrosion or cracks. In the chemical 

processing industry, where boilers are exposed to harsh 

conditions, NDT helps detect material degradation early. 

Companies can prevent costly shutdowns, ensure worker 

safety, and comply with regulations such as ISO 

standards by detecting problems before they become 

serious. 

In the future, the monitoring and management of 

industrial boilers is expected to be revolutionized by the 

Internet of Things (IoT). A boiler system can be 

equipped with Internet of Things (IoT) sensors to gather 

data in real time on vital parameters like temperature, 

pressure, and flow rates. Sensors on pressure regulators, 

for example, can immediately notify operators of 

anomalies, like a sharp reduction in pressure, enabling 

prompt repairs before harm happens. Predictive 

maintenance systems in smart factories can use this data 

to predict when parts might break.  

There are challenges associated with IoT adoption, 

such as the need for careful planning to integrate sensors 

with older boiler systems and protect data from cyber 

threats. IoT promises a future of smarter, more efficient 

boilers despite these obstacles. 

 

6. CONCLUSIONS 

 

In summary, the integration of thermal analysis and 

non-destructive testing (NDT) is essential for optimizing 

the efficiency and safety of industrial boilers using 

methods like ultrasonic, liquid penetrant, and magnetic 

particle testing. Thermal analysis, through accurate 

temperature calculations and design considerations, 

enables engineers to ensure that heat transfer processes 

are optimal even under high heat input conditions. 

Moreover, comprehensive NDT, such as ultrasonic 

testing, plays a critical role in ensuring the integrity of 

welds and other critical components, preventing potential 

failures and enhancing long-term performance. 
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