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ABSTRACT 

Title: Performance and fouling prediction model for finned-tube heat exchangers 

Author:  B van Rooyen 

Supervisor: Dr J Vosloo 

Degree:  Master of Engineering (Mechanical) 

Keywords: Finned-tube heat exchanger, performance prediction, fouling prediction, first 

principles, predictive maintenance, Bayesian approach, Markov approach. 

Finned-tube heat exchangers (FTHXs) are found in abundance in heating, ventilation, and air-

conditioning (HVAC) systems. This vital piece of equipment is used to either cool or heat the 

occupational environment. The thermal conditions in the occupational environment could affect 

labour productivity, health and safety directly. Thus, FTHXs are of paramount importance to 

ensure continuity of operation and profit. FTHXs foul while operating in real-world conditions due 

to impurities in the hot and cold fluid streams. Consequently, the heat exchanger performance 

deteriorates, and at some point, system downtime is required to restore performance through 

maintenance activities. 

The need therefore exists for a performance, fouling and ideal maintenance interval prediction 

model for FTHXs. However, previous methods required instrumentation to be installed and the 

FTHX to operate at design conditions. None of the methods and models reviewed were 

compatible with a fouled FTHX operating without installed instrumentation at off-design conditions 

in the HVAC industry. The study objectives include a model capable of predicting the following at 

off-design conditions: the optimum and actual air-cooling duty as well as outlet temperature; 

performance loss due to fouling; and the ideal maintenance interval. 

This study presents a simplified, yet effective method for predicting FTHX performance, fouling 

and the ideal maintenance interval at off-design conditions and with no installed instrumentation. 

The method consists of three integrated models, namely; performance, fouling, and maintenance 

prediction. These models were derived from a combination of first principles of heat transfer and 

psychometry, the approaches followed by Bayesian and Markov to develop maintenance policies, 

and formulated thermal and production relations. 

Nine case studies were used to test the newly proposed method. Located 3.2 km underground, 

these case studies were found to operate at off-design conditions in a bulk air cooler system. 

After applying the performance model to the nine heat exchangers, the results revealed that the 
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actual performance deviated by 29% from the optimal performance due to external and internal 

foulants being present on the heat transfer surfaces. The 29% reduction in air-cooling 

performance caused an overall 2 °C increase in air outlet temperature. The fouling prediction 

model further revealed that 11% (of the 29%) could be attributed to external fouling and the 

remaining 18% to internal fouling. These two factors increase the BAC outlet temperature by 0.7 

°C and 1.3 °C, respectively. 

The external foulants were removed by means of water under high pressure, which resulted in 

the air outlet temperature decreasing by 0.7 °C. The formulated thermal and production relations 

indicated that the mine revenue could be improved by R58 million as a result of the temperature 

decrease. An additional R30 million could be gained if the air temperature is reduced further by 

1.3 °C by eliminating the internal fouling. These figures highlight the importance of quantifying 

the impact of fouling and forecasting the ideal maintenance interval. 

The implementation and results obtained revealed that the newly proposed methodology met the 

study objectives and that the need for the study was addressed successfully. 
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1  INTRODUCTION AND LITERATURE REVIEW 

1.1 Preamble 

The efficient management of energy is of paramount importance for reducing fossil fuel 

consumption and limiting greenhouse emissions [1], [2]. Energy efficiency can be achieved by 

ensuring efficient heat exchange between two or more fluid streams. Heat exchangers (HEXs) 

are needed to transfer the thermal energy for the purpose of heat recovery and energy 

management [3]. For this simple reason, a HEX is a well-known piece of equipment in petroleum 

refineries, the food processing industry, and the heating, ventilation and air-conditioning 

environment (HVAC) [4]. However, while operating under real-world conditions, the performance 

of HEXs deteriorate over time [5]. Thus, less heat is transferred between fluid streams, thereby 

reducing the efficiency of HEXs. Reduced HEX efficiency results in serious economic, health and 

safety concerns. Henceforth, this chapter focuses on: 

➢ defining HEX fouling; 

➢ describing why and how fouling reduces HEX efficiency; 

➢ discussing all the challenges involved in predicting performance losses due to fouling; 

➢ investigating methods and models used by previous researchers to predict HEX 

performance and fouling; and 

➢ identifying the problem statement and objectives for this study. 

1.2 Background on finned-tube heat exchangers 

1.2.1. Industrial finned-tube heat exchangers and workplace temperature control 

Compared with 2009, the global energy demand is estimated to increase around 35% by 2030 or 

even to as high as 95% without the use of energy efficient technologies [6]. To reduce the global 

energy demand, industry started using finned-tube heat exchangers (FTHXs) extensively for 

highly efficient heat transfer applications. FTHXs are mainly used due to their vast heat transfer 

area while still being compact in size [7], [8]. 

Figure 1-1 illustrates the principle of the operation of a FTHX used for cooling purposes. A cold 

fluid flows within the tube and indirectly interacts with the hot gas flowing externally over the tube. 

Consequently, heat is recovered from the hot gas. Usually, the gas flows perpendicularly to the 

tube [9], [10]. Without the HEX, the heat is discharged into the atmosphere, thereby compromising 

the environment [6]. 
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Figure 1-1: Principle of FTHX operation1 

The gas-side’s heat ability is generally 10 to 100 times less than the water-side [8], [10]. To 

overcome this problem effectively and recover heat from the gas efficiently, extended surfaces 

are used on the gas-side [11]. The extended surfaces enlarge the gas-side heat transfer area 

and stimulate turbulent flow, which in turn promotes optimal heat transfer [8], [12]. 

The FTHXs are used to control the air temperature and humidity of the occupational 

environment [13]. In heating, ventilation, air-conditioning and refrigeration (HVAC&R) systems, 

FTHXs can either heat or cool air. FTHXs are further widely used as waste heat recovery (WHR) 

units to recover waste heat from hot fluid streams [11]. The waste heat preheats the cold fluid. 

The preheated fluid enters the next process at an elevated temperature [1]. This limits additional 

heat required from fossil fuels and reduces greenhouse gas emissions [14]. 

While operating under real-world conditions, the HEX’s performance deteriorates over time [5]. 

Thus, less heat is transferred from the hot to the cold fluid streams, hence reducing the HEX’s 

efficiency. Reduced efficiency of WHR units results in lower preheating temperatures, which 

increase fossil fuel consumption and greenhouse gas emissions [14]. In air-conditioning systems, 

air temperature deviates from the set point when the efficiency of the system reduces. Therefore, 

air leaves the unit at a higher or lower temperature than desired [15]. 

The reduced efficiency of air-conditioning systems used to cool the occupational environment 

proves to be a significant problem. The importance of controlling the temperature and humidity of 

the occupational environment is shown in Table 1-1. This table summarises the rest-to-work ratio 

 
1 B van Rooyen, Personal illustration, “Principle of FTHX operation,” 2019. 
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for different work intensities in an occupational environment at different wet-bulb globe 

temperatures (WBGTs).2 The values represent those of an average acclimatised worker wearing 

light clothes.3 It is clear from Table 1-1 that the rest-to-work ratio increases significantly with an 

increase in the temperature and humidity of the occupational environment. This imposes serious 

concerns for workers performing medium to hard work in a hot occupational environment.4  

Workplace climate control has a direct impact on the production and accident rate of the labour 

force. Studies performed in hot and humid environments have shown that labour efficiencies 

decreased by 55% while accident rates increased by 68.1% when the workplace wet-bulb 

temperature increased from 29 °C to 32 °C [16]. It is also well known that incidences of heatstroke 

relate mainly to work categories associated with strenuous work [17]. Strenuous work refers to 

work performed at a work rate above 160 W/m2 in hot environments [18].  

Table 1-1: Recommended maximum WBGT exposure levels at different work intensities (Adapted from 

[19], [20]) 

Rest/work ratio 

per hour 
 

Metabolic heat generated  Unit  

Light work: 
115  

Medium work:  
180  

Hard work: 
240  

Very hard work: 
300  

W/m2 

0% 31.0 28.0 27.0 25.5 

°C 

25% 31.5 29.0 27.5 26.5 

50% 32.0 30.5 29.5 28.0 

75% 32.5 32.5 31.5 31.0 

100% 39.0 37.0 36.0 34.0 

 

Over a period of six years, Smith established relationships between production and wet-bulb air 

temperature within the mining environment and accumulated production and wet-bulb 

temperature data [21]. Figure 1-2 depicts the relationship between labour production and wet-

bulb temperature. The average tonnage per month per stope worker decreased from 73.8 tons 

 
2 Index used to rate thermal conditions, which combines both wet-bulb and dry-bulb temperatures into a 

single rating index [23]. 
3 Acclimatised worker - Worker whom developed satisfactory degree of heat tolerance for a particular 

job in a hot environment [22] 
4 Hot environment - Environment where dry-bulb temperature < 37.0 °C; globe temperature < 37.0 °C; 

wet-bulb temperature range of 27.5–32.5 °C inclusive [22]. 
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to only 36.5 tons when the wet-bulb temperature within the occupational environment changed 

from 25 °C to 32 °C. 

 

Figure 1-2: Relationship between labour production and wet-bulb temperature - (Redrawn from [21]) 

Smith further recognised that the inverse of Figure 1-2 relates labour productivity loss to the wet-

bulb air temperature. Even though the relationship reported by Smith are applicable to the mining 

industry, the same tendency of reduced production due to reduced worker productivity at elevated 

wet-bulb temperatures are noted within other industries as well. 

To ensure safe thermal conditions within the occupational environment, the Mine Health and 

Safety Act 29 of 1996 clearly stipulates that the air temperature within the workplace may not 

exceed 32.5 °C wet-bulb and/or 37 °C dry-bulb [22]. In essence, these values can be adopted to 

office or outdoor work as well [23]. To minimise the occurrence of heatstroke, a specific cooling 

power (SCP) in excess of 160 W/m2 must be maintained [17]. 

The phenomenon of reduced HEX efficacy while operating under real-world conditions is caused 

by fouling, which is discussed in the next sub-section. 
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1.2.2. Finned-tube heat exchangers fouling 

Fouling is known as the formation of insulating deposits on heat transfer surfaces [5], [24]. A 

comprehensive description regarding why these insulating deposits reduce the HEX’s efficiency 

follows after reviewing the fundamental principles of heat transfer. 

The heat transfer rate through a thermal system is governed by a fundamental law called Fourier’s 

law [25]. This law was not derived, but rather observed. Fourier’s law states that the rate at which 

heat transfers through a system is directly proportional to the driving force, called the temperature 

difference between the hot and cold fluid, and inversely proportional to the thermal resistance of 

the systems. 

Figure 1-3 illustrates the heat transfer process between two fluids. The cold fluid flows within the 

HEX tube and the hot fluid over the tube. Heat is transferred to the cold fluid as the hot fluid flows 

over the tube [3]. 

 

Figure 1-3: Principles of heat transfer - (Adapted from Figure 3.6 of [25]) 

The heat transfers along a three-way path as depicted in Figure 1-3. Firstly, by means of 

convection through the hot fluid medium towards the tube inner wall surface. Secondly, by means 

of conduction through the tube’s wall thickness towards the tube’s outer surface. Finally, by 

means of convection from the tube’s outer surface towards the cold fluid. 

The heat transfer rate though each path depends upon the thermal resistance of the path. The 

resistances of each path are combined into a single parameter, known as the overall heat transfer 

coefficient (UA). The overall heat transfer rate from the hot to the cold fluid is determined by the 
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UA of the system as characterised in Equation 1-1. The first term denotes the external thermal 

resistance to convective heat transfer from the hot gas to the HEX’s outer wall surface. The 

second term represents the internal fluid’s resistance to convective heat transfer from the inner 

wall surface to the cold fluid. 

 1

𝑈𝐴
 =  

1

 (ℎ𝑔 ×  𝐴𝑔)
+

1

(ℎ𝑓 ×  𝐴𝑓)
  +  𝑅𝐶 

1-1 

𝑤ℎ𝑒𝑟𝑒: 

𝐴𝑓 

𝐴𝑔 

𝑅𝑐 

ℎ𝑓 

ℎ𝑔 

 

– fluid total heat transfer area 

– gas total heat transfer area 

– system total conductive resistance 

– fluid convective heat transfer coefficient 

– gas convective heat transfer coefficient 

 

Heat is transferred by conduction through the tube wall. The tube’s resistance (𝑅𝑐) to conductive 

heat transfer is characterised by Equation 1-2. It is clear that the conductive thermal resistance 

is a function of the material thickness ratio (𝑅𝑜/𝑅𝑖); thermal conductivity of the material (𝑘𝑐) and, 

lastly, the length of the HEX (𝐿𝑐) [26]. 

𝑅𝑐  =  
ln (

𝑅𝑜
𝑅𝑖

)

2 × 𝜋 × 𝐿𝑐 × 𝑘𝑐
  1-2 

𝑤ℎ𝑒𝑟𝑒: 

𝑘𝑐 

𝑅𝑜 

𝑅𝑖 

𝐿𝑐 

 

– tube material thermal conductivity 

– tube outer diameter 

– tube inner diameter 

– length of the HEX  

 

 

Thermal conductivity (𝑘𝑐) provides an indication of the rate at which energy is transferred through 

the material. Consequently, good thermal conducting materials have a high 𝑘𝑐  value and 

insulating materials have a low 𝑘𝑐  value [5]. However, HEXs foul due to fluid impurities while 

operating under real-world conditions [24], [27]. Foulants can accumulate on the inner and/or 

outer heat transfer surfaces. Accumulation of foulants on the inner surfaces is known as internal 

fouling [15]. The presence of foulants on the external surfaces is known as external fouling [28]. 
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Figure 1-4 illustrates a cross-sectional view of a fouled HEX tube. The inner and outer fouling 

layers are represented by the first ring (R1 ➔ R2) and third ring (R3 ➔ R4), respectively. The 

thermal conductivity of the foulants present on the inner and outer tube surfaces typically ranges 

between 0.35 W/m.K and 0.8 W/m.K [10]. After considering that the thermal conductivity of the 

copper tube is 401 W/m.K, it is clear that the HEX’s internal and external surfaces (R2 ➔ R3) are 

covered with an insulating layer. 

 

Figure 1-4: Illustration of fouling layers present on inner and outer tube surfaces - (Redrawn from [2], 

[10]) 

The total conductive resistance for the fouled HEX is characterised by Equation 1-3. The first and 

third terms of Equation 1-3 represent the additional inner and outer foulant conductive resistance 

added to the system [2]. This additional conductive resistance impedes the heat transfer rate 

tremendously, hence reducing the overall heat transfer rate [29]. 

𝑅𝑐𝑓  =  
ln (

𝑅2
𝑅1

)

2 × 𝜋 × 𝐿𝑐 × 𝑘𝑓𝑖

+
ln (

𝑅3
𝑅2

)

2 × 𝜋 × 𝐿𝑐 × 𝑘𝑐
+ 

ln (
𝑅4
𝑅3

)

2 × 𝜋 × 𝐿𝑐 × 𝑘𝑓𝑜

  1-3 

𝑤ℎ𝑒𝑟𝑒: 

𝑘𝑐 

𝑘𝑓𝑖
 

𝑘𝑓𝑜
 

𝑅2/𝑅1 

𝑅3/𝑅2 

𝑅4/𝑅3 

 

– tube material thermal conductivity 

– inner foulant material thermal conductivity 

– external foulant material thermal conductivity 

– inner foulant thickness ratio 

– tube wall thickness ratio 

– outer foulant thickness ratio 

– length of the HEX tube  
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𝐿𝑐 

 

The foulants present on the HEX surfaces impose severe challenges, which are reviewed next. 

1.2.3. Industry-specific heat exchanger fouling challenges 

Since the invention of HEXs, fouling has been a major unresolved problem [5]. The first industrial 

fouling problem was observed in a United States power generation plant in the 1880s. The first 

scientific research on this problem started as early as 1910 [3]. It has been proven globally that 

more than 90% of HEXs are inefficient due to fouling [6]. The three most common types 

experienced in the HVAC&R and WHR industries include scaling/precipitation, 

particulate/sedimentation and, lastly, corrosion fouling [24], [29]. 

Scaling/precipitation is the result of reverse solubility salts such as calcium carbonate (CaCO3) 

typically found in water [2]. The solubility of these salts declines as the temperature increases; 

hence, deposits form on the surfaces of HEXs [29], [30]. Scaling is hard and difficult to remove 

via mechanical means; it requires expensive chemical cleaning. 

Particulate/sedimentation, on the other hand, is the accumulation of particles on a heat transfer 

surface [31]. Particulate foulants can undergo ageing, which is known as the transformation from 

a soft to a hard, more cohesive form [32]. This later influences the ease with which a fouling layer 

can be removed. If detected early, particulate foulants can be removed with relative ease by 

means of mechanical cleaning. 

Corrosion fouling results from a chemical reaction between the scale and/or particulate foulant 

and the surface material of the HEX. This type of foulant impedes both the HEX’s structural 

integrity as well as the heat transfer performance [33]. Relatively thin coatings of metal oxides 

(which are products of corrosion) have a very low thermal conductivity and affect HEX 

performance significantly [34]. 

The intensity of fouling deposition on these surfaces depends on the fluid flow velocity, flow 

diameter, surface roughness and material, pH, salt content and, lastly, the temperature of the 

surface [3], [29], [35], [36]. It is important to note that fouling deposits degrade HEX performance 

both thermally and hydraulically [14], [35]. Fouling reduces the cross-sectional flow area and 

causes an increased pressure drop, which impedes fluid flow [5], [33]. This is problematic in 

applications that require constant fluid flow rates [37]. Constant fluid flow rates are of paramount 

importance to prevent further settling of particulate foulants as pointed out by Tang et al. [11]. 
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In the HVAC environment, particulate foulants vary in nature from mould compounds, hair and 

textile fibres, to airborne particles such as dust [15], [38]. Due to dehumidification of air passing 

through the HEXs, the surface area of the wet HEX is extremely susceptible to particulate fouling, 

as depicted in Figure 1-5. 

If not detected and removed, the foulants lead to corrosion fouling on the fin surfaces as depicted 

in Figure 1-6. Corrosion fouling reduces the external heat transfer area, which further impedes 

the HEX’s effectiveness [11]. Corrosion fouling due to fly ash particulate foulants settling on the 

heat transfer surfaces of WHR systems in power plant boiler tubes accounts for about 50% of all 

tube burst and leakage accidents [11], [39]. The corrosion causes a vast decrease in the structural 

integrity of the equipment, leading to catastrophic failure and possible injury [40]. Removal of 

foulants from the heat transfer surfaces increases cleaning costs, and the unavailability of the 

system output during cleaning leaves residents without electricity [41]. 

 

Figure 1-5: Foulants present on the external 

surface of an HVAC heat exchanger5 

 

Figure 1-6: Corrosion fouling observed on the 

fins of a fin-and-tube heat exchanger6 

In the food and dairy processing industry, corrosion fouling is a major problem as fouling 

decreases heat transfer to the product. Thus, the efficiency of the plant reduces, and accordingly 

unsupervised cleaning has to be conducted to prevent reduced product quality. This might also 

lead to health and safety risks [37], [42]. As a result, throughput and profit are limited, because 

plant downtime and maintenance costs increase. 

In refinery operations, crude fluids cause rapid fouling. The heat transfer coefficient and energy 

recovery can decrease to as low as 30% compared with the clean values [43]. Initially, the 

reduced efficiency leads to increased fossil fuel consumption and greenhouse gas emissions [14]. 

 
5 B van Rooyen, Personal photograph, Carletonville, 2019. 
6 B van Rooyen, Personal photograph, Carletonville, 2019. 
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Finally, when the fluid pressure drop exceeds acceptable limits, the plant is forced to shut down 

for maintenance, which affects the continuity of operations [2]. 

Fouling is responsible for HEX performance degradation, increased operational downtime, 

economic losses, higher fuel consumption and, consequently, increased greenhouse gas 

emissions [44]. Research reveals that the operational cost due to fouling is about 0.25% of gross 

domestic product in industrially developed countries [35], [45]. 

1.3 Problem statement  

It should be clear from the preceding section that due to the nature of real-world operational 

conditions, fouling cannot be avoided. Fouling imposes serious financial, performance, and health 

and safety challenges. These challenges can, however, be addressed through proper fouling 

monitoring and management [27]. Therefore, HEX fouling is considered to be a crucial field of 

study [3]. 

The presence and extent of HEX fouling can be detected by monitoring HEX performance. 

Performance monitoring entails comparing the HEX’s design performance with its actual 

performance. Performance curves rate the design performance of the HEX for specific 

operational conditions. Figure 1-7 illustrates an example of a performance curve of an FTHX in 

an HVAC&R system. The design operational conditions are indicated on the curve. By comparing 

the actual performance with the design performance indicates the efficiency of the system [46]. 

Foulants that are present on the heat transfer surfaces are detected when the actual performance 

deviates from the design performance. 

This approach is only viable if operational conditions under which the design performance was 

rated, remained unchanged for the full service period of the actual HEX [47], because the design 

performance indicated on these curves only hold for those operational conditions [48]. However, 

HEXs frequently operate at off-design conditions [49]. Figure 1-8 depicts the disparity between 

the design and actual performance at design and off-design conditions. It is crucial to obtain the 

actual optimum performance at the same operating conditions. 
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Figure 1-7: Performance curve for specific operational conditions7 

 

Figure 1-8: Disparity between actual vs design duty at design and off-design conditions - 

(Adapted from [49]) 

Industry has adopted various key performance indicators (KPIs) over the years to assess HEX 

performance. Table 1-2 shows the KPIs used in the refinery, food and HVAC&R industries. No 

such direct KPIs could be found for WHR units. 

 
7 B. Wood, “Manos Engineering,” Brochure Tap, 2011. [Online]. Available: http://www.manos.co.za/brochure 

[Accessed 24 November 2019].   
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Table 1-2: KPIs and acceptable limit of performance 

Industry Performance indicator 
Performance 

deterioration limit 
Result 

Crude oil 
refinery 

➢ Thermal resistance 
➢ Design vs actual duty 

> 70% UA reduction [43] Increase in fossil fuel 
consumption and greenhouse 
gas emissions 

Food ➢ Thermal resistance 
➢ Design vs actual duty 

> 45% UA reduction [35]  Increase in pressure drop and 
pump power consumption 

HVAC ➢ Design vs actual duty  N/A Higher or lower air outlet 
temperature  

WHR N/A N/A N/A 

 

To monitor the fouling extent, fouling curves are developed using historical performance data. 

Figure 1-9 presents an example of a fouling curve. These curves typically show the incremental 

increase in fouling thermal resistance over time in service [24]. Figure 1-9 illustrates that 

depending on the thermal conductivity of the foulants, the fouling thermal resistance growth can 

be linear, logarithmic or asymptotic [24], [50]. 

 

Figure 1-9: Fouling curve - (Redrawn from [51]) 

Due to the uncertainty of the type of fouling thermal resistance growth curve, it is of paramount 

importance to develop reliable performance monitoring models that can predict the fouling 

thermal resistance with “acceptable accuracy” [3]. This is since fouling curves are also used to 

forecast the ideal maintenance interval [51]. This interval refers to cleaning the HEX at the most 

suitable time to avoid [5], [50], [52] 

➢ unnecessary cleaning; 
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➢ system downtime; 

➢ waste of water and chemicals; 

➢ performance inefficiencies; and 

➢ HEX corrosion. 

Predictive models are deemed to be acceptably accurate if the experimental and predictive 

results correlate within 5% [36]. 

Problem statement summary  

Due to the nature of real-world operational conditions, fouling cannot be avoided and imposes 

serious financial, performance, and health and safety challenges in the HVAC environment. The 

presence and extent of HEX fouling can be detected through performance monitoring. 

Fouling presence is detected by comparing the HEXs actual performance with its design 

performance. When the actual performance deviates from the design performance, foulants are 

present on the heat transfer surfaces. HEX design performance indicated on performance curves 

only holds true for the design operational conditions. Since performance discrepancies emerge 

when HEXs operate at off-design conditions, industry has developed various performance KPIs 

but none of these are capable to indicate the upper performance deterioration limit of heat 

exchangers in the HVAC&R industry.  

To monitor the fouling extent, fouling curves are used and show the incremental increase in 

fouling thermal resistance over the service lifespan of the HEX. Thermal resistance growth rate 

can be either linear, logarithmic or asymptotic. This makes it particularly challenging to predict 

the extent of fouling without a reliable performance monitoring model that can predict the fouling 

thermal resistance with acceptable accuracy.  

Possible solutions for the problems discussed here are investigated by reviewing various 

methods for predicting HEX fouling and performance. Ample models have been derived from 

these methods over the years. The need for this study is later identified from the shortcomings of 

these existing methods and models. 
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1.4 Existing performance and fouling prediction methods and models 

1.4.1 Introduction 

Fouling is a complex phenomenon that is quite difficult to predict accurately based on current 

knowledge [5]. The sub-sections that follow elaborate on the reasons for fouling by reviewing 

parts of the ample body of work done by previous researchers. 

The most straightforward solution for developing a prediction model is to calculate the additional 

fouling thermal resistance mathematically. This is the resistance added by the foulants as 

calculated in Equation 1-3. Subsequently, the reduced UA and the fouling performance loss have 

to be calculated. As simple as it might sound, this is not feasible, due to all the factors influencing 

fouling morphology [3], [29], [35], [36]. Figure 1-10 and Figure 1-11 illustrate the actual internal 

and external fouling layers respectively. These figures demonstrate the challenges in predicting 

the presence and extent of HEX fouling from first principles. 

 

Figure 1-10: Internal industrial HEX fouling. 8 

 

Figure 1-11: External industrial HEX fouling - 

(Adapted from [11]) 

Recalling from Equation 1-3, the conductive resistance of the fouling layers is a function of its 

thermal conductivity, the thickness ratio, and the length of the layer. A careful examination of the 

profiles of fouling layers presented in Figure 1-10 and Figure 1-11 clearly shows that the layers 

are non-uniform and discontinuous. Thus, the fouling thickness ratio varies along the length of 

the layer. The thermal conductivity of the foulants also vary as it is usually a compilation of organic 

and inorganic matter [2], [53]. 

 
8 B van Rooyen, Personal photograph, Carletonville, 2019. 
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This important observation is explained by examining all the factors influencing fouling 

morphology. Previous studies indicated that the intensity of fouling deposition on these surfaces 

depends on the fluid flow velocity, Reynolds number, surface roughness and material, fouling 

substance, pH, salt content and, lastly, the temperature of the surface [3], [29], [35], [36]. 

Fouling is usually not visible from outside the industrial HEX. Hence, direct methods of measuring 

the fouling thickness are not viable [5], [54]. To overcome this challenge, researchers developed 

acoustic methods. 

1.4.2 Acoustic method 

An acoustic method indirectly detects the thickness and length of the fouling layers. This method 

utilises low-intensity ultrasound pulses from ultrasonic sensors to analyse the fouling layers [36]. 

Ultrasonic sensors are temperature dependent and should be calibrated continuously [42]. 

Furthermore, the acoustic method cannot be used on sealed compact exchangers [29]. The 

acoustic method can only detect the presence, thickness and location of foulants [29], [42]. 

Performance deterioration due to foulants is unknown. Without the thermal conductivity of the 

foulants, it is impossible to calculate the corresponding performance constraints with acceptable 

accuracy as given in Equation 1-3. 

1.4.3 Temperature and pressure method 

Temperature and pressure measurements prove to be a popular for monitoring fouling growth 

and its thermal- and hydraulic-related constraints [37], [42]. These experimental methods were 

developed to overcome the drawbacks of the acoustic method. 

Temperature measurements monitor fluid inlet and outlet temperatures [55]. The HEX’s 

effectiveness decreases as soon as fouling starts to develop [56]. Consequently, the fluid outlet 

temperatures deviate from the optimum values. The deviation between the actual outlet 

temperature and optimum outlet temperature provides an estimate of the amount of fouling 

material present on the heat transfer surfaces [11]. 

As for pressure measurements, pressure between the fluid inlet and outlet ports is monitored. 

Once fouling starts to develop progressively in the flow passages, the cross-sectional area 

decreases and thus impedes the fluid flow [8]. Over the HEX’s service time, a gradual increase 

in pressure drop is observed as depicted in Figure 1-12. Once the pressure drop exceeds 

acceptable levels, the HEX is decommissioned and cleaned [33]. The acceptable levels vary 

according to HEX type and application. 
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Figure 1-12: Change in pressure drop caused by fouling - (Adapted from [42]) 

Temperature and pressure measurements detect the overall constraints that fouling has on the 

thermal and hydraulic performance of the HEX [5]. The sensors must be calibrated frequently to 

avoid inaccurate readings [37].  

Experimental methods only detect fouling that has already formed. However, it is important to 

also predict the future formation of fouling based on current measurements. This enables the 

plant operator to do performance monitoring and perform proactive maintenance. To achieve this 

outcome, researchers developed analytical, statistical and numerical computer methods. 

1.4.4 Numerical method and models 

Numerical methods require detailed HEX geometrical data as they represent the physical 

properties of the HEX. These methods discretise the heat transfer surfaces into various portions. 

Thereafter, the fouling and performance of each portion is calculated using iterative algorithms 

[57], [58]. 

Computational fluid dynamics (CFD) is a popular numerical package used by various researchers 

to analyse HEX performance [59], [60]. Tang et al. derived a numerical CFD model to analyse 

the effect of fluid velocity and tube configuration on particulate and sediment fouling 

systematically [61]. This study informatively illustrates the importance of considering tube 

configuration and fin spacing when deriving a performance prediction model. Drawbacks relate 

to convergence, stiffness and stability problems experienced with complex HEX geometry [62]. 
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1.4.5 Statistical method and models 

The intensity of fouling deposition on the inner surfaces depends on the fluid flow velocity, 

Reynolds number, surface roughness and material, fouling substance, pH, salt content and, 

lastly, the temperature of the surface [3], [29], [35], [36]. All these parameters must be considered 

to develop an accurate and reliable prediction model [10], [40]. Statistical methods are a widely 

used computer approach for developing accurate prediction models because they combine vast 

numbers of parameters in a single model. 

Complicated real-world problems are modelled by developing artificial neural networks (ANNs) 

from historical data. ANNs are widely considered for detecting and forecasting fouling in HEXs 

[63]–[65]. An ANN is a simulation of a biological network, which can establish almost any 

relationship among data. The relationships are established by building models between sets of 

input and output parameters [3], [40], [66]. Researchers reported astonishingly accurate 

performance prediction models using ANNs. However, the vast number of data sets required to 

develop ANNs limit the application thereof to HEXs with instrumentation installed [3]. 

Wallhäußer et al. [36] combined acoustic methods with statistical methods to derive a fouling 

prediction model. This study showed that experimental methods and other methods can be 

combined to develop powerful and accurate prediction models. 

Software and skill required to develop prediction models from analytical, statistical and numerical 

methods are expensive [62]. Industry requires simple, yet effective and accurate methods for 

predicting HEX fouling. Therefore, researchers developed lumped and explicit mathematical 

methods. 

1.4.6 Lumped method and model 

The lumped method applies to applications where air dehumidification occur [62]. Air 

dehumidification occurs when the temperature of the heat transfer surface is below the dew point 

temperature of the moist air [67]. This results in simultaneous heat and mass transfer. The lumped 

method uses the enthalpy difference between air and water to simulate the heat and mass 

transfer process [68]–[70]. Under real-world operating conditions in HVAC applications, the 

working fluid is moist air [20]. 

Zhou et al. used the lumped method to propose a new water-to-air FTHX performance model 

[62]. The model is exceptional in the sense that it does not require historical data, but only 

experimental measurable data (fluid mass flows, pressures and temperatures) as input 
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parameters. However, the model was derived for ideal conditions and cannot predict the presence 

of fouling. 

The lumped method yields relative accurate and computationally efficient models [67], [68]. The 

disadvantages of this method include that the existing lumped models still require geometric data, 

specific heat transfer coefficients, and some operational data, which are difficult to obtain [62]. 

1.4.7 Explicit method and model 

To address the limitations of the lumped method, explicit methods were also reviewed. Zubair 

et al. claimed that the most complete and thorough method of measuring efficiency and fouling 

of a HEX is by using fouling factors [24]. The fouling factor method predicts the performance of a 

HEX based on predefined fouling factors, as given in Equation 1-4. The factors account for the 

fact that thermal conductivity deposits vary along the axial and radial direction of the HEX tube 

[2]. These factors are unique to each fluid type and HEX’s operational conditions because fouling 

factors depend on the temperature, velocity and length of HEX service [25]. 

 
𝑅𝑐𝑓  =  

𝑅"𝑓𝑜

𝑛𝑜 × 𝐴𝑜
+

ln (
𝑅3
𝑅2

)

2 × 𝜋 × 𝐿𝑐 × 𝑘𝑐
+  

𝑅"𝑓𝑖

𝐴𝑖
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– tube material thermal conductivity 

– fouling factor for inner fouling material 

– fouling factor for outer fouling material 

– tube wall thickness ratio 

– length of the HEX tube 

– outer surface overall heat transfer efficiency 

 

 

A limitation of the fouling factor method is its inability to describe the extent, location, nature and 

growth of fouling [71]. Characterising fouling in terms of fouling factors may lead to the fouling 

state and growth being misinterpreted if temperature and velocity are not considered [25], [53], 

[72]. As a result, the incorrect maintenance interval is derived [2]. 

To answer to these limitations, researchers developed the UA method. The UA method considers 

both the hot and cold fluid data to determine the overall efficiency of the exchanger [24]. The hot 

and cold fluid data includes the fluid flow rate, temperatures, specific heat capacity and heat 

transfer surface area. Fouling formation on the heat transfer surfaces reduces the UA of the HEX 
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as illustrated by Figure 1-13. Monitoring this parameter represents the cumulative effect of fouling 

build-up on the effectiveness of the HEX and the thickness of the fouling layer [42]. The UA 

method considers changes in temperature and pressure as the fouling layer thickens [24].  

 

Figure 1-13: Changes in UA as a result of fouling - (Redrawn from [42]) 

Explicit thermal analysis does not provide a clear understanding regarding the fouling formation 

as it is too complex to distinguish between fouling on the cold and hot fluid sides [28]. 

Furthermore, the changes in fluid characteristics due to variation in operational conditions make 

it almost impossible to compare day-to-day results [5]. 

1.5 Existing maintenance prediction methods and models 

1.5.1 Introduction 

Section 1.2 explained that fouling curves are used frequently to forecast the ideal maintenance 

interval for HEXs. Fouling curves indicate the progressive increase in thermal resistance or 

pressure drop for the time that the HEX has been in service. Given that historical performance 

data must be available, this approach is not viable for HEXs without installed instrumentation. 

No other approach commonly used to predict a maintenance interval for HEXs could be found in 

literature. Therefore, this study investigates several best-practice approaches for establishing 

maintenance schedules for mechanical systems in the manufacturing, automotive and 

aeronautical industries. 
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1.5.2 Preventative vs predictive maintenance 

To minimise downtime of mechanical systems, critical components are only repaired or replaced 

when required by the state of the system, which is called corrective maintenance [73], [74]. The 

future reliability of a mechanical system is therefore limited by the present degradation state of 

its components [75]. After the 1990s, industry changed their maintenance policies from corrective 

to preventative and predictive maintenance [76], [77]. Thus, predictive and condition-based 

maintenance policies were introduced to forecast future failure of the mechanical systems before 

a breakdown occurs [74], [78]. 

The difference between preventative and predictive maintenance can be explained as follows: a 

preventative maintenance policy schedules periodical maintenance cycles; for example, every 

100 working hours [74]. The period between maintenance cycles is derived from the failure 

statistics of the system and its components. Predictive maintenance policies, on the other hand, 

only schedule maintenance activities when potential failure is detected [75]. The choice between 

preventative and predictive maintenance depends on the trade-off between maintenance cost 

and revenue loss due to reduced performance of the system [76]. 

The prognosis of future system maintenance is attained by evaluating system efficiency, 

productivity, and the remaining useful life [79]. Over the past 20 years, several best-practice 

approaches (or methods) and models for establishing a predictive maintenance policy have been 

developed. These best-practice approaches and models are reviewed in the following sections. 

1.5.3 Markov approach 

The Markov approach is used to simulate various factors that influence predictive maintenance 

scheduling of complex systems [80]. This approach uses sets of differential equations to model 

the degradation of each system component [77]. A restoration index is used to restore the system 

performance to its design state. The maintenance interval is scheduled based on the failure 

behaviour of the system. The Markov approach requires complex differential equations. 

1.5.4 Bayesian approach 

Anticipating possible failure is a great advantage when scheduling maintenance programs. It 

increases safety, quality and availability. However, not analysing available information promotes 

false decision-making [76]. The Bayesian approach predicts the failure time of the system by 

monitoring the performance degradation [81]. Performance degradation is monitored through 

periodic inspection and observation, which enables proper judgment for the need of maintenance 
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activities [82]. The Bayesian approach requires routine inspections and a trained eye to notice 

the need for maintenance activities. 

1.5.5 Monte Carlo approach 

The future reliability of a mechanical system is limited by the present degradation state of its 

components. Thus, the reliability of components governs the future failure of mechanical systems 

[76]. Component reliability is evaluated using Monte Carlo simulations. The prognosis of this 

model helps to calculate the remaining useful life, whereafter the maintenance interval is 

scheduled accordingly [83]. However, these simulations can be complex to set up. 

1.5.6 Data-driven approach 

Condition-based maintenance is the modern form of predictive maintenance [74], [77]. Condition-

based maintenance uses automatically triggered alarms to advise on the maintenance activities 

required. By monitoring the warning limits closely, the downtime and maintenance costs are 

reduced. The alarms are used to estimate the maintenance interval as they act as real-time 

degradation signals [84]. Data acquisition helps to predict signs of possible failure [85]. The data-

driven approach, however, requires instrumentation such as sensors and data loggers to be 

installed. 

1.6  Need for the study 

The research problem that was identified from the the introductorily section of this document. 

HEXs found in the HVAC industry foul over its lifespan. The current methods and models used to 

predict the presence and extent of HEX fouling in the HVAC industry leads to inaccurate 

predictions.  

This problem was addressed by investigating various methods and models to accurately predict 

the extent and presence of fouling. To establish the need for this study, fourteen previous models 

(devised from one or more of the six methods discussed Section 1.3) were reviewed. The studies 

reviewed are summarised in Table 1-3 according to; author, year conducted, applicable industry, 

method, parameters predicted, and input data required.  

The following questions have been asked during the reviewing process: 

➢ to which industry was the study applicable to? 

➢ what type of HEX was studied? 
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➢ what method was used? 

➢ what did the model predict? 

➢ and, lastly, what type of input data was used?  

Ample studies performed on HEXs found in the refinery, food processing, cogeneration and 

HVAC industries were reviewed. Studies performed on heat exchangers in the refinery industry 

only focussed on shell-and-tube HEXs [2], [3], [10], [11], [86]–[88]. The possibility was 

investigated to see if these methods and models are compatible with FTHXs, since the research 

problem focuses on this type of HEXs Unfortunately, none were compatible, and the research 

focus was shifted to HEXs operating in the cogeneration industry.  

The work done in the cogeneration industry focussed on FTHXs [10], [41]. Łopata et al, [10] 

presented a numerical method to predict fouling based on historical data. Their method is not 

capable of predicting FTHX performance. Kuosa et al, [41] did present a method capable of 

predicting both fouling and performance based on historical data. The shortcoming of this method 

and model lays within the fact that historical data is only available when the heat exchanger is 

equipped with instrumentation.  

To find a method and model capable of also accounting for heat exchangers operating without 

instrumentation, studies using only explicit mathematical methods to evaluate heat exchanger 

performance were reviewed [2], [15], [50], [88].  All four studies reviewed did not present a method 

of mathematically calculating FTHX fouling and performance operating in humid air conditions. 

The main research findings obtained from Table 1-3 are summarised as follow: 

➢ None of the reviewed studies presented a model capable of predicting both performance 

and fouling for FTHXs operating in the HVAC environment. 

➢ None of the studies reviewed presented a model capable of predicting the ideal 

maintenance interval for FTHXs operating in the HVAC industry.  

➢ None of the researchers presented a model capable of predicting performance, fouling 

and the ideal maintenance interval for FTHXs from experimental data. 

Thus, none of the methods and models reviewed is compatible with a fouled FTHX operating at 

off-design conditions in the HVAC industry. Therefore, it should be clear that a pressing need 

exists for a performance and fouling model for FTHXs operating at off-design conditions 

with no instrumentation in the HVAC environment. Henceforth, the focus only falls on FTHXs 

operating at off-design conditions with no instrumentation in the HVAC environment.  
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1.7 Study objectives 

It has been established from Section 1.5 that the need exists for a performance, fouling and 

maintenance interval prediction model for FTHXs operating at off-design conditions with no 

instrumentation in the HVAC environment. The objectives set out to meet the study need include 

a methodology capable of predicting the following at off-design conditions: 

➢ the optimum and actual air-cooling duty; 

➢ the optimum and actual air outlet temperature;  

➢ the performance loss due to external fouling; 

➢ the performance loss due to internal fouling; and 

➢ the ideal maintenance interval.  
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Table 1-3: Research matrix of previous work done 
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Davoudi et al, [3] 2017 ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✗ ✓ ✗ ✓ ✓ ✗ 

Wen et al, [40] 2017 ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ 

Mohanty et al, [86] 2014 ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ 

Wallhäußer et al, [36] 2011 ✗ ✓ ✗ ✗ ✗ ✓ ✗ ✓ ✓ ✗ ✗ ✓ ✗ ✗ ✓ ✗ 

Radhakrishnan et al, [87] 2007 ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✓ ✗ 

Łopata et al, [10] 2015 ✓ ✗ ✓ ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✓ ✗ 

Tang et al, [11] 2018 ✓ ✗ ✓ ✗ ✓ ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✗ ✓ ✗ 

Markowski et al, [88] 2013 ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✓ ✗ 

Kuosa et al, [41] 2007 ✗ ✗ ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✓ ✓ ✓ ✗ 

Diaz-bejarano et al, [2] 2017 ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✓ ✗ 

Inamdar et al, [15] 2016 ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✓ ✗ 

Zhou et al, [62] 2018 ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✓ ✓ ✗ ✗ ✗ ✓ ✗ 

Qureshi et al, [50] 2014 ✗ ✗ ✗ ✓ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✓ ✗ 

Pretorius [49] 2018 ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✓ ✗ ✓ ✗ ✗ ✗ ✓ ✗ 
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1.8 Conclusion 

FTHXs are found in abundance in HVAC systems. This vital piece of equipment is used to either 

cool or heat the occupational environment. The thermal conditions in the occupational 

environment could affect labour productivity, health and safety directly. Thus, FTHXs are of 

paramount importance to ensure continuity of operation and profit. This chapter identified that 

FTHXs foul while operating in real-world conditions due to impurities in the hot and cold fluid 

streams. Consequently, HEX performance deteriorates, and, at some point, system downtime is 

required to restore performance through maintenance activities. 

Therefore, there is a need for a performance, fouling and ideal maintenance interval prediction 

model for FTHXs. Previous methods required installed instrumentation and the FTHXs to operate 

at design conditions. None of the methods and models reviewed were compatible with a fouled 

FTHX operating without installed instrumentation at off-design conditions in the HVAC industry. 

The objectives set out to meet the study need include a model capable of predicting the following 

at off-design conditions: the optimum and actual air-cooling duty and outlet temperature; 

performance loss due to fouling; and the ideal maintenance interval. 

1.9 Chapter overview  

Chapter 1: Introduction and Literature study 

This chapter presented the introduction and background to this study. The chapter included a 

detailed literature review on work done by previous researchers. The need for the study was 

established and the objectives required to meet this need were summarised. These objectives 

form the backbone of the study. 

Chapter 2: Methodology 

In Chapter 2 the methodology required to devise the desired model is developed in close 

accordance with the study objectives. Ample knowledge gained from the literature review section 

is used to address all challenges faced in developing the desired model. Verification techniques 

are also established. 

Chapter 3: Implementation and results 

In this chapter nine case studies are selected in close accordance with the study objectives to 

ensure that the scope meets all the objectives as set out in Section 1.5. The chapter further 
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discusses the background on the case studies, the implementation phase, and the results 

obtained. 

Chapter 4: Conclusion and recommendations 

Chapter 4 presents a summary of the conclusion of each chapter. To verify that the need for 

this study has been addressed, in this chapter the results obtained will be compared with the 

study objectives.   
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2 METHODOLOGY 

2.1 Preamble 

Section 1.4 highlighted the need for a general performance, fouling and maintenance prediction 

model applicable to FTHXs in the HVAC environment with no instrumentation. As pointed out in 

Section 1.5, objectives set to meet the study need to include a model capable of predicting the 

following at off-design conditions: 

➢ the optimum and actual air-cooling duty; 

➢ the optimum and actual air outlet temperature;  

➢ the performance loss due to external fouling; 

➢ the performance loss due to internal fouling; and 

➢ the ideal maintenance interval.  

After reviewing these objectives, it became apparent that the solution should ideally be a model 

consisting of three models. The first model predicts the optimum and actual air duty and outlet 

temperature. The second model predicts the performance loss due to foulants. The third model 

predicts the ideal maintenance interval. The models are linked to form the required methodology 

which meets the need of this study, as illustrated in Figure 2-1. The three models are devised in 

the sections that follow. 

 

Figure 2-1: Exploded view of general method and its models required to meet the need of the study9 

 
9B van Rooyen, Personal illustration, 2019. 
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2.2 Generic performance model methodology 

2.2.1 Overview 

As indicated in Section 2.1, the first model must predict the optimum and actual air temperature 

and duty. The objective of this section is to devise the first model. Recalling from Section 1.4, the 

parts required for developing a HEX performance model include [2], [3], [10], [11], [15], [36], [40], 

[41], [49], [50], [61], [62], [86]–[88]: 

(1) KPI selection – What should the model predict? 

(2) Model development – What equations are required to formulate the KPIs? 

(3) Database establishment – What data is required to populate the equations with inputs? 

(4) Model verification – What means should be implemented to evaluate the credibility of the 

predictions? 

Model verification is considered the most important element. Figure 2-2 shows how these four 

parts interlink to formulate the new general performance model. 

 

Figure 2-2: Exploded view of the four parts required for generic performance model development10 

Each part shown in Figure 2-2 consists of several parts. These parts are discussed in detail within 

this section. 

 
10 B van Rooyen, Personal illustration, 2019. 
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2.2.2 KPIs selection for finned-tube heat exchangers 

As illustrated in Figure 2-3, the first step required is the selection of KPIs. It was noted in 

Section 1.3 that the selection of KPIs is based on the objective of the model. The KPIs are the 

driving force to reach the outcome of the model. 

Recalling from the study objectives defined in Section 2.1, the objectives of the model regarding 

performance, are to predict the optimum and actual air outlet temperature and duty. Henceforth, 

the KPIs selected for this study include the optimum and actual air outlet temperature; and the 

optimum and actual air duty. An exploded view of the KPI selection part and its components is 

presented in Figure 2-3. 

 

Figure 2-3: Exploded view of KPI selection part and components11 

(1) Predict and compare actual and optimum air outlet temperature 

As mentioned in Section 1.1.3, fluid outlet temperatures deviate from the optimum value when 

HEXs start to foul. A comparison of the optimum and actual air outlet temperature indicates the 

fouling state of the HEX. 

(2) Predict and compare actual and optimum air duty 

This KPI indicates what the actual duty is and what the duty should be if the HEX is unfouled [35]. 

 
11 B van Rooyen, Personal illustration, 2019. 
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air duty
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2.2.3 Performance model development 

The objective of this sub-section is to characterise the necessary mathematical equations 

required to formulate the KPIs previously selected in Section 2.2.2. Two components are 

required, namely method selection and mathematical equation characterisation. Method selection 

consists of selecting the most applicable method, whereas the mathematical equation 

characterisation component necessitates formulating the required mathematical equations. 

Figure 2-4 shows an exploded view of the performance model development part and its 

components. These components are discussed in more detail in the following sub-sections. 

 

Figure 2-4: Exploded view of model development part and components 12 

(1) Method selection 

In Section 1.3 the different methods used to predict HEX performance have been discussed. As 

mentioned in Section 2.2.2, the KPIs required to meet the need of this study are the optimum and 

actual air outlet temperature, as well as the optimum and actual air duty. Because these KPIs are 

the driving force of the model, the method must be compatible with the KPIs. 

Table 2-1 summarises each method discussed in Section 1.3, as well as the limitations thereof. 

Based on the limitations, four of the eight methods are not compatible with the KPIs. The 

remaining four methods are partially compatible with the KPIs, but require some modification. 

The modifications required are discussed in the following sub-sections. 

 
12 B van Rooyen, Personal illustration, 2019. 
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Table 2-1: Limitations of various methods 

Method Compatible Limitations Reference 

Acoustics No Acoustic sensors are temperature dependent  Section 1.3.2 

Continuous calibration of sensors  

HEX tubes are not accessible  

Temperature Possible Various sensors required to detect localised fouling  Section 1.3.3 

Continuous calibration of sensors  

Numerical No Requires detailed HEX geometrical data Section 1.3.4 

Computationally expensive 

Convergence, stiffness and stability problems  

Pressure 
drop 

Possible Various sensors required to detect localised fouling  Section 1.3.3 

Continuous calibration of sensors  

Statistical No Vast number of historical data sets required Section 1.3.5 

Validation with other models necessary  

Requires historical data 

Lumped Possible Current models based on ideal assumptions  Section 1.3.6 

Requires detailed geometrical data  

Fouling 
factors 

No Fouling factors vary with operational conditions  Section 1.3.7 

Inability to describe fouling: the extent, location, nature 
and growth of fouling 

UA Possible Changes in fluid characteristics due to variation in 
operational conditions make it almost impossible to 
compare day-to-day results meaningfully 

Section 1.3.7 

 

The study performed by Wallhäußer et al. showed that several methods can be combined to 

develop the desired method [36]. Based on the KPIs selected for this study, the ideal method 

must contain the functionality to predict the following accurately: 

➢ the optimum and actual air outlet temperature; and 

➢ the optimum and actual duty at off-design operational conditions. 

Following from Section 1.4, it is clear from the need of the study that the new model must apply 

to FTHXs operating under real-word operating conditions in the HVAC environment. In Section 

1.3.6 it is stated that the working fluid is moist air. Air dehumidification is expected if the air is 

cooled below its dew point temperature. This results in simultaneous heat and mass transfer, 

which must be accounted for to predict the optimum and actual air outlet temperature accurately. 
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Zhou et al. proved that the lumped method can be used to simulate the simultaneous heat and 

mass transfer when the air dehumidifies [62]. 

The UA method considers both the hot and cold fluid data to determine the overall efficiency of 

the exchanger [24]. The UA method evaluates the optimum and actual duty at off-design 

conditions. 

As mentioned in Section 1.4, the new model must be applicable to HEXs with no instrumentation 

as no historical temperature, pressure and flow data is available. Experimental pressure and 

temperature measurements can be used to capture the operational conditions. 

In conclusion, it must be stated explicitly that the temperature and pressure measurement 

method, the lumped method and the UA method must be combined into a single method in order 

for the new method to be compatible with the KPIs. 

(2) Heat exchanger performance model 

This section depicts the necessary parameters for deriving a model capable of predicting the 

required KPIs. It provides only a descriptive summary of the parameters used within the devised 

performance model. The reader is advised to refer to Appendix A for the detailed mathematical 

equations. 

The first KPI, namely predict and compare actual and optimum air outlet temperature, requires 

the model to be equipped with the necessary functionality to evaluate the optimum air outlet 

temperature. Figure 2-5 provides a descriptive illustration of the process and parameters required 

to evaluate this KPI. 
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Figure 2-5: Optimum air outlet temperature calculation methodology13 

In Section 1.2.1 the basic principle of operation was discussed: as the air flows through the HEX, 

heat is extracted from the air, which is transferred to the chilled water. The result is a 

corresponding decrease in air temperature. The quantity of heat extracted from a portion of air is 

governed by the air-side heat transfer ability, optimum heat transfer rate and inlet air temperature. 

The air-side heat transfer ability refers to the ease with which heat is transferred from the air to 

the water. The air-side heat transfer ability depends on how fast the portion of air moves through 

the HEX and the air-side specific heat capacity. 

The rate at which the air flows through the HEX is characterised by the air volumetric flow rate 

and the air density. The user evaluates the air volumetric flow rate by using air velocity and flow 

 
13 B van Rooyen, Personal illustration, 2019. 
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area measurements. The air density depends on the temperature, pressure and relative humidity. 

The user measures these properties either at the air inlet-side or air outlet-side. 

The specific heat capacity of the air-side indicates the ease with which the air dispenses its heat. 

It is a function of the inlet air pressure, temperature and relative humidity. As stated previously in 

Section 1.4, the HEX has no instrumentation. As no historical data is available for these 

parameters, the user must capture the parameters using the temperature and pressure 

measurement method. Thereafter, the parameters are used to determine the air-specific heat 

capacity. 

The optimum heat transfer rate quantifies the expected heat transfer rate to the water for the 

specific operating conditions that the HEX is exposed to. It is evaluated from the maximum 

possible heat transfer rate and the effectiveness of the HEX device. 

The maximum temperature difference between the two fluids exists at the HEX air and water inlet 

ports. For this reason, the maximum possible heat transfer rate is evaluated from these two 

parameters. 

The overall effectiveness of the HEX accounts for the overall heat transfer efficiency between the 

heat transfer surfaces and the fluid heat transfer ability ratio. The fluid heat transfer ability refers 

to the ratio of the water heat transfer ability and air heat transfer ability. To account for the ease 

at which the water picks up the heat transferred from the air, water-side heat transfer ability is a 

function of the water flow rate and specific heat capacity. 

The water-specific heat capacity is temperature dependent. To account for variations of 

temperature as the water heats up, the specific heat capacity is evaluated at the average 

temperature between the inlet and outlet port. This average temperature is often referred to as 

the fluid film temperature. The user must measure the water flow rate and temperature using an 

ultrasonic flow meter and thermocouples, respectively. The inlet air pressure is measured with a 

barometric pressure meter. To capture both air wet-bulb and dry-bulb temperatures, a whirling 

hygrometer is used to measure the air temperature. 

After accounting for all the aforementioned parameters, the air outlet temperature is evaluated by 

means of Equation 2.1. 
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𝑇𝑎𝑜
=  𝑇𝑎𝑖

−
𝑞𝑜𝑝𝑡𝑖𝑚𝑢𝑚

𝐶𝑎
 2.1 

𝑤ℎ𝑒𝑟𝑒: 

𝑇𝑎𝑖
 

𝑇𝑎𝑜
 

𝑞𝑜𝑝𝑡𝑖𝑚𝑢𝑚 

𝐶𝑎 

 

– air inlet temperature 

– air outlet temperature 

– optimum heat transfer rate to the liquid 

– gas heat transfer ability 

 

 

 

 

 

The second KPI, namely predict and compare actual and optimum air duty, requires the 

necessary functionality to evaluate the optimum and actual air duty. Figure 2-6 provides a 

descriptive illustration of the process and parameters required to evaluate the optimum air duty. 

Heat must be extracted from the air to attain the optimum outlet air temperature. The optimum air 

duty is a function of the air mass flow and the difference between air inlet and outlet enthalpy. As 

previously mentioned, air flow rate is characterised by the air volumetric flow rate and the air 

density. 

The user evaluates the air volumetric flow rate from air velocity and flow area measurements. 

The air density depends on the temperature, pressure and relative humidity. The user measures 

these properties either at the air inlet-side or outlet-side. The inlet air enthalpy is a function of the 

inlet air pressure and temperatures, as measured by the user. The optimum air outlet enthalpy is 

a function of the optimum air outlet pressure and temperature. The optimum air outlet temperature 

follows from Equation 2.1. 

The heat extracted from the air is not always equal to the heat transferred to the water. When the 

air is cooled below the dew point of the air, it dehumidifies. This results in simultaneous heat and 

mass transfer as heat and moisture are extracted from the air. A portion of the heat transfers to 

the dehumidified water, and the rest transfers to the water flowing within the tubes. The lumped 

method is used to quantify the full portion of heat extracted from the air by means of air enthalpy. 
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Figure 2-6: Optimum air duty evaluation methodology14 

Ultimately, the optimum air duty is evaluated using Equation 2.2. When the actual air outlet 

enthalpy is substituted into the Equation 2-2, the actual air duty is also evaluated. The actual air 

outlet enthalpy is a function of the measured (actual) air outlet temperature. 

 𝑞𝑜𝑝𝑡𝑖𝑚𝑢𝑚 =  �̇�𝑎 ×  (ℎ𝑖 − ℎ𝑜) 2.2 

𝑤ℎ𝑒𝑟𝑒:   

ℎ𝑖 

ℎ𝑜 

�̇�𝑎 

– air inlet enthalpy 

– optimum air outlet enthalpy 

– air mass flow rate 

 

 
14 B van Rooyen, Personal illustration, 2019. 
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2.2.4 Database establishment 

The third component of the new general model is the establishment of a detailed database. The 

information gathered in the database component is used to populate the model with input data. 

Figure 2-7 shows the essential parts required for the database establishment component. Firstly, 

the fluid properties of the hot and cold fluids are gathered, whereafter the geometrical, thermal 

and hydraulic properties of the HEX are collected. Each of these parts is discussed in detail in 

the subsequent sections. 

 

Figure 2-7: Exploded view of database establishment part and components 15 

(1) Fluid properties 

The first part of the database, namely fluid properties, involves the gathering of all air-side and 

water-side fluid thermal properties required to calculate the HEX performance. Air-side refers to 

the air flowing over the cold finned tubes. Water-side refers to the chilled water flowing within the 

tubes. Two approaches are used to gather data; the first, through measurements and, the second, 

from property tables. 

Hot and cold fluid measurable physicochemical properties 

As discussed in Section 1.4, the model caters for HEXs with no instrumentation. Thus, no 

historical data is available for obtaining the required physicochemical properties. Recalling from 

 
15 B van Rooyen, Personal illustration, 2019. 
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Section 2.3.2, the method of temperature and pressure measurements provides a suitable 

method for obtaining the properties through experimental measurements. 

Section 2.2.3 highlighted the required physicochemical properties. The measurable properties 

and instrumentation required are listed in Table 2-2. 

Table 2-2: Fluid database measurable content 

Physicochemical property  Parameter  Instrumentation required  

Air-side  

Dry-bulb temperature 𝑇𝐷𝐵 
Whirling hygrometer  

Wet-bulb temperature 𝑇𝑊𝐵 

Pressure 
𝑃𝑎𝑖𝑛𝑙𝑒𝑡

 
Barometric meter  

𝑃𝑎𝑜𝑢𝑡𝑙𝑒𝑡
 

Air velocity 𝑣𝑎 Vane anemometer  

Air flow area 𝐴𝑎𝑓𝑙𝑜𝑤
 Laser distance meter  

Water-side  

Inlet temperature  𝑇𝑤𝑖𝑛  
Thermocouple  

Outlet temperature 𝑇𝑤𝑜𝑢𝑡 

Flow rate 𝑚�̇� Ultrasonic water flow meter  

 

Hot and cold fluid calculated physicochemical properties 

Not all the required physicochemical properties can be obtained through direct measurements. 

To overcome this challenge, measurable physicochemical properties are used to attain the 

missing values from moist air and water property tables; for example, Barenburg’s psychrometric 

charts. These charts are selected according to air pressure and the user manually attains the 

required physicochemical properties. For this study, these charts were digitalised. Engineering 

Equation Solver™, a thermo-fluid program, was used to develop the required moist air tables for 

various air pressure, dry-bulb temperature and relative humidity combinations. 

The physicochemical properties for the water-side are calculated from property tables found in 

Fundamentals of Heat and Mass Transfer [25]. The properties are evaluated at the fluid film 

temperature and account for temperature fluctuations along the length of the HEX tube [89], [90]. 

The film temperature is defined in Equation 2.3. 

 𝑇𝑓𝑖𝑙𝑚 =
𝑇𝑤𝑖𝑛 + 𝑇𝑤𝑜𝑢𝑡

2
 2.3 
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𝑤ℎ𝑒𝑟𝑒: 

𝑇𝑤𝑖𝑛 

𝑇𝑤𝑜𝑢𝑡 

 

– water inlet temperature 

– water outlet temperature  

 

The required air- and water-side physicochemical properties are summarised in Table 2-3. 

Table 2-3: Fluid database calculated content 

Physicochemical property  Parameter  Attained from 

Air-side 

Relative humidity 𝑅𝐻 

Moist air property table 

Enthalpy ℎ𝑎 

Specific heat capacity 𝐶𝑝  

Density 𝜌𝑎 

Dew point 𝐷𝑃 

Thermal conductivity 𝑘 

Water-side 

Thermal conductivity 𝑘 

Water property table Specific heat capacity 𝐶𝑝 

Dynamic viscosity 𝜇 

 

(2) Heat exchanger specifications 

Database establishment captures the required HEX geometrical, thermal and hydraulic 

specifications. Table 2-4 summarises the HEX specifications required by the performance model. 

The geometrical specifications can be obtained from physical measurements or from the 

manufacturer. The thermal and hydraulic specifications must be obtained from the HEX 

manufacturer. 

Table 2-4: HEX specification database content 

Heat exchanger specification Parameter Obtained from  

Geometrical 

Outside tube diameter 𝐷𝑜 

Manufacturer 

Inner tube diameter 𝐷𝑖 

Horizontal and vertical tube pitch 𝑋𝑝 

Number of tubes per row 𝑌𝑝 

Number of tube rows 𝑁𝑡 

Fin pitch 𝐹𝑝 
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Heat exchanger specification Parameter Obtained from  

Fin thickness 𝐹𝑡 

Fin to total area ratio 𝜃 

Flow passage hydraulic diameter 𝐷ℎ 

Free flow to frontal area ratio 𝜎 

Heat transfer area to total volume ratio 𝛼 

Thermal 
Colburn J-factor vs Reynolds number curve Equation  

Performance curve  Curve 

Hydraulic  Air pressure drop curve  Curve 

 

2.2.5 Performance model verification 

This sub-section discusses the means implemented to verify the credibility of the predictions 

made by the performance model. Figure 2-8 shows the three parts incorporated into the model 

verification component, namely database verification, theoretical verification and, lastly, practical 

verification. Database validation ensures that the data in the database are correct and accurate. 

The verified data are then used as input parameters for the model. Model verification ensures 

accurate and consistent model predictions. Figure 2-8 shows the three parts used in the 

verification process. 

 

Figure 2-8: Exploded view of model verification part and components 16 

 
16 B van Rooyen, Personal illustration, 2019. 
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(1) Database verification 

Database verification ensures that the data used by the model as input parameters are 

trustworthy. Both fluid properties and HEX specifications must be verified. 

Measurable physicochemical properties of hot and cold fluid 

The first verification step is ensuring that the measuring equipment is calibrated properly. The 

second step is measuring each parameter at least three times and ensuring that the percentage 

difference between the three readings is less than 5% [36], [91]. 

HEX geometrical specifications verification 

This step ensures that the geometrical specifications obtained from the manufacturer are indeed 

those of the HEX to be modelled. A simple visual inspection is done to verify the geometric 

specifications. 

(2) Theoretical verification 

Theoretical verification ensures that the predictions made by the theoretical model correspond 

with the manufacturer’s suggestions. The HEX’s design duty curve obtained from the 

manufacturer is used to verify the model’s thermal predictions. The model must be populated with 

the same operating conditions used by the manufacturer when the design performance curve 

was plotted. The model predictions are deemed accurate if the design and predicted duty 

correlate within 5% [36]. 

(3) Practical verification 

The practical verification part compares the theoretical predictions at the off-design operating 

conditions with the measured performance from the actual HEX that has been put into service. 

Verification ensures that theoretical predictions and practical performance agree. Model 

predictions are deemed accurate if predicted and actual performance correlate within 5%. 

2.3 Generic fouling prediction methodology 

2.3.1 Overview 

As discussed in Section 2.1, a second model is required to predict the performance loss due to 

external and internal foulants, respectively. The performance model derived earlier is only 
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capable of predicting the actual performance of the fouled HEX and the expected optimum 

performance of the clean HEX. 

According to Section 1.3, performance losses due to fouling are challenging to predict, because 

losses depend on the fluid flow velocity, Reynolds number, surface roughness and material, 

fouling substance, pH, salt content and, the surface temperature [3], [29], [35], [36]. The loss 

prediction becomes even more challenging when no historical data are available for these 

parameters. 

Zubair et al. claims that using fouling factors is a suitable method for evaluating the efficiency and 

fouling of a HEX [24]. These factors account for the fact that thermal conductivity deposits vary 

along the axial and radial direction of the HEX tube [2]. However, these factors are selected based 

on experience as they are unique to fluid type and HEX operational conditions, because the 

temperature, velocity and length of the HEX are service dependent [25]. 

These challenges call for a more simplified approach to predict fouling performance losses of 

HEXs with no installed instrumentation.  

2.3.2 Generic fouling prediction methodology development 

The approach to predict FTHX fouling proposed by this study is illustrated descriptively by means 

of Figure 2-9. The approach consists of five focus areas, namely predict performance and 

compare; investigate; identify; clean; and, finally, predict performance improvement and 

compare. In the following main points, each of these focus areas is discussed in detail. 

(1) Predict performance and compare 

The performance model previously formulated in Section 2.2 is used to evaluate the optimum and 

actual performance of the HEX at the same operating conditions. As pointed out in Section 1.2 

and Section 1.3, the effectiveness of the exchanger decreases as soon as fouling starts to 

develop [56]. Consequently, the fluid outlet temperature and duty deviate from the optimum value. 

Bearing this in mind, the HEX fouling state is evaluated easily by comparing the optimum and 

actual air outlet temperature and duty. 

If the predicted optimum air outlet temperature and duty are equal to the actual air outlet 

temperature and duty, the HEX system is classified as unfouled. If not, the heat transfer surfaces 

are fouled and necessitate the second focus area. The difference between the optimum and 
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actual performance quantifies the performance loss due to the additional thermal resistance 

added by external and internal foulants. 

 

Figure 2-9: Fouling prediction methodology17 

 
17 B van Rooyen, Personal illustration, 2019. 
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(2) Investigate 

The second focus area comprises an investigation of the possibility of external fouling by 

measuring the air pressure drop over the HEX with a portable manometer. An air pressure drop 

that is equal to the optimum value for the same operating conditions indicates that no external 

foulants are present on the heat transfer surfaces. 

As indicated in Section 1.1.3, once fouling starts to develop progressively in the air flow passages, 

the cross-sectional area decreases, and thus impedes the fluid flow [8]. For this reason, an 

increase in air pressure drop is observed over the HEX. External foulants detected on the external 

heat transfer surfaces necessitates the implementation of the actions comprising the third focus 

area. 

(3) Identify 

The third focus area involves identifying the type of external foulant present on the external heat 

transfer surface by doing a physical inspection. As mentioned in Section 1.2.3, the fouling types 

commonly found on the external heat transfer surfaces of HVAC HEXs are scaling and particulate 

fouling. 

(4) Clean 

The purpose of this focus area is the removal of external foulants. The means required to remove 

the foulants are selected according to the fouling type. Scale fouling is hard and difficult to remove 

by mechanical means, and it requires expensive chemical cleaning. Particulate fouling, on the 

other hand, is the accumulation of particles on a heat transfer surface [31]. Particulate foulants 

can undergo ageing, which is known as the transformation from a soft to a hard, more cohesive 

form [32]. The latter influences the ease with which a fouling layer can be removed. If detected 

early, particulate foulants can be removed with relative ease by means of mechanical cleaning. 

The air-side pressure drop curve obtained in Section 2.2.4 is used to verify that all external 

foulants have been removed. The result is verified by measuring the air pressure drop after 

removing foulants. The foulants have been removed completely when the actual air pressure 

drop is equal to the optimum value. 

(5) Predict performance improvement and compare 

The HEX performance is expected to increase after the thermal resistance caused by the external 

foulants has been removed. The fifth focus area consists of predicting the improved performance. 
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When compared to the prediction made in the first focus area, the performance improvement 

quantifies the performance originally lost due to external fouling. 

The difference between optimum and actual performance as predicted in Focus Area 5, equates 

to the performance loss due to internal fouling. 

2.4 Generic maintenance interval prediction methodology 

2.4.1 Overview 

As stated in Section 1.5, there is a need for a performance, fouling and maintenance prediction 

model for FTHXs operating without installed instrumentation in the HVAC environment. As 

highlighted in Section 2.1, to meet this need, the study objectives call for a model with three 

models. The first model, developed in Section 2.2, evaluates the HEX’s actual and optimum 

performance. The second model, developed in Section 2.3, evaluates the performance lost due 

to external and internal fouling, respectively. A third model is required to predict the ideal 

maintenance interval. The third model is developed in this section. 

Figure 2-10 illustrates an exploded view of the maintenance prediction model and its parts. The 

first part addresses the maintenance policy type selection process. The most applicable method 

of developing the prediction model is selected in the second part, whereafter the actual model is 

developed in the third part. 

 

Figure 2-10: Exploded view of maintenance model and its parts18 

 
18 B van Rooyen, Personal illustration, 2019. 
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(1) Maintenance policy selection 

As mentioned in Section 1.4, there are three types of maintenance policies, namely, corrective, 

preventative and predictive maintenance [74], [78]. Chu et al. explained that a corrective 

maintenance policy only schedules maintenance activities in the event of a system failure [75] 

As stated in Section 1.2, an HVAC system is used to keep the thermal conditions of the 

occupational environment within legal limits. Smith highlighted that failure of the HVAC system 

not only jeopardises the health and safety of employees, but also imposes serious loss of 

revenue [21]. Thus, a corrective maintenance policy is not an option for FTHXs operating in the 

HVAC industry. 

Chu et al. elaborated on preventative maintenance policies. They mentioned that preventive 

maintenance policies schedule maintenance according to periodic cycles that are based on the 

failure statistics of the system [75]. However, failure statistics for HVAC HEXs were hard to obtain 

as only one of the studies reviewed during the literature section focused on establishing 

maintenance intervals for FTHXs. The HEX in that study operated in a power generation plant 

and the foulants were mainly found to be fly ash [41]. Section 1.2 discussed that, as is the case 

for FTHXs operating in the HVAC industry, foulants in nature vary from mould compounds, hair 

and textile fibres, to airborne particles such as dust [15], [38]. The thermal resistance added by 

the fly ash differs from the resistance added by the particulate foulants found in the HVAC 

industry. Therefore, those failure statistics for FTHXs operating in power generation plants could 

not be adopted for this study. 

The last type of maintenance policy is predictive in nature and schedules future maintenance 

activities based on the current state of the system [75]. Therefore, a predictive maintenance policy 

is used for this study. The method used to develop the prediction model is discussed next. 

(2) Method selection 

Section 1.4 thoroughly discussed the different methods for establishing the maintenance 

schedules for various mechanical systems. Table 2-5 summarised each method and the 

limitations thereof. Recalling from the study objectives as set in Section 1.6, the maintenance 

prediction model specifically applies to FTHXs operating without instrumentation in the HVAC 

industry. This means that no historical data is available to use for data analytics, which limits the 

use of a data-driven approach. Although the Monte Carlo approach could possibly be compatible 

with the research problem, the complexity of the simulations calls for a more simplified approach. 
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The Markov and Bayesian approaches seem to provide simplified methods for developing the 

predictive maintenance policy. 

Section 1.3 explained that the HEX’s UA starts to degrade when foulants accumulate on the heat 

transfer surfaces [42]. The air temperature deviates from its optimum value due to the reduced 

UA [24]. As the outlet side of the HEX is accessible, the air outlet temperature can be measured 

with relative ease. Thus, this parameter can be monitored periodically to evaluate the degradation 

of HEX performance. The Bayesian approach is the ideal approach for monitoring the 

performance deterioration of the HEX. 

However, Sakib et al warned that the maintenance interval could be misdiagnosed if all factors 

that influence the maintenance prediction are not considered [76]. Section 1.2 and Section 1.4 

stated that the influential factors that affect FTHXs operating without instrumentation in the HVAC 

environment include maintenance cost, revenue loss due to reduced productivity when workplace 

thermal conditions deteriorate, and legislation regarding workplace thermal conditions [21], [22], 

[75]. It is evident from Table 2-5 that the Markov approach provides the necessary functionality 

to account for all factors influencing the maintenance interval. 

Table 2-5: Limitations of various methods 

Approach Compatible Characteristics Reference 

Markov Yes Used when various factors influence predictive 
maintenance scheduling of complex systems 

Section 1.4.3 

Mathematical simulation-based approach that 
compares actual performance degradation with 
optimum performance  

Requires complex differential equations 

Bayesian Yes Predicts the failure time of the system by monitoring the 
performance degradation through periodic inspection 

Section 1.4.4 

Enables proper judgment for the need for maintenance 
activities 

Requires routine inspections and a trained eye to notice 
the need for maintenance activities 

Monte Carlo Possible  Desired method for calculating the remaining useful life Section 1.4.5 

Component reliability is evaluated using Monte Carlo 
simulations 

Simulations can be complex to set up 

Data-driven No Utilises automatic triggering alarms to advise on 
maintenance activities 

Section 1.3.6 
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Approach Compatible Characteristics Reference 

Alarms act as real-time degradation signals and data 
acquisition helps to predict a sign of possible failure 

Requires installed instrumentation such as sensors and 
data loggers 

To summarise the method selection, a data-driven approach is not viable as the maintenance 

model must focus on FTHXs without instrumentation. Monte Carlo simulations are complex to set 

up, which calls for a simplified approach. A Bayesian approach is used to evaluate the 

deterioration of HEX performance through periodical inspection. The effects of the HEX’s 

performance deterioration on revenue loss, maintenance costs and thermal conditions in the 

workplace are simulated with the Markov approach. The model is developed in the sections that 

follow. 

(3) Model development 

A predictive maintenance policy was selected for this study. The maintenance prediction model 

is developed by considering all the influential factors by addressing eight focus areas. For FTHXs 

operating without instrumentation in the HVAC environment, these influential factors include 

maintenance cost, revenue loss due to reduced productivity when workplace thermal conditions 

deteriorate, and legislation on workplace thermal conditions [21], [22], [75]. 

Focus area 1 – Key performance indicator selection 

Figure 2-11 illustrates all the factors influencing the KPI selection process. The KPIs are used as 

the driving force to predict the ideal maintenance interval. As mentioned in Section 1.2, an HVAC 

system is used to keep the thermal conditions of the occupational environment within legal limits. 

The air temperature in the workplace may not exceed 32.5 °C wet bulb and/or 37 °C dry bulb [22]. 

To minimise the occurrence of heatstroke, An SCP in excess of 160 W/m2 must be 

maintained [17]. For health and safety reasons, the occupational environment must be evacuated 

when these thermal limits are breached [22]. Evacuation leads to a complete loss of revenue for 

the period the labour force is not allowed to perform labour activities [21]. Maintenance activities 

have to be scheduled before the thermal conditions breach legal limits. Therefore, the first KPI 

monitors the air’s SCP, wet- and dry-bulb temperature. 

Recalling from Section 1.2, Smith highlighted that there is a direct relation between productivity 

and the wet-bulb air temperature in the occupational environment [21]. Smith’s study showed that 

productivity decreases significantly when thermal conditions deteriorate [21]. Hence, production 
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and revenue also decrease. The second KPI is used to forecast the ideal maintenance interval 

for monitoring revenue loss. Maintenance activities are scheduled once the revenue loss due to 

deteriorated thermal conditions is predicted to exceed the maintenance cost [75]. 

 

Figure 2-11: KPI development schematic19 

To conclude the KPI selection process: the first KPI monitors the air’s SCP, wet- and dry-bulb 

temperature. The second KPI compares revenue loss with maintenance cost. Thus, two 

simulation models are required: First, a thermal simulation model for predicting the corresponding 

effect on workplace thermal conditions when the cooling performance of the HEX deteriorates. 

Second, a labour model for predicting the corresponding loss of revenue due the degraded 

thermal conditions. 

Focus area 2 – Thermal simulation model 

This focus area aims to derive a thermal simulation model. The model is required to predict the 

degrading effect of air-cooling performance deterioration on the thermal conditions in the 

occupational environment. Figure 2-12 shows all the factors that influence the thermal simulation 

model’s development. The model receives cooling and heat, which are added to the air as input 

parameters, and predicts the air’s SCP, wet- and dry-bulb temperature. The inner workings of the 

thermal model are discussed in the following paragraphs. 

Figure 2-13 presents a schematic of a FTHX used to cool the occupational environment. A system 

boundary is used to identify all factors influencing the thermal condition of the air entering the 

occupational environment.Cold air is discharged from the FTHX and picks up heat from the 

 
19 B van Rooyen, Personal illustration, 2019. 
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surrounding heat sources. Thus, air reaches the occupational environment at a higher 

temperature than at the HEX’s discharge. The heat picked up between the HEX’s discharge and 

entry of the occupational environment is quantified using Equation 2.3. 

As mentioned in Section 2.2, air enthalpy is a function of the air’s dry- and wet-bulb temperature 

and pressure. These properties are measured at the FTHX’s discharge and at the entry of the 

occupational environment. Using the air’s dry- and wet-bulb temperature and pressure as 

reference, the air enthalpies are evaluated from the air property tables presented in Appendix B. 

 ∆𝑞=  �̇�𝑎 ×  (ℎ𝑖 −  ℎ𝑜) 2.3 

𝑤ℎ𝑒𝑟𝑒:   

ℎ𝑖 

ℎ𝑜 

�̇�𝑎 

– occupational environment air inlet enthalpy 

– FTHX air outlet enthalpy 

– air mass flow rate 

 

For this study, it is assumed that the heat picked up from heat sources remains constant. That is, 

it is assumed that the heat sources and air relative humidity remain unchanged. The credibility of 

each assumption is summarised in Table 2-6 

Table 2-6: Assumptions and credibility 

Assumption Assumption credibility 

Heat sources remain constant Heat sources in system remain unchanged 

Relative humidity remains constant Wet surfaces in system remain unchanged 

To predict the corresponding increase in air temperature in the occupational environment when 

the performance of the FTHX deteriorates, the occupational environment’s air inlet enthalpy is 

attained using Equation 2.4. Using the air’s inlet enthalpy as reference, the air wet- and dry-bulb 

temperatures are obtained from the air property tables presented in Appendix B, Table 4-3. Using 

the wet-bulb temperature and air velocity in the occupational environment as reference, the air 

SCP is evaluated from the SCP table presented in Appendix B, Table 4-4. 

 
ℎ𝑖 = ℎ𝑜 +

∆𝑞

�̇�𝑎
 2.4 

𝑤ℎ𝑒𝑟𝑒: 

ℎ𝑖 

ℎ𝑜 

�̇�𝑎 

 

– occupational environment air inlet enthalpy 

– FTHX air outlet enthalpy 

– air mass flow rate 
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Figure 2-12: Thermal model development schematic20 

 

Figure 2-13: Schematic of FTHX used to cool the occupational environment21 

Focus area 3 – Labour simulation model 

As discussed in Section 1.2, the thermal conditions in the occupational environment could have 

a direct effect on labour productivity, health and safety. Thus, due to the productivity of the 

workforce decreasing as a result of deteriorated thermal conditions in the occupational 

environment, a labour model is required to simulate the production changes. Figure 2-14 

illustrates all the factors that influence the production output from the workforce. 

 
20 B van Rooyen, Personal illustration, 2019. 
21 B van Rooyen, Personal illustration, 2019. 
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Figure 2-14: Labour model development schematic22 

Examples of labour versus thermal relations are illustrated in Figure 1-2. It is important to note 

that this relation differ between, for example, an office and a mining occupational environment. 

Thus, relations must be derived from the production versus temperature data for the type of work 

performed in the occupational environment. The relation is obtained by plotting production output 

against the temperature of the workplace. 

The equation of the regression line that describes the relation between production and stope wet-

bulb air temperature is derived as follows: With production data on the y-axis and the 

corresponding wet-bulb temperature data on the x-axis, Microsoft Excel™ is used to create an XY 

plot of the production versus temperature data (for example, see Figure 1-2). The trendline 

functionality of Microsoft Excel™ is used to obtain the equation for the regression line that 

describes the production versus temperature data. This equation relates changes in the wet-bulb 

temperature at the working face to the corresponding change in production delivered by the 

workforce. The credibility of the equation’s ability to describe the relation is verified by obtaining 

the coefficient of correlation (R2). R2 is the statistical measure of how closely the data is described 

by the trendline [92]. R2 close to 1 depicts an almost 100% fit. The labour and thermal relations 

are used to evaluate the revenue generated from produced goods sold, as per Equation 2.5. 

 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 = 𝑆𝑒𝑙𝑙𝑖𝑛𝑔 𝑝𝑟𝑖𝑐𝑒 𝑝𝑒𝑟 𝑖𝑡𝑒𝑚 × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑡𝑒𝑚𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 2.5 

The labour model is verified by comparing actual production and revenue data with the model’s 

prediction. 

 
22 B van Rooyen, Personal illustration, 2019. 
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Focus area 4 – Best-case scenario development 

The best-case scenario is required to benchmark the effects of cooling performance degradation 

on productivity, production and thermal conditions. Benchmarking is done to evaluate current 

performance against a reference performance [93]. The best-case scenario reflects what the 

optimum thermal conditions and production would be if the cooling performance of the HEX was 

kept to its optimum performance. The best-case scenario is evaluated in the paragraphs that 

follow. 

Figure 2-15 shows the base-case scenario development schematic. The thermal and labour 

simulations are used to evaluate the thermal conditions and revenue when the cooling 

performance is kept to its optimum value. To achieve this, the optimum performance and air outlet 

temperature are evaluated. Thereafter, the thermal and labour model is used to predict the 

thermal conditions and revenue. The best-case scenario is used as the performance reference 

as it represents the best possible thermal conditions in the occupational environment and 

optimum revenue. The deterioration of thermal conditions and revenue loss as the cooling 

performance degrades are later benchmarked against the best-case scenario. 

 

Figure 2-15: Best-case development schematic23 

Focus area 5 – Heat exchanger’s cooling performance reduction relation 

The objective of this focus area is to develop the HEX’s cooling performance reduction relation 

(PRR). This relation is used to predict the increase in FTHX air outlet temperature when the air-

cooling performance deteriorates. The process followed is mapped out in Figure 2-16. 

 
23 B van Rooyen, Personal illustration, 2019. 
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Figure 2-16: Performance reduction relation development schematic24 

As mentioned in Section 1.4, the Bayesian approach is used to monitor performance degradation 

through periodic observational inspections [82]. Recalling from Section 1.3, the HEX’s UA starts 

degrading when foulants start to accumulate on the heat transfer surfaces [42]. The deteriorated 

UA reduces the air-cooling performance of the HEX [24]. This results in the air outlet temperature 

deviating from its optimum value. 

The performance degradation of the HEX is evaluated by comparing the actual performance with 

the optimum performance [46]. However, Pretorius et al. warned against this approach [49] . He 

argued that this is true only if the operational conditions under which the optimum performance 

was rated, remain unchanged for the full-service period of the HEX.  Therefore, to account for all 

cases (with or without variable operational conditions), the performance model developed in 

Section 2.2 is used to evaluate the HEX’s actual and optimum performance at the exact same 

operating conditions. 

The inlet and outlet sides of the HEX are easily accessible. The HEX’s operational conditions are 

measured by performing the survey procedure described in Section 2.2.4. The HEX’s cooling 

PRR is obtained through periodical performance evaluations using the performance model 

developed in Section 2.2. Results are illustrated graphically on an XY plot until a clear relation 

can be described with a regression line. An example of such relation is illustrated in Figure 2-17. 

This relation relates the reduced air-cooling performance to the corresponding increase in air 

outlet temperature. 

 
24 B van Rooyen, Personal illustration, 2019. 
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Figure 2-17: An example of an expected air-cooling performance reduction relation25 

Focus area 6 – Performance deterioration scenarios 

The objective of this focus area is to predict the effect of degrading cooling performance on 

thermal conditions and revenue. To achieve this, the PRR, thermal and labour models are used 

as illustrated in Figure 2-18. Using the PRR (Figure 2-17), HEX performance is deteriorated 

theoretically. The reduced air-cooling performance causes the air temperature to increase. The 

thermal model predicts the deteriorated thermal conditions. The labour model evaluates the 

corresponding decrease in revenue. For example, a reduction of 2.5% is used during the first 

scenario and the corresponding deteriorated thermal conditions and revenue are evaluated. The 

number of scenarios to be evaluated depends on how sensitive the thermal conditions and 

revenue loss are to the deteriorated performance. 

The simulated results are used to develop the system’s thermal and revenue loss relationships 

in the next focus area. 

 
25 B van Rooyen, Personal illustration, 2019. 
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Figure 2-18: Development of performance deterioration scenarios26 

Focus area 7 – Performance benchmarking 

To establish the thermal and revenue loss relations as the air-cooling performance deteriorates, 

the simulated results obtained from the performance deterioration scenarios are benchmarked 

against the best-case scenario. All factors influencing the performance benchmarking process 

are illustrated in Figure 2-19. To develop the thermal and revenue loss relations, the thermal 

conditions and revenue predictions obtained from each performance deterioration reduction 

scenario are benchmarked against the best-case scenario. 

 

Figure 2-19: Performance benchmarking schematic27 

Figure 2-20 and Figure 2-21 provide examples of the expected thermal and revenue loss 

relations. The slope of each thermal relation depends on the heat picked up. The slope of the 

 
26 B van Rooyen, Personal illustration, 2019. 
27 B van Rooyen, Personal illustration, 2019. 
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revenue loss relation (RLR) depends on the labour relation for that specific occupational 

environment. 

 

Figure 2-20: Example of thermal relations in an occupational environment28 

 
28 B van Rooyen, Personal illustration, 2019. 
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Figure 2-21: Example of the revenue loss relation29 

Focus area 8 – Maintenance interval prediction 

The objective of this focus area is to predict the ideal maintenance interval. All influential factors 

are mapped out in Figure 2-22. The air-cooling PRR (Figure 2-16), thermal relations (Figure 2-20) 

and RLR (Figure 2-21) are combined to form the maintenance prediction platform as illustrated 

in Figure 2-23. The two KPIs defined in the first focus area are applied to predict the maintenance 

interval. 

 
29 B van Rooyen, Personal illustration, 2019. 
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Figure 2-22: Maintenance prediction schematic30 

Using Figure 2-23 as reference, the following step-wise approach is applied to predict the 

maintenance interval:  

Step 1: 

Apply the first KPI to the thermal relation’s curve as presented in the first quadrant of Figure 2-23. 

The purpose is to identify which thermal index (SCP, wet- and dry-bulb temperature) breaches 

its legal limit. Recalling from Section 2.4, the first KPI monitors the three thermal indexes 

governed by legislation. Legislation stipulates that the air temperature in the workplace may not 

exceed 32.5 °C wet bulb and/or 37 °C dry bulb [22]. Also, to minimise the occurrence of 

heatstroke, An SCP in excess of 160 W/m2 must be maintained [17]. The first thermal index 

exceeding its legal limit is identified as the prediction driving index. 

Step 2: 

A vertical line is drawn from the prediction driving index’s legal limit (x-axis) until it intersects with 

the index’s relation curve. Thereafter, a horizontal line is drawn from the point of intersection 

towards the second quadrant. The line is extended until it intersects with the HEX’s PRR as 

presented in the second quadrant of Figure 2-23. The purpose of these three lines is to relate the 

prediction driving index with the HEX’s point of performance deterioration. 

The point is identified where the HEX’s air-cooling performance has deteriorated to such an extent 

that cooling added to the occupational environment is insufficient and the legal limit is reached. 

 
30 B van Rooyen, Personal illustration, 2019. 
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This is the upper limit of performance deterioration. Any further deterioration of the HEX’s cooling 

performance breaches the legal limit of the prediction driver index. The HEX’s air-cooling 

performance is monitored and evaluated periodically. From a thermal perspective, maintenance 

activities are scheduled before the upper limit is reached. 

Step 3: 

The third step is to predict the revenue that will be lost when the performance deterioration 

reaches the upper limit. A vertical line is drawn from the upper limit mark towards the third 

quadrant. The line is extended until it intersects with the RLR. Thereafter, a horizontal line is 

drawn from the point of intersection towards the revenue loss scale. The point of intersection 

indicates the corresponding loss of revenue. If the predicted revenue loss exceeds the 

maintenance costs, Step 4 is also evaluated in order to predict the ideal maintenance interval. 

Step 4: 

The fourth step entailed starting in the third quadrant and applying the second KPI to the RLR. 

The second KPI monitors the revenue loss due to the HEX’s reduced performance. The purpose 

is to identify the point where revenue loss caused by reduced productivity starts to exceed 

maintenance costs, namely, the point on the revenue loss scale where revenue loss is equal to 

maintenance cost. A horizontal line is drawn from this point until it intersects with the RLR. A 

vertical line is drawn from the intersection point and extended until it intersects with the 

performance reduction scale. The corresponding thermal conditions are evaluated by drawing a 

horizontal line towards the first quadrant. The intersection point with each thermal relation 

indicates the predicted SCP, wet- and dry-bulb temperatures. 

Maintenance interval prediction model prediction verification  

The prediction results are verified by comparing the predicted maintenance interval to what the 

literature suggests.  
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Figure 2-23: Maintenance interval forecasting platform. 
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2.5 Conclusion 

In Chapter 2, a simplified, yet effective method to predict FTHX performance, fouling and the ideal 

maintenance interval at off-design conditions and with no installed instrumentation was derived. 

The method consists of three integrated models: performance, fouling and maintenance 

prediction. 

The performance model was derived from a combination of first principles of heat transfer and 

psychometry. The purpose of the performance model is to address the first and second study 

objective, namely a model capable of predicting at off-design conditions the actual and optimum: 

air-cooling duty and temperature. A three-part verification process is prescribed to verify the 

credibility of the performance model’s predictions. At first, all pressure, temperature and flow rate 

measurements are verified by applying the 5% error rule [36], [91]. Secondly, the model-predicted 

air-cooling performance and temperature are compared with what the manufacturer claims it must 

theoretically be at design conditions. 

To address the third and fourth study objectives, a fouling prediction model was formulated. The 

performance model integrated into the fouling model and is used to predict the performance of 

the fouled HEX. The external fouling is removed, and the performance re-evaluated. The 

performance loss due to external fouling is quantified by comparing the before- and after-cleaning 

performance prediction results. The deficit between after-cleaning and optimum performance 

indicates performance loss due to internal fouling. The fouling prediction model is verified by 

comparing the actual pressure drop over the HEX fluid flow ports to what manufacturer suggest 

it must be for a clean flow port. 

Finally, the last study objective is addressed by formulating a predictive maintenance policy for 

FTHXs operating at off-design conditions with no installed instrumentation. The Bayesian and 

Markov approaches are used to account for all factors influencing maintenance interval 

prediction. The prediction results are verified by comparing the predicted maintenance interval to 

what literature suggests. 
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3 IMPLEMENTATION AND RESULTS 

3.1 Preamble 

This chapter explains the implementation of the general FTHX performance, fouling and 

maintenance prediction model on a practical case study and discusses the results obtained. The 

model was used to predict the performance, fouling and maintenance interval of the HEXs utilised 

within the case study. To ensure that the case study provided enough scope to allow all three 

predictions, the case study was selected in close accordance with the study objectives. Recalling 

from Section 1.5, the model had to be capable of predicting the following at off-design conditions: 

➢ optimum and actual air outlet temperature; 

➢ optimum and actual performance (duty); 

➢ performance loss due to fouling; and 

➢ the ideal maintenance interval. 

Section 3.3 discusses the implementation and verification of the general performance prediction 

model. Section 3.4 describes how the model was used to predict the optimum and actual thermal 

performance of the ten HEXs. Section 3.5 explains how the performance model was interlinked 

with the fouling prediction methodology to predict the performance losses due to external and 

internal fouling. 

3.2 Case study background 

The methodology developed in Section 2.2 was implemented on a bulk air cooler (BAC) system. 

The BAC is located 3 200 m below surface in a South African deep-level gold mine. Figure 3-1 

illustrates a schematic of the BAC. The bulk air quantity (100 kg/s or more) is cooled by means 

of ten FTHXs, which provide an exceptional platform for implementing the developed 

methodology. All ten FTHXs are of the same brand and model with a rated duty of 300 kW. 

At a depth of 3 200 m, the temperature of the surrounding rock surfaces is in excess of 50 °C 

[91], [94]. To ensure safe thermal conditions within the stopes, the air has to be cooled prior to 

entering the occupational environment [95]. Stopes refer to the strenuous work environment 

where the ore is mined. Legislation stipulates safe thermal conditions at a wet-bulb temperature 

less than 32.5 °C, a dry-bulb temperature less than 37 °C, and An SCP more than 160 W/m2 [18]. 
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Figure 3-1: BAC infrastructure schematic1 

The BAC system was designed for a chilled water inlet temperature between 5 °C and 10 °C. The 

water outlet temperature was expected to be between 12 °C and 17 °C [96]. Measurements taken 

during an on-site inspection revealed that the inlet water temperature was between 15 °C and 

17 °C and that the outlet temperature ranged between 19 °C and 20 °C. This indicated that the 

system was operating at off-design conditions. During the inspection it was also noted that no 

instrumentation was installed on the FTHXs. The external surfaces of the HEX tubes were wet, 

indicating that air dehumidification occurred. 

The BAC was commissioned in 2009 [96]; therefore, at the time this study was performed in 

October 2018, the BAC had been in service for nine years. Although mine personnel recalled 

replacing some HEXs over the years, no maintenance schedule was available. The mine 

personnel further mentioned that HEXs are only replaced when their structural integrity fails due 

to corrosion or when they become completely clogged up due to foulants. 

Figure 3-2 illustrates a HEX decommissioned in 2018 due to water leaks caused by corrosion. A 

close inspection of its external and internal heat transfer surfaces indicated that the other HEXs 

located within the BAC could be severely fouled. An underground on-site inspection indeed 

 
1 Schematic of BAC layout obtained from the mine. 
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revealed that the external heat transfer surfaces were covered extensively by foulants. Figure 3-3 

illustrates the fouled FTHX captured during the inspection. 

 

Figure 3-2: Decommissioned HEX2 

 

Figure 3-3: Particulate foulants present on the outer heat transfer surfaces3 

 
2 B van Rooyen, Personal photograph, Carletonville, 2018. 
3 B van Rooyen, Personal photograph, Carletonville, 2018. 
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To summarise, it was found during the on-site inspection that: 

➢ the HEXs were operating at off-design conditions; 

➢ air dehumidification occurred; 

➢ the external and internal heat transfer surfaces were severely fouled; and 

➢ no maintenance interval or schedule was available. 

Considering the above mentioned facts, it can be concluded that the case study provided enough 

scope for testing the full functionality of the newly proposed methodology. 

3.3 Performance model development 

3.3.1 Mathematical model development 

This section explains the customisation of the general performance model developed in 

Section 2.2 to meet the specifications of the case study. To develop the required mathematical 

model, the mathematical equations as specified in Appendix A were coded into a Visual Basic 

coding environment, which was available via the Developer tab of Microsoft Excel™. This 

eliminated the need for expensive licensed programs. To populate the mathematical model with 

input parameters, a detailed database was required. 

3.3.2 Database establishment 

As indicated in Section 2.2, the information gathered in the database component was used to 

populate the model with input data. Figure 2-7 shows the essential parts required for the database 

establishment component. Firstly, the fluid properties of the hot and cold fluids were gathered, 

whereafter the geometrical, thermal and hydraulic properties of the HEX were collected. Each of 

these actions is discussed in detail in the sections that follow. 

Fluid database 

The fluid database was populated by gathering all the air-side and water-side fluid thermal 

properties. Air-side refers to the air flowing over the cold finned tubes. Water-side refers to the 

chilled water flowing through the tubes. 

As mentioned in Section 3.2, no instrumentation was installed on the FTHXs. Thus, no historical 

data was available for the thermal properties. Experimental temperature and pressure 

measurements (as in Section 1.3.3) were used to overcome this problem. Two approaches were 

used to gather data, namely, measurements and property tables. 
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Measurable physicochemical properties of hot and cold fluid 

A detailed survey was performed on the BAC to obtain the air- and water-side measurable 

physicochemical properties experimentally. Table 3-1 lists the instrumentation used during the 

survey and the corresponding levels of accuracy of each instrument. Figure 3-4 indicates the air-

side inlet measurement locations. Both fans were measured. 

Table 3-1: Instrumentation list and accuracy range 

Physicochemical property Instrumentation used 
Measurement 

error 
Unit 

Air-side  

Dry-bulb temperature 
Whirling hygrometer  0.5 °C 

Wet-bulb temperature 

Pressure Tenmar 404 anemometer 0.2 kPa 

Air velocity Tenmar 404 anemometer 2% + 0.2 m/s 

Air flow area 
Bosch PLR-25 laser 
distance  

2% m 

Water-side  

Inlet temperature  
Stanley temperature gun  0.1 °C 

Outlet temperature 

Mass flow rate 
Fuji ultrasonic water flow 
meter  

2%  𝓁/s 

Figure 3-5 indicates the air- and water-side outlet measurement locations. Although all ten FTHXs 

were surveyed, one of the FTHXs was decommissioned due to a corrosion hole in the inlet water 

manifold. Henceforth, the methodology could only be applied to the remaining nine FTHXs. 
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Figure 3-4: Inlet-side measurement locations4 

 

Figure 3-5: Outlet-side measurement locations5 

 
4 B van Rooyen, Personal photograph, Carletonville, 2019. 
5 B van Rooyen, Personal photograph, Carletonville, 2019. 
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A detailed summary of the physicochemical properties attained from the experimental 

measurements can be found in Table 4-1, Appendix B. A user form was created to populate the 

model with the measured physicochemical properties. A copy of the user form can be found in 

Figure 4-1, Appendix B. 

Calculated physicochemical properties of hot and cold fluid 

Not all the required physicochemical properties could be obtained through direct measurements. 

To overcome this challenge, the measurable physicochemical properties were used to determine 

the missing properties from moist air and water property tables. The physicochemical properties 

of moist air are usually attained from Barenburg’s psychrometric charts, which are selected 

according to air pressure. Using the charts, a user manually determines the required physico-

chemical properties. For this study, however, these charts were digitalised to enable automatic 

property evaluation. Engineering Equation Solver™, a thermo-fluid program, was used to develop 

the required moist air tables for various air pressure, dry-bulb temperatures and relative humidity 

combinations. 

The calculated physicochemical properties for the water-side were obtained from property tables 

found in Fundamentals of Heat and Mass Transfer [25]. The properties were evaluated at the 

fluid film temperature and accounted for temperature fluctuations along the length of the HEX 

tube [89], [90]. The film temperature is defined in Equation 2.3. 

Heat exchanger specification database 

Table 2-4 summarises the HEX specifications that were required to customise the general method 

developed in Section 2.2.3 into a specific model for this FTHX type. The geometrical, thermal and 

hydraulic specifications were obtained from the manufacturer and can be observed in Table 4-2, 

Appendix B. 

3.3.3 Performance model verification 

In Section 2.2.5 it was explained that model verification is a three-part process, namely database 

verification, theoretical verification and practical verification. Database validation ensures that the 

data in the database are correct and accurate, whereafter the verified data can be used as input 

parameters. Model verification ensures accurate and consistent model predictions. 



Performance and fouling prediction model for finned-tube heat exchangers | 2019 

 

 IMPLEMENTATION AND RESULTS 80 

 

(4) Database verification 

Database verification ensures that the data used by the model as input parameters are 

trustworthy. Both parts, namely fluid properties and HEX specifications, must be verified. 

Measurable physicochemical properties of hot and cold fluid verification 

The physiochemical properties are crucial information as performance and fouling are calculated 

directly from these properties. The first step of this verification process was to ensure that the 

measuring equipment was calibrated properly. Each parameter presented in Table 4-1 was 

measured three times, whereafter it was ensured that the percentage difference between 

readings was less than 5% [36], [91]. 

Heat exchanger geometrical specifications verification 

To create an accurate mathematical twin of the actual HEX, it was essential that the geometrical 

specifications obtained from the manufacturer matched those of the actual HEX. A simple visual 

inspection was used to verify the geometric specifications listed in Table 4-2. 

Figure 3-6 depicts the spare FTHX the mine had on surface, which was used to verify the 

geometrical specifications. A Mitutoyo Vernier Calliper with an accuracy of 0.05 mm was used to 

verify the tube outer diameter, fin outer diameter, fin thickness, fin pitch, and vertical and 

horizontal spacing between the tubes. A measuring tape was used to confirm the length, width 

and height of the HEX. The number of tubes and tubes per FTHX were verified by counting them. 

(5) Theoretical verification by means of design conditions 

The design duty curve of the HEX obtained from the manufacturer was used to verify the model’s 

performance predictions. Figure 4-2 in Appendix B illustrates the design duty curve obtained from 

the manufacturer. Performance model predictions were compared to the manufacturer’s 

specification as illustrated on the design duty curve. The manufacturer’s curve applies to a clean 

and unfouled HEX operating at: 

➢ an inlet air barometric pressure of 108 kPa; 

➢ an inlet air temperature of 30 °C/31 °C (wet-bulb/dry-bulb); and 

➢ a water inlet temperature of 18 °C. 

Thereafter, the model derived for this study was exposed to the same operating conditions. Mine 

personnel mentioned that the flow through the system was about 55 𝓁/s. For this reason, with 
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nine FTHXs operational, a design performance at a water flow rate of 6 𝓁/s was selected for 

validation comparison. Figure 3-7 illustrates the agreement between the predicted air duty of the 

design and model at a water flow rate of 6 l/s 

 

Figure 3-6: New FTHX used for visual verification of geometrical specifications6 

 

 
6 B van Rooyen, Personal photograph, Carletonville, 2019. 
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Figure 3-7: Design (baseline) vs actual duty predictions 

Section 1.2.4 noted that model predictions are deemed accurate when actual and predicted 

values correlate within 5% [36]. Table 3-2 shows that the predicted values of the design and the 

model agreed on average within 2.1%.  

During the database verification phase (Section 3.3.2), it was observed that the HEX’s tube 

surfaces are protected with a lead galvanising layer. The model does not account for the thermal 

resistance added by the lead layer as the thickness of the galvanising layer was found to be not 

uniform. Hence, the thermal resistance of the model is somewhat lower than the design value. 

Thus, the model predictions outperformed the design values on average by 2.1%. 

Table 3-2: Design and model-predicted air duty comparison 

Air flow rate [m3/s] Design [kW] Model predicted [kW] Error [%] 

4 148 145.2 1.9 

5 170 169.3 0.4 

6 187 189.1 1.1 

7 200 205.5 2.7 

8 213 219.2 2.8 

9 224 230.6 2.8 

10 233 240.3 3.0 

Average prediction error 2.1 
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(6) Practical verification by means of off-design conditions 

The new FTHX (illustrated in Figure 3-6), previously used to perform the visual verification of the 

geometrical specifications, was installed on a BAC located at the west mining section. A detailed 

FTHX survey (as described in Section 3.3) was performed on this FTHX. The survey was used 

to evaluate the actual performance of the FTHX while operating under off-design conditions. The 

data revealed that the BAC operated at: 

➢ an inlet air barometric pressure of 105.5 kPa; 

➢ an inlet air temperature of 24 °C/26 °C (wet-bulb/dry-bulb);  

➢ an air mass flow rate of 10.1 kg; 

➢ a water mass flow rate 3.5 l/s; and 

➢ a water inlet temperature of 16.6 °C. 

The prediction model was populated with these real-world operational conditions (inputs) and the 

air outlet temperature was predicted. The predicted outlet temperature was 20.4 °C/20.4 °C (wet-

bulb/dry-bulb), while the measured temperature was 20.5 °C/20.5 °C (see Figure 3-8). The 0.1 °C 

discrepancy between the predicted and actual temperature can be attributed to the 0.5 °C 

accuracy range of the whirling hygrometer, as per Table 3-1 and the 2.1% prediction error of the 

model, as per Table 3-2. 

 

Figure 3-8: Verification results at off-design conditions 
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3.4 Performance prediction 

3.4.1 Overview 

Two performance indicators were defined in Section 2.2 in close accordance with the study 

objectives pointed out in Section 1.5. Thereafter, the KPIs were used to guide the model 

development process, which ensured that the model was developed in close alignment with the 

study objectives. A detailed database was established for the nine FTHXs used within the case 

study. This database was used to customise the general method for the case study. The air duty 

and temperature predictions were verified against the manufacturer’s suggestions. 

The section that follows evaluates the performance of the FTHXs. 

3.4.2 Implementation and results 

KPI # 1 – Predict and compare the actual and optimum air outlet temperature 

The first KPI defined in Section 2.2.2 is used to compare the actual temperature with the optimum 

air outlet temperature. Figure 3-9 shows the actual (measured) and model-predicted optimum air 

outlet temperatures at the same operating conditions. A significant temperature difference is 

clearly noticeable from the visual presentation illustrated by Figure 3-9. An average increase in 

air outlet temperature of 2 °C is predicted by applying the first KPI to the performance prediction 

results (Figure 3-9).  

Figure 3-9 can be used for accurate ventilation planning, as it indicates the true performance of 

the fouled system in terms of actual air outlet temperature and optimum temperature of an 

unfouled system. 
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Figure 3-9: Actual versus optimum temperature at off-design conditions 

Discussion on air outlet temperature prediction results 

The mine can use Figure 3-9 for accurate ventilation planning as it indicates the true performance 

of the fouled system in terms of air outlet temperature and what it should have been if the system 

was unfouled. Recalling from Section 1.3, literature suggested that the HEX’s UA starts degrading 

when foulants start accumulating on the heat transfer surfaces [42]. The deteriorated UA reduces 

the HEX’s air-cooling performance [24]. This results in the air outlet temperature deviating from 

its optimum value. This was indeed noted from the air outlet temperature prediction results 

presented in Figure 3-9. The temperature prediction results can safely be used to diagnose the 

HEX’s fouling state. 

KPI # 2 – Predict and compare the actual and optimum air duty 

The second KPI selected in Section 2.2.2 quantifies the extent to which the actual duty deviates 

from the optimum duty [35]. Figure 3-10 compares the predicted actual and optimum air duty of 

the nine FTHXs for the same operating conditions to show the extent to which the actual 

performance has deteriorated from the optimum values. Even though the HEXs are of the same 
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make and model, the optimum duty differed because the operating conditions (water flow and air 

flow) differed from one HEX to another; see Table 4-1, See Appendix B. 

 

Figure 3-10: Actual versus optimum duty at off-design conditions 

Discussion on air-cooling performance prediction results 

Table 3-3 and Table 3-4 show the importance of a performance model that is capable of 

evaluating the optimum and actual performance at off-design conditions. Table 3-3 informs on 

the available air duty of the system. It is clear that the available air-cooling duty according to the 

rated performance of the cooling system equated to 2 700 kW. A common mistake in industry is 

to use this value when accounting for the cooling capacity of the system [97]. Table 3-3 shows 

why this is wrong. When accounting for off-design conditions, the system can only achieve a 

maximum air-cooling duty of 1 648 kW. Thus, the true performance of the system is 39% less 

than the rated performance. This is especially problematic when planning the air-cooling required 

for future development of the occupational environment.  

Table 3-3: True vs rated available air-cooling duty 

 Performance at off-design conditions Performance at design conditions 

FTHX # Actual [kW] Optimum [kW] Rated [kW] 

2 82.90 149.50 300.00 
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 Performance at off-design conditions Performance at design conditions 

3 111.30 165.30 300.00 

4 111.70 165.30 300.00 

5 99.00 172.90 300.00 

6 129.90 210.40 300.00 

7 161.70 210.40 300.00 

8 160.20 198.10 300.00 

9 162.00 178.30 300.00 

10 161.60 198.10 300.00 

Total 1 180.30 1 648.30 2 700.00 

 

When the efficiency of the HEXs is evaluated, another mistake commonly made in industry is 

using the rated duty as reference. The efficiency of the HEX is evaluated by dividing the actual 

performance by the optimum performance. Table 3-4 clearly shows that when the rated design 

performance is used as reference, the system efficiency equates to 43.7%. However, when the 

optimum duty as calculated at the off-design conditions is used, the true efficiency of the system 

is 71%. The significant error made, is clearly noticeable. 

It is crucial to use the correct reference when calculating HEX efficiency, because it will prevent 

the plant operator from misdiagnosing the efficiency of the HEX and the required maintenance. 

This point is clearly illustrated with FTHX #3. Using the rated duty as reference indicates an 

efficiency of 37.1%, while the true efficiency is 67.3%. 

Table 3-4: True vs rated efficiency 

FTHX # 
Efficiency using true performance as 

reference [%] 
Efficiency using rated performance as 

reference [%] 

2 55.45 27.63 

3 67.33 37.10 

4 67.57 37.23 

5 57.25 33.00 

6 61.73 43.30 

7 76.85 53.90 

8 80.86 53.40 

9 90.86 54.00 
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FTHX # 
Efficiency using true performance as 

reference [%] 
Efficiency using rated performance as 

reference [%] 

10 81.57 53.86 

Average 71.00 43.71 

 

3.5 Fouling prediction 

3.5.1 Overview 

This section links the performance model with the fouling prediction methodology (as proposed 

in Section 2.3) to predict the performance reduction as a result of the presence of foulants on the 

heat transfer surfaces. 

3.5.2 Implementation and results 

Recalling from Section 2.3, the fouling prediction methodology consists of five focus areas, 

namely predict performance and compare, investigate, identify, clean and, lastly, predict 

performance improvement and compare. The fouling prediction methodology was implemented 

on the same system as used previously in Section 3.4. 

Focus Area 1 – Predict performance and compare 

The performance model is used to evaluate the optimum and actual performance of the HEX at 

the same operating conditions. As mentioned in Section 1.2 and Section 1.3, the exchanger’s 

effectiveness decreases as soon as fouling starts to develop [56]. Consequently, the fluid outlet 

temperature and duty deviate from the optimum value. Bearing this in mind, the HEX fouling state 

can be evaluated easily by comparing the optimum and actual air outlet temperature and duty. If 

the predicted optimum air outlet temperature and duty are equal to the actual air outlet 

temperature and duty, the HEX system is classified as unfouled. If not, the heat transfer surfaces 

are fouled, which necessitates the implementation of the set of actions described as the second 

focus area. 

It is clearly noticeable from the actual and optimum performance prediction results presented in 

Figure 3-9 and Figure 3-10 that the actual performance indeed deviated from the optimum 

performance evaluated at the same operating conditions. It is evident that the exchanger’s 

effectiveness had decreased due to foulants on the inner and outer heat transfer surfaces. 
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Focus Area 2 – Investigate 

As mentioned in Section 3.2, an on-site inspection was conducted to evaluate the fouling state of 

the HEXs. External foulants were found on all nine FTHXs. The severity differed from one HEX 

to the next, indicating that some of the HEXs might have been replaced. Figure 3-11 illustrates 

the fouled external heat transfer surface of one of the FTHXs. 

 

Figure 3-11: Foulants found on the external heat transfer surfaces7 

Focus Area 3 – Clean 

As explained in Section 1.2.2, if particulate foulants are still in a soft and unaged state, they can 

be removed by mechanical means. In this case, the mechanical method selected for cleaning the 

external surfaces was washing with high-pressure water. This method was particularly attractive, 

since water could be supplied to the BAC at a pressure of 19.7 MPa. However, a special flange 

was required to tap into the BAC system. For this purpose, an old flange was obtained from the 

mine, which was modified to fit the requirements. The inlet-side of the flange had to bolt onto the 

2'' HEX outlet port. The flange then had to be reduced to a 1'' outlet port, because the outlet port 

had a 1'' male hose socket. The original flange had a 2'' outlet port, and therefore had to be 

modified. 

Figure 3-12, Figure 3-13 and Figure 3-14 show the modifications that the researcher made to the 

original flange. Firstly, the original 2'' hole was plugged. Secondly, a new 1''hole was cut with a 

1'' hollow saw. Lastly, a 1'' female socket was welded onto the flange. The socket accommodated 

the 1'' hose nipple. The complete set-up is shown in Figure 3-15. The flange was connected to 

 
7 B van Rooyen, Personal photograph, Carletonville, 2018. 
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the supply line. After screwing the 1'' hose nipple into the socket, the high-pressure hose was 

connected to the hose nipple. 

 

Figure 3-12: 2'' outlet port plugged8 

 

Figure 3-13: 1'' hole bored9 

 
8 B van Rooyen, Personal photograph, Carletonville, 2018. 
9 B van Rooyen, Personal photograph, Carletonville, 2018. 
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Figure 3-14: 1'' socket welded onto the flange10 

 

Figure 3-15: Flange connected to supply line11 

A spray nozzle was required at the user end of the high-pressure hose. The purpose of the spray 

nozzle was to increase the velocity of the water and hence the cleaning power of the water under 

high pressure. As shown in Figure 3-16, the researcher manufactured three spray nozzles from 

0.5'' end plugs. Three nozzles with different sizes were manufactured to test the efficiency of 

each. ‘Efficiency’ refers to the rate at which the water sprayed through the nozzle to remove the 

foulants. Nozzles were sized at 3, 5 and 8 mm. 

 
10 B van Rooyen, Personal photograph, Carletonville, 2018. 
11 B van Rooyen, Personal photograph, Carletonville, 2018. 
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Figure 3-16: Spray nozzles12 

The cleaning strategy was implemented on all nine HEXs used as case studies. Figure 3-17 

shows the before and after results. It is noticeable that foulants were removed with great success. 

The 5 mm nozzle was found to be the most efficient as it removed the foulants at the best rate. 

  

Figure 3-17: Before- and after-cleaning results13 

To verify that all external foulants have been removed, the pressure drop over the HEXs was 

measured before and after cleaning. Figure 3-18 illustrates the air pressure drop over the HEX 

 
12 B van Rooyen, Personal photograph, Carletonville, 2018. 
13 B van Rooyen, Personal photograph, Carletonville, 2018. 
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system before and after the HEXs were cleaned. By comparing the after-cleaning pressure drop 

with the design pressure drop at 94 kg/s, it could be concluded that the external foulants were 

removed with great success and that the HEXs were externally foulant free. As demonstrated in 

Table 4-1, Appendix B, the total air mass flow through the system was 94 kg/s. 

 

Figure 3-18: Air pressure drop before and after cleaning  

Focus Area 4 – Re-evaluate and predict 

It was concluded from the results obtained in Focus Area 3 that the HEXs were foulant free 

externally. At the end of the procedure the air outlet temperature, water flow and water 

temperature measurements, which were used to re-evaluate the actual and predicted 

performance, were taken. 

Performance lost due to external fouling 

The actual and predicted performance were re-evaluated from these measurements. The results 

obtained are shown in Table 3-5. As mentioned in Section 2.3, the difference between the 
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performance predicted in the first focus area and the performance predicted in this focus area 

indicates the performance loss due to external foulants. The performance improvement indicated 

in Table 3-5 also indicates the performance previously lost due to external foulants. 

Table 3-5: Performance improvement after external foulant removal 

FTHX #  

Air duty [kW] Air outlet temperature [°C] 

With external 
foulants 

Without 
external 
foulants 

Improvement With external 
foulants 

Without 
external 
foulants 

Improvement 

2 82.90 94.30 11.30 23.51 22.96 0.55 

3 111.30 123.40 12.10 22.98 22.48 0.50 

4 111.70 123.90 12.20 22.97 22.46 0.51 

5 99.00 111.50 12.50 23.48 22.97 0.51 

6 129.90 162.40 32.40 23.47 22.46 1.01 

7 161.70 207.00 45.30 22.48 21.00 1.48 

8 160.20 177.20 16.90 22.53 21.98 0.55 

9 162.00 183.60 21.60 22.47 21.77 0.70 

10 161.60 177.20 15.50 22.48 21.98 0.50 

Average 131.20 151.20 20.00 22.93 22.22 0.77 

 

The following performance losses due to external fouling are noticeable: 

➢ Duty improved between 11 kW and 17 kW for FTHX #1 – 4, FTHX #7 and FTHX #9: 

o Due to the duty improvement, the temperature improved by an average of 0.5 °C. 

➢ Duty improved between 21 kW and 32 kW for FTHX #5 and FTHX #8: 

o Due to the duty improvement, the temperature improved by an average of 1.0 °C. 

➢ Duty improved by 21% for FTHX #6: 

o Due to the duty improvement, the temperature improved by an average of 1.5 °C. 

➢ Average duty improvement per HEX equates to 20 kW: 

o Due to the average duty improvement, the air outlet temperature improved by an 

average of 0.7 °C. 

The average performance loss of 20 kW per HEX equated to 200 kW for the ten HEXs. Hence, 

after the external foulants were removed, the overall cooling duty of the system improved by 

200 kW. It is evident from Figure 3-10 that at the current operating conditions, the best-case 

scenario HEXs produce an optimum air-cooling duty of 210 kW per HEX. This means that the 
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improvement observed after removing the external foulants is equivalent to adding a new HEX to 

the fouled system. This performance improvement is truly exceptional, because a new HEX costs 

R255 850 (excl. VAT)14. The cleaning improvement was achieved without any capital expenditure.  

The remarkable reduction in pressure drop improvement over the cooling coils of almost 400 Pa 

reduced strain on the fans since less pressure is now required to move the air through the BAC. 

This will also lead to less wear on the fans and contribute to increasing the fan systems in service 

lifespan. 

Performance lost due to internal fouling 

As explained in Section 2.3, the difference between the actual performance after removing 

external foulants and the optimum performance predicted for the same operating conditions, 

indicates the performance loss due to internal fouling. Table 3-6 shows the results obtained. 

Table 3-6: Performance lost due to internal fouling 

FTHX # 

Air duty [kW] Air outlet temperature [°C] 

Actual – 
Externally 

clean 

Optimum – 
Externally and 
internally clean  

Difference Actual – 
Externally 

clean 

Optimum – 
Externally and 
internally clean 

Difference  

2 94.27 149. 50 55.22 22.96 20.14 2.82 

3 123.43 165.29 41.86 22.48 20.68 1.80 

4 123.85 165.29 41.44 22.46 20.68 1.78 

5 111.47 172.88 61.41 22.97 20.34 2.63 

6 162.36 210.39 48.03 22.46 20.88 1.58 

7 207.05 210.39 3.34 21.00 20.88 0.12 

8 177.16 198.06 20.91 21.98 21.30 0.68 

9 183.64 196.28 12.64 21.77 21.36 0.41 

10 177.15 198.06 20.91 21.98 21.30 0.68 

Average 151.15 185.13 34.0 22.23 20.84 1.39 

 

The following performance losses due to internal fouling are noticeable: 

➢ Air duty between 41 kW and 61 kW is lost for FTHX #1–5: 

o Corresponding temperature difference ranged between 1.5–2.8 °C. 

 
14 B Wood, Manos Engineering, 2019 
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➢ Duty improved between 12 kW and 20 kW for FTHX #7 and FTHX #8: 

o Due to the duty improvement, the temperature improved on average between 0.4 °C 

and 0.7 °C. 

➢ Average air duty improvement of 34 kW: 

o Corresponding air temperature 1.4 °C. 

An average performance loss of 34 kW per HEX equated to 340 kW for the ten HEXs. Hence, 

the overall system cooling duty could improve by 340 kW should the internal foulants be removed 

from the internal heat transfer surfaces. 

The prediction that the internal surfaces were covered with foulants was investigated by removing 

the supply line from the HEX inlet port. The findings are illustrated in Figure 3-19 and Figure 3-20. 

The thick layer of lime scale and corrosion fouling are noticeable in Figure 3-19. Figure 3-20 

shows a thick layer of sediment foulants in the inlet port of the HEX that was decommissioned 

due to corrosion fouling. 

 

Figure 3-19: Lime scale and corrosion fouling 

present on the inner heat transfer surfaces15 

 

Figure 3-20: Sediment foulants found inside the 

decommissioned heat exchanger (FTHX #1)16 

 
15 B van Rooyen, Personal photograph, Carletonville, 2018. 
16 B van Rooyen, Personal photograph, Carletonville, 2018. 
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3.6 Maintenance interval prediction 

3.6.1 Overview 

This section describes how the maintenance interval prediction methodology devised in 

Section 2.4 is used to predict the ideal maintenance interval for the BAC heat exchanger system. 

The results are discussed and a conclusion regarding the predicted maintenance interval is given. 

3.6.2 Background 

The BAC is located in the BAC loop, as illustrated in Figure 3-21. Two doors prevent the air from 

recirculation by ensuring that the air is directed through the BAC and then down the haulage. The 

haulage is the travel way that the ventilation air, labour force and locomotives use to transport 

ore. The air travels down the haulage towards the crosscuts (indicated as X/C in the figures). A 

ventilation door with a force fan is located at the entry of the crosscut. The portion of air forced 

into the crosscut is controlled with a fan. The air travels through the crosscut towards the 

occupational environment, commonly known as stopes. While the air travels through the haulage 

and crosscuts, it picks up heat from the surroundings. Common heat sources found in the haulage 

and crosscuts include electric heat, heat from rock surfaces and fissure water [91]. The mining 

section illustrated in Figure 3-21 is referred to as a half level. This half level has five stopes active 

for mining and eight half levels.  

Figure 3-22 presents a detailed illustration of the occupational environment. Within the stope, 

ventilation curtains prevent the air from entering the worked-out areas and direct the air towards 

the face. The hanging wall above the worked-out area is supported via timber packs. The mine 

uses conventional narrow reef mining methods, which include the following activities to remove 

the ore from the blasting face: Blasting holes are drilled into the rockface with pneumatic drills. 

The holes are charged with explosives. After the explosives have been detonated, ventilation air 

removes the blasting fumes and heat from the broken ore. When the re-entry period has expired, 

the broken ore is removed from the face with a scraper. The height of the stope ranges between 

0.8 m and 1.2 m due to the confined height of the reef, which limits the use of mechanised 

equipment. For this reason, the drilling, charging and scrapping require manual labour. 

The main objective of the cooled ventilation air is to remove heat added to the occupational 

environment. Heat sources in the stopes include fissure water, electric equipment, compressed 

air, oxidation of timber and heat from rock surfaces. As mentioned in Section 1.2, legislation set 

out by the Department of Mineral Resources stipulates that the thermal conditions in the 
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occupational environment may not exceed the prescribed legal limits. These limits include an air 

SCP more than 160 W/m2, and wet- and dry-bulb temperatures less than 32.5 °C and 37 °C, 

respectively. 

After cooling the stopes, the now hot air exhausts through the raise lines and travels towards the 

surface. The scraped ore falls into the loading box. A loco pulls into the crosscut and the ore is 

loaded into the loco’s hoppers. 

 

Figure 3-21: Case study schematic17 

 
17 Adapted from level layout obtained from the surveying department of the mine. 
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Figure 3-22: Schematic of occupational environment18 

3.6.3 Implementation and results 

The maintenance interval prediction methodology, as developed in Section 2.4, is implemented 

in this section. The results obtained are also discussed in the following paragraphs. 

Focus area 1 – Key performance indicator selection 

As discussed in Section 2.4, first KPI monitors the air’s thermal indexes (SCP, wet- and dry-bulb 

temperature). As discussed in the background sub-section, the BAC is used to cool the 

occupational environment. Legislation stipulates that the air temperature in the workplace may 

not exceed 32.5 °C wet bulb and/or 37 °C dry bulb [22]. Also, to minimise the occurrence of 

heatstroke, a SCP in excess of 160 W/m2 must be maintained [17]. For health and safety reasons, 

the occupational environment must be evacuated when these thermal limits are breached [22]. 

Evacuation leads to complete loss of production for the period the labour force is not allowed to 

perform labour activities [21]. Therefore, maintenance activities must be scheduled before the 

thermal conditions breach legal limits. 

 
18 B van Rooyen, Personal illustration, 2019 
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Recalling from Section 1.2, Smith highlighted that there is a direct relation between productivity 

and the wet-bulb air temperature in the mining environment [21]. Smith’s study showed that 

productivity decreases significantly when thermal conditions deteriorate [21]. Consequently, 

production and revenue also decrease. The second KPI for forecasting the ideal maintenance 

interval monitors revenue loss. Maintenance activities are scheduled once revenue loss due to 

deteriorated thermal conditions is predicted to exceed the maintenance cost [75]. 

Focus area 2 – Thermal simulation model 

This focus area develops the thermal simulation model for this specific case study. The model is 

needed to predict the degrading effect of deteriorating air-cooling performance on the thermal 

conditions in the occupational environment. All factors influencing the thermal simulation model 

are shown in Figure 2-12. The model requires cooling and heat added to the air as input 

parameters to predicts the air’s SCP, wet- and dry-bulb temperatures. 

(1) Cooling added 

As explained in Section 2.4, this component consists of evaluating the actual cooling added to 

the occupational environment at the current performance state of the BAC. The actual air-cooling 

performance of the fouled HEX system was evaluated previously using the performance 

prediction model in Section 3.4. The results were illustrated in Figure 3-9 and Figure 3-10. The 

results are summarised in Table 3-7. It is clear from the table that, on average, the HEX’s air-

cooling performance has deteriorated by 28.9% from its optimum value. The actual and optimum 

performances were evaluated at the exact same operating conditions. The 28.9% reduced air-

cooling duty resulted in an air outlet temperature of 22.9 °C. The actual air outlet temperature 

was 2 °C higher than the optimum air outlet temperature. 

Table 3-7: Predicted HEX performance for the fouled HEXs 

FTHX # 

Air-cooling duty Temperature 

Actual 

[kW] 

Optimum 

 [kW] 

Difference 
[%] 

Actual 

[°C] 

Optimum 

[°C] 

Difference 

[°C] 

2 82.93 149.50 44.52 23.51 20.14 3.37 

3 111.34 165.29 32.65 22.98 20.68 2.30 

4 111.69 165.29 32.43 22.97 20.68 2.29 

5 99.02 172.89 42.73 23.48 20.34 3.14 

6 129.95 210.40 38.24 23.47 20.88 2.59 
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7 161.70 210.39 23.14 22.48 20.88 1.60 

8 160.23 198.06 19.10 22.53 21.30 1.23 

9 162.04 178.27 9.12 22.47 21.95 0.52 

10 161.60 198.06 18.41 22.48 21.30 1.18 

Average 131.17 183.13 28.92 22.93 20.90 2.02 

(2) Heat from surroundings 

Recalling from Section 2.4, this component determines the heat picked up by the cooled air while 

travelling towards the occupational environment. The before-cleaning baseline was established 

during the first focus area. As described previously, hot air passes through the BAC and is cooled. 

The air exhausts from the BAC at a saturated temperature of 22.9 °C. Saturated temperature 

refers to the wet- and dry-bulb temperatures being equal. The chilled air is forced through the 

haulage towards the crosscuts, and from the crosscuts to the stopes. As the air travels, it picks 

up heat from the surroundings. Heat sources in the haulage include geothermal sources (heat 

from rock surfaces), electric sources (heat from electric appliances), and latent heat sources (heat 

from wet surfaces). 

The heat picked up between the points was calculated. Figure 3-23 illustrates the increase in the 

haulage air temperature profile between the haulage and crosscut breakaways due to the heat 

picked up between the six crosscuts breakaways. The data was obtained through experimental 

temperature measurements using a whirling hygrometer. The haulage air temperature and 

pressure measurements were obtained on the same day as the BAC survey data, which was 

required to predict the actual and optimum performances, as described in Section 3.4. 
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Figure 3-23: Haulage temperature profile 

The heat added to the air between the BAC outlet and crosscut inlets was evaluated by means 

of Equation 2.2. The results are presented in Table 3-8. 

Table 3-8: Heat picked up in haulage 

 BAC ➔ 
X/C 24 

X/C 24 ➔ 
X/C 23 

X/C 23 ➔  
X/C 22 

X/C 22 ➔  
X/C 21 

X/C 21 ➔  
X/C 20 

X/C 20 ➔  
X/C 19 

Unit 

∆ – wet-bulb 
temperature 

3.70 1.20 0.20 0.70 2.50 0.50 °C 

∆ – dry-bulb 
temperature 

3.60 1.10 0.10 0.70 1.70 1.10 °C 

Heat picked up in 
haulage 

823.70 422.90 60.00 173.30 335.80 27.90 kW 

 

The air splits at the haulage to crosscut breakaways, which vary the quantity of flow into the six 

crosscuts. As the air flows through each crosscut, the air temperature further increases due to 

heat picked up from the crosscut environment. Because of the constraints imposed by having a 

single shift underground, the researcher did not have the time to access each stope to evaluate 
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its thermal conditions. Instead, the environmental data for the occupational environment (air 

temperature and flow measurements) was obtained from the mine stoping reports. The heat 

picked up between the crosscut inlet and stope inlet for each crosscuts was calculated from the 

environmental data. Table 3-9 shows the results. 

Table 3-9: Heat picked up in crosscuts 

Parameter 
X/C 24 ➔ 

Stope 6 

X/C 23 ➔ 

Stope 5 

X/C 22 ➔ 

Stope 4 

X/C 21 ➔ 

Stope 3 

X/C 20 ➔ 

Stope 2 

X/C 19 ➔ 
Stope 1 

Unit 

∆ – wet-bulb 
temperature 

0.50 2.80 3.70 1.90 0.40 0.90 °C 

∆ – dry-bulb 
temperature 

3.30 2.70 2.60 2.40 0.20 1.10 °C 

Heat picked up in 
crosscut 

41.70 200.04 215.59 244.02 35.05 52.25 kW 

 

To conclude the thermal model development, the BAC air outlet temperature at current air-cooling 

performance was 22.9 °C. The corresponding haulage and crosscut temperatures were 

measured experimentally, which were used to calculate the heat added to the chilled air. That is, 

the heat added to the chilled air as the air travelled through the haulage towards the crosscuts 

and through the crosscuts towards the stopes. The heat added is used later to predict the changes 

in thermal conditions in the stope as the BAC’s air-cooling performance deteriorates. 

Focus area 3 – Labour model 

As discussed in Section 2.4, the thermal conditions in the occupational environment have a direct 

impact on the productivity of the workforce. Thus, a labour model is required to simulate the 

production changes when productivity decreases due to deteriorated thermal conditions in the 

occupational environment. 

As discussed in Section 1.2, Smith established a relationship between production and wet-bulb 

air temperature in the mining environment [21]. Smith accumulated production and wet-bulb 

temperature data over a period of six years from a mine in the Free State province. Figure 1-2 

depicted the relationship between labour production and wet-bulb temperature as determined by 

Smith. Although the mine considered in this case study is in the Gauteng province, it is assumed 

that the production versus temperature relationship still holds true. This assumption is reasonable 

for the following reasons: both the mines use the same conventional mining method; and 

pyrophyllite and chloritoid quartz are mined by both mines [98]. 
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The equation of the regression line describing the relation between ore tonnage per stope worker 

and stope wet-bulb air temperature was derived as follows: With the production data on the y-axis 

and the corresponding wet-bulb temperature data on the x-axis, Microsoft Excel™ was used to 

create a duplicate XY plot of the production versus temperature data presented in Figure 1-2. 

Using the trendline functionality of Microsoft Excel™, the equation of the regression line describing 

the production versus temperature data was obtained. This equation related changes in wet-bulb 

temperature at the working face to the corresponding change in production delivered by a single 

stope worker. 

The credibility of the equation’s ability to describe the data was verified by obtaining the coefficient 

of correlation (R2). R2 is the statistical measure of how closely the data is described by the 

trendline [92]. R2 close to 1 depicts an almost 100% fit. The R2 for the regression line depicted in 

Equation 3.1 equates to 0.9977, as shown in Appendix B, Figure 4-4 This verified the credibility 

of Equation 3.1. 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  −0.1507 × (𝑊𝐵𝑇)3  + 11.878 × (𝑊𝐵𝑇)2  −  313.6 × (𝑊𝐵𝑇) +  2843.1 3.1 

𝑤ℎ𝑒𝑟𝑒: 

𝑊𝐵𝑇 

 

– wet-bulb air temperature at the working face  

 

 

 
 

Focus area 4 – Best-case scenario 

Stope 19 is located the farthest from the BAC. It is clear from the haulage temperature profile 

illustrated in Figure 3-23 that the inlet temperature to this stope is at its highest, which explains 

why the wet- and dry-bulb temperatures are the highest in this stope. Therefore, it can be 

concluded that this stope’s thermal conditions would be the first to exceed the legal limits. As 

soon as the thermal conditions exceed the legal limits, workers are susceptible to heatstroke and 

mining activities are stopped. This results in complete loss of revenue until thermal conditions in 

the stope are restored below the legal limits. Therefore, Stope 19 was selected as the most critical 

occupational environment to monitor. 

At the current air-cooling performance of the BAC, an air outlet temperature of 22.9 °C was 

measured. Based on an air outlet temperature of 22.9 °C, the thermal and labour simulations 

were used to evaluate the thermal conditions and revenue generated. The results are presented 

in Table 3-10. 
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Table 3-10: Workplace data for Stope 19 based on current air-cooling performance of BAC (air outlet 

temperature of 22.9 °C) 

Index Value Unit 

Wet-bulb temperature 32.0 °C 

Dry-bulb temperature 34.0 °C 

SCP 213.0 W/m2 

Revenue  R6 464 920.41  Rand  

The following important points must be noted. For confidentiality reasons, per-stope production 

data could not be obtained from the mine. Several assumptions were made to overcome this 

challenge. The total tonnages hoisted per month from all four production levels were obtained 

from the mine’s hoisting report. An average of 58 666.66 tons per month was hoisted. Dividing 

the average hoisted by the number of production levels equated to 14 666.66 tons per level, if all 

four production levels produced equal amount of ore. 

At the time of this study, the level on which the case study was located had eight active stopes 

that were mined: three in the west section and five in the east section. The case study was located 

in the east section. Dividing the 14 666.66 tons per level by eight (for the eight active mining 

stopes) equated to an average of 1 833.33 tons per stope per month. As previously mentioned, 

Equation 3.1 relates temperature at the working face to production achieved by each stope worker 

per month. To attain the total production for the stope, the production per stope must be multiplied 

by the number of workers inside the stope. Some assumptions were required to determine the 

number of workers per stope as this information could also not be obtained from the mine. 

The relationship between production per labourer and wet-bulb face temperature (see Figure 1-2) 

was used to evaluate the number of workers per stope required to produce the 1 833.33 tons per 

month as follows: At the current air-cooling performance of the BAC, an air outlet temperature of 

22.9 °C was measured. The corresponding stope wet-bulb temperature was 32 °C. It is evident 

from Figure 1-2 that, at a wet-bulb temperature of 32 °C, the expected production per worker per 

month is 36.5 tons. Dividing the average tonnages per month by the tonnages per worker gives 

the number of workers required. Thus, it was estimated that 51 labourers worked in the stope. 

The per-stope revenue generated from the gold produced was calculated using a gold price of 

R560 623.16/kg. The gold recovered from the ore was based on an average grade of 6.29 g/ton. 

The average grade and gold price values for the 2018 financial year were obtained from the 

mine’s financial report. 



Performance and fouling prediction model for finned-tube heat exchangers | 2019 

 

 IMPLEMENTATION AND RESULTS 106 

 

The best-case scenario is now evaluated. Recalling from Section 2.4, the best-case scenario is 

required to benchmark the effects of cooling performance degradation on productivity, production 

and thermal conditions. Benchmarking is known as evaluating current performance against a 

reference performance [93]. The best-case scenario reflects what the optimum thermal conditions 

and production would be if the HEX’s cooling performance was kept to its optimum performance. 

The best-case scenario was evaluated as follows. Figure 2-15 shows the best-case scenario 

development schematic. The optimum air-cooling performance and air outlet temperature of the 

HEX were evaluated. The results are shown in Table 3-11. Based on the optimum air outlet 

temperature of 20.9 °C, the thermal and labour simulations were used to evaluate the thermal 

conditions and revenue when the cooling performance is kept to its optimum value. The best-

case scenario results are shown in Table 3-11. 

Table 3-11: Workplace data for Stope 19 based on optimum air-cooling performance of BAC (outlet 

temperature of 20.9 °C) 

Index Value Unit 

Wet-bulb temperature 30.9 °C 

Dry-bulb temperature 32.8 °C 

SCP 253.0 W/m2 

Revenue  R8 663 223.28  Rand  

Focus area 5 – Heat exchanger’s cooling PRR 

The objective of this focus area is to develop the HEX’s cooling PRR. This relation is used to 

predict what the increase in FTHX air outlet temperature will be when the air-cooling performance 

deteriorates. As mentioned in Section 1.4, the Bayesian approach enables performance 

degradation monitoring through periodic observational inspections [82]. 

The inlet and outlet sides of the HEX were easily accessible. The HEX’s operational conditions 

were measured by performing the survey procedure described in Section 2.2. The HEX’s PRR 

was obtained by evaluating the performance periodically using the performance model developed 

in Section 2.2. Results were illustrated graphically on an XY plot until a clear relation could be 

described with a regression line. As for the case study, the performances of all nine FTHX were 

evaluated simultaneously. The service time of the FTHXs differed as some were replaced. Thus, 

the amount of foulants present on heat transfer surfaces varied from HEX to HEX. Consequently, 

the performance evaluation results of the nine HEXs, presented in Table 3-7 show that the 

performance per FTHX also varied. 
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Recalling from Section 3.5, the performance lost due to internal and external foulants was also 

evaluated. At first, it was evaluated to quantify performance lost due to both external and internal 

fouling. Thereafter, the external foulants were removed by means of high-pressure water. The 

performance of the FTHXs was re-evaluated and the performance improvement indicated the 

performance that was previously lost due to external foulants being present on the FTHXs. The 

before- and after-cleaning results were benchmarked against the optimum performance. The 

results are presented in Table 3-12. Benchmarking was done to quantify how far the actual air-

cooling performance and air outlet temperature of each FTHX deviated from the optimum values. 

The results are presented in Figure 3-24. 

Table 3-12: Performance improvement after external foulant removal 

FTHX #  

Air duty [kW] Air outlet temperature [°C] 

With external 
foulants 

Without 
external 
foulants 

Optimum – 
Externally and 
internally clean  

With external 
foulants 

Without 
external 
foulants 

Optimum – 
Externally and 

internally 
clean 

2 82.90 94.30 149. 50 23.51 22.96 20.14 

3 111.30 123.40 165.29 22.98 22.48 20.68 

4 111.70 123.90 165.29 22.97 22.46 20.68 

5 99.00 111.50 172.88 23.48 22.97 20.34 

6 129.90 162.40 210.39 23.47 22.46 20.88 

7 161.70 207.00 210.39 22.48 21.00 20.88 

8 160.20 177.20 198.06 22.53 21.98 21.30 

9 162.00 183.60 196.28 22.47 21.77 21.36 

10 161.60 177.20 198.06 22.48 21.98 21.30 

Average 131.20 151.20 185.13 22.93 22.22 20.84 
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Figure 3-24: Performance reduction relation of the HEX system 

Focus area 6 – Performance deterioration scenarios 

Using the PRR derived in Figure 3-24, HEX performance is deteriorated theoretically and 

incrementally by 5%. The effect of the corresponding increase in air outlet temperature on the 

occupational environment is simulated using the thermal and labour model. The results are 

presented in Table 3-13. To evaluate the revenue loss, the revenue predicted with the labour 

model for each performance deterioration scenario is benchmarked against the best-case 

scenario. The revenue loss is shown in Table 3-14.  

Table 3-13: Performance deterioration scenario results 

Performance 
deterioration 

Index Value Unit 

Best case: 0% 
 

Wet-bulb temperature 30.9 °C 

Dry-bulb temperature 32.8 °C 

SCP 253.0 W/m2 

Revenue  R8 663 223.28  Rand  
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Performance 
deterioration 

Index Value Unit 

−10%  

Wet-bulb temperature 31.2 °C 

Dry-bulb temperature 33.2 °C 

SCP 240.0 W/m2 

Revenue  R7 914 257.37  Rand  

−13% 

Wet-bulb temperature 31.4 °C 

Dry-bulb temperature 33.4 °C 

SCP 239.0 W/m2 

Revenue   R7 529 899.65  Rand  

−15% 

Wet-bulb temperature 31.5 °C 

Dry-bulb temperature 33.5 °C 

SCP 234.0 W/m2 

Revenue  R7 241 019.05  Rand  

−20% 

Wet-bulb temperature 31.8 °C 

Dry-bulb temperature 33.8 °C 

SCP 220.0 W/m2 

Revenue  R6 468 382.23  Rand  

Baseline: −29% 

Wet-bulb temperature 32.0 °C 

Dry-bulb temperature 34.0 °C 

SCP 213.0 W/m2 

Revenue  R6 464 920.41  Rand  

−35% 

Wet-bulb temperature 32.6 °C 

Dry-bulb temperature 34.7 °C 

SCP 192.0 W/m2 

Revenue  R3 797 961.66  Rand  

−40% 

Wet-bulb temperature 32.9 °C 

Dry-bulb temperature 35.0 °C 

SCP 181.0 W/m2 

Revenue R2 674 540.30 Rand  
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Table 3-14: Revenue benchmarking results 

Deteriorated 
performance scenario 

BAC air outlet 
temperature [°C] 

Stope wet-bulb 
temperature [°C] 

Revenue loss 

Best case: 0% 20.90 30.90 R8 663 223.28 

−10% vs 0% 21.40 31.20 R748 965.91 

−13% vs 0% 21.66 31.40 R1 133 332.63 

−15% vs 0% 21.80 31.50 R1 422 204.24 

−20% vs 0% 22.22 31.80 R2 194 841.05 

−35% vs 0% 23.41 32.60 R4 865 261.62 

−40% vs 0% 23.81 32.90 R5 988 682.98 

Maintenance interval prediction model results verification 

At this stage of customising the general model (devised in Section 2.4) to fit the maintenance 

prediction needs of this specific case study, it is crucially important to verify the model’s prediction 

results. This is because the thermal and labour relations later used to forecast the ideal 

maintenance interval, are devised from the performance deterioration scenario results shown in 

Table 3-13 and Table 3-14.   

As stated in Section 2.4, the model predicted results are verified by comparing the predicted 

values to what literature suggest for the specific industry. A literature survey was performed in 

search of a study compatible to this case study. In the 1980s, Krige et al [100] studied the 

relationship between mine production data and wet-bulb air temperature relationships. They 

concluded that for every 1.0 °C increase in air wet-bulb temperature, overall revenue decreases 

between 3 – 4%.   

It was evident from the mine’s financial report that its operations obtained an overall revenue of 

R2 091 million for the 2018 financial year. Four percent of this amount equates to R84 million. 

The revenue loss due to deteriorated thermal conditions as predicted by this study is summarised 

in Table 3-15. The average revenue loss per stope for every 1.0 °C increase in BAC air outlet 

equates to R2.08 million. This equates to R83 million for all eight half-levels, assuming all half 

levels have 5 active stopes. The R83 million revenue loss per 1.0 °C increase in BAC air outlet 

temperature falls well within the 3 – 4% range, as suggested by Krige et al [100]. This result 

verified the credibility of predictions made by the maintenance prediction model.  
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Table 3-15: Revenue loss per 1 °C increase in BAC outlet air.  

Performance deterioration 
level 

∆𝑻 [°C] Revenue loss Revenue loss per 1 °C 

10% to 13% 0.26 R384 366.72 R1 478 333.53 

13% to 15% 0.14 R288 871.61 R2 063 368.64 

15% to 20% 0.42 R772 636.81 R1 839 611.45 

20% to 35% 1.19 R2 670 420.57 R2 244 050.89 

35% to 40% 0.40 R1 123 421.36 R2 808 553.40 

 Average revenue loss per 1 °C  R2 086 783.50 

Focus area 7 – Thermal and revenue loss relations 

The objective of this section is to establish the thermal and revenue loss relations in the 

occupational environment when the cooling performance of the BAC deteriorates. 

(1) Thermal relations 

Based on the results presented in Table 3-13, the corresponding thermal relations for Stope 19 

are shown in Figure 3-25 

(2) Revenue loss relation 

Based on the results presented in Table 3-14, the corresponding revenue and cooling relation for 

Stope 19 are shown in Figure 3-26. Recalling from Section 2.4, this relation indicates the extent 

to which revenue is lost as the cooling performance of the HEX deteriorates. 
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Figure 3-25: Thermal relations in Stope 19 

 

Figure 3-26: Revenue loss to cooling relation for Stope 19 
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Focus area 8 – Maintenance interval prediction 

Using Figure 3-27 as reference, the following step-wise approach, as prescribed in Section 2.4, 

was applied to predict the ideal maintenance interval. 

Step 1: 

The first KPI was applied to the thermal relations curve, as presented in the first quadrant of 

Figure 3-27. This KPI monitors the three thermal indexes governed by legislation. Legislation 

stipulates that the air temperature in the workplace may not exceed 32.5 °C wet bulb and/or 37 °C 

dry bulb [22]. An SCP in excess of 160 W/m2 must be maintained to minimise the occurrence of 

heatstroke [17]. The purpose of the first step was to identify which thermal index (SCP, wet- and 

dry-bulb temperature) breached its legal limit. Figure 3-27 clearly shows that the first thermal 

index to exceed its legal limit was wet-bulb air temperature, which was identified as the prediction 

driving index. 

Step 2: 

A vertical line was drawn from the prediction driver index’s legal limit (x-axis) until it intersected 

with the index’s relation curve. Thereafter, a horizontal line was drawn from the point of 

intersection towards the second quadrant. The line was extended until it intersected with the 

HEX’s PRR, as presented in the second quadrant of Figure 3-27. The purpose of these three 

lines was to relate the prediction driving index with the HEX’s point of performance deterioration. 

Figure 3-27 shows that if the actual performance differs more than 32.5% from the optimum 

performance, the wet-bulb temperature in the stope will breach the legal limit. 

Step 3: 

The third step was to predict the revenue loss when performance deteriorates by 32.5%. The was 

done by drawing a vertical line from the 32.5% mark towards the third quadrant. The line was 

extended until it intersected with the RLR. Thereafter, a horizontal line was drawn from the point 

of intersection towards the revenue loss scale. It is evident from Figure 2-23 that the deteriorated 

thermal conditions reduced performance by 32.5%, which resulted in a predicted revenue loss of 

R4 400 000. In comparison, a new BAC costs only R2 950 000. Because the revenue loss 

exceeds maintenance costs, Step 4 was also evaluated in order to predict the ideal maintenance 

interval. The second KPI, namely, monitoring revenue loss, was used to establish a trade-off 

between revenue loss and maintenance cost. 
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Step 4: 

The fourth step started in the third quadrant and applied the second KPI to the RLR. The second 

KPI monitored the revenue loss due to reduced HEX performance. The purpose was to identify 

the point where revenue loss caused by reduced productivity started to exceed maintenance 

costs, namely, the point on the revenue loss scale where revenue loss was equal to maintenance 

cost. A horizontal line was drawn from this point until it intersected with the RLR. A vertical line 

was drawn from the intersection point and extended until it intersected with the performance 

reduction scale. The corresponding thermal conditions were evaluated by drawing a horizontal 

line towards the first quadrant. The intersection points with each thermal relation indicated the 

predicted SCP, wet- and dry-bulb temperatures. 

The results are indicated in Figure 3-27, from which it is evident that as soon as HEX performance 

degrades more than 22.5%, the revenue loss due to deteriorated thermal conditions (caused by 

the reduced cooling performance) exceeds maintenance cost. Maintenance activities must be 

scheduled before this point is reached. 

Discussion on results obtained from the maintenance interval prediction model  

It was predicted that the wet-bulb air temperature inside Stope 19 will exceed the legal limit of 

32.5 °C when the BAC system’s air-cooling performance deteriorate more than 32.5%. The 

workplace must then be evacuated to protect the health and safety of employees. Evacuation 

leads to complete loss of revenue. The can now be avoided since a predictive maintenance policy 

has been established. It the revenue loss relation revealed that revenue loss associated with 

deteriorated thermal conditions in the workplace due to air-cooling performance degradation of 

32.5%, significantly exceeds maintenance cost. For this reason, the maintenance interval is 

forecasted using the revenue loss monitoring KPI.  

After applying the revenue loss KPI, the RLR revealed that when the air-cooling performance 

deteriorates more than 22.5%, revenue loss exceeds maintenance costs. The useful life of the 

BAC is between an air-cooling performance deterioration of 0% - 22.5%.  Thus, the ideal 

maintenance interval is forecasted to be just before the 22.5% upper limit. This model can be 

used by industry to optimise the useful life of the FTHX system, while minimising system 

downtime. The maintenance model is also a useful tool to help industry avoid unexpected system 

failure.  
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In Section 3.5, the external foulants were removed by means of water under high pressure, which 

resulted in the air outlet temperature decreasing by 0.7 °C. The formulated thermal and 

production relations indicated that the mine revenue could be improved by R58 million as a result 

of the temperature decrease. An additional R30 million could be gained if the air temperature is 

reduced further by 1.3 °C by eliminating the internal fouling. These figures highlight the 

importance of quantifying the impact of fouling and forecasting the ideal maintenance interval. 
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Figure 3-27: Maintenance interval forecasting platform.
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3.7 Chapter conclusion 

Chapter 3 implemented the general FTHX performance, fouling and maintenance prediction 

model on a practical case study and discussed the results obtained. The model was used to 

predict the performance, fouling and maintenance interval of the HEXs found in the case study. 

To ensure that the case study provided enough scope to allow all three predictions, the case 

study was selected in close accordance with the study objectives. 

The general FTHX performance, fouling and maintenance prediction model was applied to a BAC 

system. The BAC was located 3.2 km underground and was used to supplied chilled air to a 

mining occupational environment. It consists of ten FTHXs. The proposed method was applied to 

nine of the ten FTHXs as one was decommissioned due to a water leak. An on-site inspection 

revealed that the HEXs were severely fouled and operated at off-design conditions, which made 

it the ideal case study. 

The general performance model was configured for this specific FTHX. The verification results 

showed that the model prediction agreed within 97.9% of the theoretical performance claimed by 

the manufacturer. The performance was evaluated using two KPIs. The first KPI compared the 

actual and optimum air outlet temperature. This KPI indicated that, on average, the air outlet 

temperature increased by 2 °C. The second KPI compared the actual and optimum air-cooling 

performance and predicted that the 2 °C increase in air outlet temperature was the result of a 

29% reduction in air-cooling performance. 

The fouling prediction model was used to predict the performance loss due to internal and 

external fouling. The foulants were removed by means of high-pressure water, whereafter the 

performance was re-evaluated. The results showed that after removing the external foulants, the 

air outlet temperature reduced by 0.7 °C on average, which indicated that 11% of the 29% 

reduction in overall air-cooling performance was caused by external fouling. It was further 

predicted that by eliminating internal foulants, the air outlet temperature could be reduced by an 

additional 1.3 °C.  

Specific formulated thermal and production labour relations incorporated into the maintenance 

model predicted that, on average, the revenue of the mine could be improved by R58 million as 

a result of the temperature decrease. The impact of eliminating internal fouling is an additional 

R30 million as the air temperature is predicted to reduce by an additional 1.3 °C. These figures 
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highlight the importance of quantifying the impact of fouling and forecasting the ideal maintenance 

interval. 

4. CONCLUSION AND RECOMMENDATIONS  

4.1. Overview of the study 

Chapter 1 explained that FTHXs are found in abundance in HVAC systems. This vital piece of 

equipment is used to either cool or heat the occupational environment. The thermal conditions in 

the occupational environment could have a direct impact on labour productivity, health and safety. 

Thus, FTHXs are of paramount importance to ensure continuity of operation and profit. FTHXs 

foul while operating in real-world conditions due to impurities in the hot and cold fluid streams. 

Consequently, the performance of the HEX deteriorates, and at some point, system downtime is 

required to restore performance through maintenance activities. 

The need therefore exists for a performance, fouling and ideal maintenance interval prediction 

model for FTHXs. However, previous methods required installed instrumentation and the FTHX 

to operate at design conditions. None of the methods and models were compatible with a fouled 

FTHX operating without instrumentation at off-design conditions in the HVAC industry. The 

objectives set out to meet the study need include a model capable of predicting the following at 

off-design conditions: the optimum and actual air-cooling duty and outlet temperature; 

performance loss due to fouling; and the ideal maintenance interval. 

In Chapter 2, a simplified, yet effective method for predicting FTHX performance, fouling and ideal 

maintenance interval at off-design conditions and without installed instrumentation was derived. 

The method consisted of three integrated models, namely, performance, fouling and maintenance 

prediction. The performance model was derived from a combination of first principles of heat 

transfer and psychometry. The purpose of the performance model was to address the first and 

second study objective, namely, a model capable of predicting the optimum and actual air-cooling 

duty and outlet temperature at off-design conditions. 

A three-part verification process was prescribed to verify the credibility of the performance 

model’s predictions. At first, all pressure, temperature and flow rate measurements were verified 

by applying the 5% error rule [36], [91]. Secondly, the model-predicted air-cooling performance 

and temperature were compared with what the manufacturer claims it must theoretically be at 

design conditions. 
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To address the third and fourth study objectives, a fouling prediction model was formulated. The 

performance model was integrated into the fouling model, whereafter it was used to predict the 

performance of the fouled HEX. The external fouling was removed, and the performance was re-

evaluated. The performance loss due to external fouling was quantified by comparing the before- 

and after-cleaning performance prediction results. The deficit between the after-cleaning results 

and the optimum performance indicated performance loss due to internal fouling. The fouling 

prediction model was verified by comparing the actual pressure drop over the HEX fluid flow ports 

with what the manufacturer suggests it must be for a clean flow port. 

Finally, the last study objective was addressed by formulating a predictive maintenance policy for 

FTHXs operating at off-design conditions without installed instrumentation. The Bayesian and 

Markov approaches were used to account for all factors influencing maintenance interval 

prediction. The prediction results were verified by comparing the predicted maintenance interval 

with suggestions from the literature. 

Chapter 3 focused on the implementation of the general FTHX performance, fouling and 

maintenance prediction model on a practical case study and discussed the results obtained. The 

model was used to predict the performance, fouling and maintenance interval of the HEXs found 

in the case study. To ensure that the case study provided enough scope to allow all three 

predictions, the case study was selected in close accordance with the study objectives. 

The general FTHX performance, fouling and maintenance prediction model was applied to a BAC 

system. The BAC was located 3.2 km underground and was used to supplied chilled air to a 

mining occupational environment. It consists of ten FTHXs. The proposed method was applied to 

nine of the ten FTHXs as one was decommissioned due to a water leak. An on-site inspection 

revealed that the HEXs were severely fouled and operated at off-design conditions, which made 

it the ideal case study. 

The general performance model was configured for this specific FTHX and the verification results 

showed that model prediction agreed within 97.9% with theoretical performance claimed by the 

manufacturer. The performance was evaluated using two KPIs. The first KPI compared the actual 

and optimum air outlet temperature. This KPI indicated that, on average, the air outlet 

temperature increased by 2 °C. The second KPI compared the actual and optimum air-cooling 

performance and predicted that the 2 °C increase in air outlet temperature was the result of a 

29% reduction in air-cooling performance. 
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The fouling prediction model was used to predict the performance loss due to internal and 

external fouling. The foulants were removed by means of high-pressure water and the 

performance was re-evaluated. The results showed that after removing the external foulants, the 

air outlet temperature reduced on average by 0.7 °C, which indicated that 11% of the 29% 

reduction in overall air-cooling performance was caused by external fouling. It was further 

predicted that the air outlet temperature could be reduced by an additional 1.3 °C by eliminating 

internal foulants. 

Specific formulated thermal and production labour relations incorporated into the maintenance 

model predicted that, on average, the revenue of the mine could be improved by R58 million as 

a result of the temperature decrease. An additional R30 million could be gained if the air 

temperature is reduced by a further 1.3 °C by eliminating internal fouling. These figures highlight 

the importance of quantifying the impact of fouling and forecasting of the ideal maintenance 

interval. 

4.2. Meeting the study objectives 

The need of this study was to devise a general performance, fouling and maintenance model for 

FTHX operating without installed instrumentation at off-design conditions in the HVAC industry. 

A model capable of predicting the following at off-design conditions had to be created: 

➢ the optimum and actual air-cooling duty; 

➢ the optimum and actual air outlet temperature; 

➢ the performance loss due to external fouling; 

➢ the performance loss due to internal fouling; and 

➢ the ideal maintenance interval. 

A performance model was devised in Section 2.2 in close accordance with the first and second 

study objective. The performance model was implemented and verified in Section 3.3 and the 

predicted performance agreed within 3% with the theoretical performance. The performance 

prediction model was applied to nine case studies. The model successfully predicted the actual 

and optimum air-cooling performance, thereby indicating that the first and second KPIs were met. 

The performance loss due to external and internal fouling was addressed by developing a fouling 

model in Section 2.3. The model was also applied to the nine case studies and successfully 

predicted the performance losses attributed to external and internal fouling, respectively. This 

indicated that the third and fourth KPIs were met. 



Performance and fouling prediction model for finned-tube heat exchangers | 2019 

 

 CONCLUSION AND RECOMMENDATIONS 121 

 

To address the last study objective, the ideal maintenance interval was predicted using the model 

derived in Section 2.4. A predictive maintenance policy was chosen. To account for all influential 

factors, both the Bayesian and Markov approaches were used during the model development 

process in Section 2.4. The model was implemented on the nine case studies and the 

maintenance interval was predicted with success, and the objective was met. 

As all the study objectives were met, it can be concluded that the simplified, yet effective method 

of predicting FTHX performance, fouling and the ideal maintenance interval serves as a sufficient 

method to address the need for this study 

4.3. Recommendations for future work 

The objective of this section is to provide recommendations for further studies. Seven 

recommendations are listed below and discussed subsequently in more detail. The execution of 

these studies could improve the results obtained from this study further. 

➢ Use dynamic thermal simulations to establish the thermal relations in the occupational 

environment. 

➢ Test the performance, fouling and maintenance prediction model on FTHXs used to heat 

the occupational environment. 

➢ Evaluate the credibility of the production improvement predicted with this study. 

➢ Derive updated production and productivity relations for the mining industry. 

➢ Derive production and productivity relations for several occupational environments. 

➢ Test the devised methodology on other HEX types such as the shell-and-tube and plate 

HEXs. 

➢ Develop fouling factors for FTHXs operating in the mining industry. 

As mentioned in Section 2.4, the thermal simulation model was derived from first principles. It 

was assumed that the heat sources and air relative humidity in the occupational environment 

remain constant. The model must therefore be derived each time additional heat sources or 

moisture is added to the occupational environment. To overcome this problem, it is advised to 

rather use a dynamic thermal simulation package, which caters for changes. 

This study was applied to FTHXs used in the HVAC environment for the purpose of cooling. It is 

recommended that the devised methodology is implemented and tested on a case study where 

the FTHX is used to heat the occupational environment. This will help to understand fouling 
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performance losses and the maintenance interval required when the FTHX is used to heat the 

occupational environment. 

The model was implemented and tested on a mining occupational environment. The production 

and productivity relations used for this study were derived in the 1970s. Using the production and 

productivity relations proposed by Smith [22], this study predicted a significant production 

improvement when cooling is improved. A study is recommended to evaluate this finding by 

comparing production data from stopes at different thermal conditions. 

Section 1.5 mentioned that the only work done on scheduling the ideal maintenance interval was 

done on an FTHX operating in a power generation plant. It would be beneficial to test the devised 

methodology on an FTHX operating in a power generation plant. As the nature of foulants differ, 

the performance losses and maintenance interval would also differ greatly from what this study 

predicted. 

The devised methodology was applied to FTHXs and the results showed that the methodology 

predicted the performance, fouling and maintenance interval accurately. A study is recommended 

to implement the devised methodology on HEXs using different fluid mediums. For example, 

shell-and-tube HEXs operating in the refinery industry. 

It was mentioned in Section 1.4 that fouling factors cannot generally be used to quantify HEX 

fouling performance as these factors depend on the operating conditions and fluid medium. The 

before- and after-cleaning results presented by this study could be used to develop fouling factors 

for FTHXs operating as air coolers in the mining industry. This will aid future researchers to 

quantify performance losses due to foulants using Equation 1-4. 

4.4. Closure of study  

This chapter concluded the document by providing an overview of this study. Furthermore, it was 

stated how the objectives of the study were met, and recommendations were provided for further 

studies. 
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Appendix A: Performance model development 

Part 1 – Design Overall heat transfer coefficient 

The first step required to model the unfouled heat exchanger is evaluating the heat exchanger’s 

unfouled overall heat transfer coefficient (UA). This part of the model was derived from the explicit 

UA method, as described in Section 1.3.7. 

The UA was characterised in Equation 2.1 and is a function of: (1) the water-side overall heat 

transfer area; (2) air-side overall heat transfer area; (3) unfouled total conductive thermal 

resistance; (4) fluid-side convective heat transfer coefficient; (5) air-side convective heat transfer 

coefficient; and, lastly, (6) overall heat transfer efficiency [5], [25], [27], [49]. 

These six sub-steps are characterised in the paragraphs that follow. 

𝑈𝐴 =  
1

(ℎ𝑟 ×  
𝐴𝑟𝑡𝑜𝑡𝑎𝑙

 𝐴𝑎𝑡𝑜𝑡𝑎𝑙

 )
−1

 + (𝑅𝑡  ×  𝐴𝑎𝑡𝑜𝑡𝑎𝑙
)  + (𝑛𝑜  ×  ℎ𝑎)−1

 
2.1 

𝐴𝑟𝑡𝑜𝑡𝑎𝑙
 

𝐴𝑎𝑡𝑜𝑡𝑎𝑙
 

𝑅𝑡 

ℎ𝑟 

ℎ𝑎 

𝑛𝑜 

– water-side overall heat transfer area 

– air-side overall heat transfer area 

– unfouled total conductive thermal resistance 

–  cold fluid convective heat transfer coefficient 

–  hot fluid convective heat transfer coefficient 

–  system overall heat transfer efficiency  

2.3 

2.4 

2.5 

2.6 

2.7 

 

Sub-step 1: The water-side overall heat transfer area 

The water-side overall heat transfer area represents the area available for heat transfer to the 

liquid as given by Equation 2.2, that is, the total inner tube wetted surface area. The water-side 

overall heat transfer is a function of the tube inner diameter and the total length of the heat 

exchanger. The tube diameter can be obtained either from the manufacturer or through 

measurement. 

 𝐴𝑟𝑡𝑜𝑡𝑎𝑙
=  𝜋 ×  𝐷𝑖 ×  𝐿𝑡𝑡𝑜𝑡𝑎𝑙

 2.2 

𝐷𝑖 

𝐿𝑡𝑡𝑜𝑡𝑎𝑙
 

– tube inner diameter 

– total length heat exchanger tubes 

– 

2.2.1 
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The total length of the heat exchanger tubes is characterised by Equation 2.2.1. The total length 

of the heat exchanger tubes is a function of the number of tubes per layer, number of tube layers, 

and the length of a single tube. These parameters can be obtained either from the manufacturer 

or through measurement. 

 𝐿𝑡𝑡𝑜𝑡𝑎𝑙
=  𝑁𝑡𝑙

× 𝑁𝑙 ×  𝐿𝑡 2.2.1 

𝑁𝑡𝑙
 

𝑁𝑙 

𝐿𝑡 

– number of tubes per layer 

– number of tube layers 

– length per tube 

– 

– 

– 

Sub-step 2: The air-side overall heat transfer area 

The air-side overall heat transfer area represents the area available for heat transfer from the gas 

to the outer tube surfaces, that is, the total outer tube wetted surface area. The air-side heat 

transfer coefficient is typically 10 to 100 times less than the water-side [8], [10]. To overcome this 

problem effectively and recover heat from the gas efficiently, extended surfaces on the air-side 

are employed [11]. The extended surfaces enlarge the air-side heat transfer area and stimulate 

turbulent flow. Turbulent flow promotes optimal heat transfer [8], [12]. The study performed by 

Tang et al. proved the importance of accounting tube configuration and fin spacing when deriving 

a performance prediction model [61]. 

The air-side overall heat transfer area is defined by Equation 2.3. It is a function of the total 

spacing area between the fins and the total finned area [61]. 

𝐴𝑎𝑡𝑜𝑡𝑎𝑙
=  𝐴𝑠𝑡

+  𝐴𝑓𝑡
 2.3 

𝐴𝑠𝑡
 

𝐴𝑓𝑡
 

– total spacing area between fins 

– total finned area 

2.3.1 

2.3.2 

The total spacing area between the fins is defined by Equation 2.3.1. The total spacing area 

between the fins is a function of the number of spacings between the fins and the area of single 

spacing [25], [46]. 

𝐴𝑠𝑡
=  𝑁𝑠𝑡𝑜𝑡𝑎𝑙

×  𝐴𝑠 2.3.1 

𝑁𝑠𝑡𝑜𝑡𝑎𝑙
 

𝐴𝑠 

– number of spacings between fins 

– area of single spacing 

2.3.1.1 

2.3.1.2 
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The number of spacings between the fins is chartered as in Equation 2.3.1.1. It is a function of 

the fin pitch, single tube length and the number of tubes. These parameters can be obtained 

either from the manufacturer or through measurement. 

 𝑁𝑠𝑡𝑜𝑡𝑎𝑙
=  (𝐹𝑝 −  1) × 𝐿𝑡 × 𝑁𝑡 2.3.1.1 

𝐹𝑝 

𝐿𝑡 

𝑁𝑡 

– fin pitch 

– tube length 

– number of tubes 

– 

– 

– 

The area of a single spacing is defined by Equation 2.3.1.2. The area of a single spacing is a 

function of the tube outer diameter and the spacing length. These parameters can be obtained 

either from the manufacturer or through measurement. 

 
𝐴𝑠 =  2 ×  𝜋 ×  (

𝐷𝑜

2
) × 𝐹𝑠 

2.3.1.2 

𝐷𝑜 

𝐹𝑠 

– tube outer diameter 

– spacing length  

– 

– 

The total heat transfer area of the fins is characterised by Equation 2.3.2. The total finned area is 

a function of the number of fins and the area of a single fin. 

 𝐴𝑓𝑡
=  𝑁𝑓𝑡𝑜𝑡𝑎𝑙

× 𝐴𝑓 2.3.2 

𝑁𝑓𝑡𝑜𝑡𝑎𝑙
 

𝐴𝑓 

– number of fins 

– area single fin 

2.3.2.1 

2.3.2.2 

The total number of fins is a function of the number of fins per tube and the number of tubes as 

given by Equation 2.3.2.1. These parameters can be obtained either from the manufacturer or 

through measurement. 

 𝑁𝑓𝑡𝑜𝑡𝑎𝑙
=  𝑁𝑓𝑡

× 𝑁𝑡 2.3.2.1 

𝑁𝑓𝑡
 

𝑁𝑡 

– number of fins per tube 

– number of tubes  

– 

– 
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The area of a single fin is given by Equation 2.3.2.2 and is a function of the fin outer and inner 

diameter. 

 
𝐴𝑓 =  2 ×  𝜋 × [(

𝐷𝑓

2
)

2

− (
𝐷𝑜

2
)

2

] 
2.3.2.2 

𝐷𝑓 

𝐷𝑜 

– fin outer diameter 

– tube outer diameter  

– 

– 

 

Sub-step 3: The total conductive resistance of the clean heat exchanger 

The total conductive resistance of the clean heat exchanger is defined by Equation 2.4. It is a 

function of the tube thickness ratio, total tube length, and thermal conductivity of the tube material. 

The tube thickness ratio is calculated from the tube outer and inner diameter. The inner diameter 

and tube material specifications should be obtained from the manufacturer. The outer diameter 

can either be measured or obtained from the manufacturer. The thermal conductivity of the tube 

material is a function of temperature, and thus will require the thermal conductivity vs temperature 

curve for the specific tube material. The total tube length is calculated as in Equation 2.2.1. 

 

𝑅𝑡 =
ln (

𝐷𝑜
𝐷𝑖

)

2 × 𝜋 × 𝐿𝑡𝑡𝑜𝑡𝑎𝑙
× 𝑘𝑐

 

2.4 

 

𝐿𝑡𝑡𝑜𝑡𝑎𝑙
 

𝐷𝑜 

𝐷𝑖 

𝑘𝑐 

– total tube length of heat exchanger 

– tube outer diameter 

– tube inner diameter 

– thermal conductivity of tube material  

2.2.1 

– 

– 

– 

 

Sub-step 4: The water-side convection heat transfer coefficient 

The fourth sub-step of Part 1 is to calculate the water-side convection heat transfer coefficient as 

given by Equation 2.5. The water-side convection heat transfer coefficient is a function of the 

Nusselt number and thermal conductivity of the liquid. The thermal conductivity of the liquid can 

be obtained from its corresponding property table. The property tables for water, oil and various 

refrigerants can be found in Fundamentals of Heat and Mass Transfer [25]. 
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ℎ𝑟 =  

𝑁𝑢𝑟 × 𝑘𝑟

𝐷𝑖
 

2.5 

𝑁𝑢𝑟 

𝑘𝑟 

– water-side Nusselt number 

– water-side thermal conductivity 

2.5.1 

– 

 

The liquid Nusselt number is a function of the flow within the pipe. In order to classify the flow, it 

is necessary to calculate the Reynolds number. If the Reynolds number is smaller or equal to 

2 300, the flow distribution is laminar. If the Reynolds number exceeds 2 300, the flow is 

considered to be turbulent. Empirical correlations are used for the Nusselt number [25]. 

The Nusselt number for fully developed internal laminar flow profile inside a circular tube is a 

constant as given by Equation 2.5.1.A and Equation 2.5.1.B. The fully developed flow profile is 

maintained if the liquid flow rate remains constant. Care should be taken when using 

Equation 2.5.1.A and Equation 2.5.1.B: 

➢ For cases where the inner tube surface temperature remains constant (the gas inlet 

temperature remains constant), the Nusselt number constant as in Equation 2.5.1.A is 

used. 

➢ For cases where the gas inlet temperature fluctuates, the Nusselt number constant as in 

Equation 2.5.1.B is used. 

The Nusselt number for turbulent flow distribution is characterised by Equation 2.5.1.C. Care 

should be taken when using Equation 2.5.1: 

➢ if the liquid is being heated, 𝑛 is taken as 0.4; or 

➢ if the liquid is being cooled, 𝑛 is taken as 0.3 

 𝑁𝑢𝑟  =  3.66 𝒊𝒇 𝑹𝒆𝒓   ≤ 𝟐𝟑𝟎𝟎 𝒂𝒏𝒅 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕 𝑻𝒔 

𝑁𝑢𝑟  =  4.34 𝒊𝒇 𝑹𝒆𝒓   ≤ 𝟐𝟑𝟎𝟎 𝒂𝒏𝒅 𝒇𝒍𝒖𝒄𝒕𝒖𝒂𝒕𝒊𝒏𝒈 𝑻𝒔 

 𝑁𝑢𝑟 =  (0.023) × (𝑅𝑒𝑟)0.8  ×  𝑃𝑟𝑟
𝑛  𝒊𝒇 𝑹𝒆𝒓  ≤ 𝟐𝟑𝟎𝟎 

2.5.1.A 

2.5.1.B 

2.5.1.C 

𝑅𝑒𝑟 

𝑃𝑟𝑟 

– Cold fluid Reynolds number 

– Cold fluid Prandtl number  

2.5.1.1 

2.5.1.2 
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To account for the hydraulic properties of the fluid, the fluid Reynolds number is introduced [57], 

[89]. The water-side Reynolds number is characterised by Equation 2.5.1.1. The water-side 

Reynolds number is a function of the liquid mass flow rate, dynamic viscosity and inner tube 

diameter. The liquid mass flow rate should be obtained from experimental measurement. The 

dynamic viscosity should be obtained from the liquid’s property tables. The inner diameter should 

be obtained from the manufacturer. 

 
𝑅𝑒𝑟  =

(4 ×  �̇�𝑟)

(𝑢𝑐  × 𝜋 × 𝐷𝑖)
 

2.5.1.1 

 

�̇�𝑐 

𝑢𝑐 

𝐷𝑖 

– liquid mass flow rate 

– liquid dynamic viscosity 

– tube inner diameter  

 

 

To account for the thermal properties of the fluid, the fluid’s Prandtl number is introduced [99]. 

The water-side Prandtl number is characterised by Equation 2.5.1.2. The water-side Prandtl 

number is a function of the liquid-specific heat capacity, dynamic viscosity and liquid thermal 

conductivity. These parameters should be obtained from the liquid’s property tables. 

 
𝑃𝑟𝑐  =

(𝐶𝑝𝑐 × 𝑢𝑐)

𝑘𝑟
  

2.5.1.2 

 

𝐶𝑝𝑐 

𝑢𝑐 

𝑘𝑟 

– liquid-specific heat capacity 

– liquid dynamic viscosity 

– liquid thermal conductivity  

 

 

Sub-step 5: The air-side convection heat transfer coefficient 

The air-side convection heat transfer coefficient is calculated as given by Equation 2.6. The air-

side convection heat transfer coefficient is a function of the Colburn J-factor, heat flux and Prandtl 

number [25], [90]. The Colburn J-factor should be obtained from the manufacturer. 

 
ℎ𝑎  =

( 𝑗 ×  𝐺 ×  𝐶𝑝𝑎)

𝑃𝑟ℎ   
2
3 

 2.6 

 

𝐺 

𝑃𝑟ℎ 

– Coburn J-factor 

– heat flux 

– gas Prandtl number 

– 

2.6.1 

2.6.2 
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The heat flux is characterised using Equation 2.6.1. The heat flux is a function of the air mass 

flow rate and the air-side free-flow area. The air-side free-flow area should be obtained from the 

manufacturer. 

 
𝐺 =

�̇�𝑔

𝐴𝑓𝑓
  2.6.1 

�̇�𝑔 

𝐴𝑓𝑓 

– air mass flow rate 

– external fluid free-flow area 

2.6.1.1 

– 

 

The air mass flow rate is calculated using Equation 2.6.1. The air mass flow rate is a function of 

the air quantity and density. The air quantity should be measured. The air density should be 

obtained from the gas property table. 

 �̇�𝑔 = �̇� × 𝜌𝑔 2.6.1.1 

�̇� 

𝜌𝑔 

– gas volumetric flow rate 

– gas density  

2.6.1.1 

- 

 

The air-side Prandtl number is characterised by Equation 2.6.2. The air-side Prandtl number is a 

function of the specific heat capacity, dynamic viscosity and thermal conductivity of the gas [99]. 

These parameters should be obtained from the gas property tables. 

 
𝑃𝑟ℎ =  (

𝐶𝑝ℎ × 𝑢ℎ

𝑘ℎ
) 

2.6.2 

𝐶𝑝ℎ 

𝑢ℎ 

𝑘ℎ 

– gas-specific heat capacity 

– gas dynamic viscosity 

– gas thermal conductivity  

 

 

Sub-step 6: The air-side overall heat transfer efficiency 

The air-side overall heat transfer efficiency is characterised as in Equation 2.7. The system overall 

heat transfer efficiency indicates how efficient heat is transferred from the gas to the outer tube 

heat transfer surfaces [25], [46]. It is a function of the heat transfer efficiency of a single fin, the 

finned area and the total air-side heat transfer area. 

The total air-side heat transfer area was previously defined using Equation 2.3. The total finned 

area was previously defined by Equation 2.3.2. The heat transfer efficiency per fin is a function 

of the fin geometry. The efficiencies of various fin geometries are available in literature [25]. 
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𝑛𝑜 =  1 −  (

𝐴𝑓𝑡

𝐴𝑎𝑡𝑜𝑡𝑎𝑙

) ×  (1 −  𝑛𝑓) 2.7 

𝐴𝑓𝑡
 

𝐴𝑎𝑡𝑜𝑡𝑎𝑙
 

𝑛𝑓 

– total finned area 

– total air-side heat transfer area 

– heat transfer efficiency per fin 

2.3.2 

2.3 

- 

 

Part 2 – Optimum liquid heat transfer rate (duty) 

The unfouled heat exchanger liquid duty is defined by Equation 2.8 [25], [62]. The unfouled heat 

exchanger liquid duty is a function of the water-side heat transfer effectiveness and the maximum 

heat transfer. The classical number of transfer units (NTU) method is used to calculate water-

side heat transfer effectiveness. 

 𝑞𝑑𝑒𝑠𝑖𝑔𝑛 =  𝑒𝑓𝑓 ×  𝑞𝑚𝑎𝑥 2.8 

𝑒𝑓𝑓 

𝑞𝑚𝑎𝑥 

– the water-side heat transfer effectiveness 

– maximum heat transfer rate  

2.9 

2.10 

 

Sub-step 1: The water-side heat transfer effectiveness 

The water-side overall heat transfer effectiveness is characterised as in Equation 2.9. It is a 

function of the heat transfer ability ratio and the NTU. 

 
𝑒𝑓𝑓 =  

1

𝐶𝑟
 × 〈1 − 

1

𝑒
{𝐶𝑟×[1 − (

1
𝑒𝑁𝑇𝑈)]}

〉 
2.9 

 

𝐶𝑟 

𝑁𝑇 

– heat transfer ability ratio 

– number of transfer units 

2.9.1 

2.9.2 

 

The heat transfer ability ratio is a function of the gas and liquid heat transfer ability. The heat 

transfer ability ratio is defined as in Equation 2.9.1. 

 
𝐶𝑟 =

𝐶ℎ

𝐶𝑐
 

2.9.1 

𝐶ℎ 

𝐶𝑐 

– gas heat transfer ability 

– liquid heat transfer ability 

2.9.1.1 

2.9.1.2 
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The gas heat transfer ability is defined by Equation 2.9.1.1. It is a function of the gas-specific heat 

capacity and the gas mass flow rate. The gas-specific heat capacity should be obtained from the 

gas property table. The gas mass flow rate should be calculated as in Equation 2.6.1.1. 

 𝐶ℎ =  𝐶𝑝ℎ × �̇�ℎ 2.9.1.1 

𝐶𝑝ℎ 

�̇�ℎ 

– gas-specific heat capacity 

– gas mass flow rate 

– 

2.6.1.1 

 

The liquid heat transfer ability is defined by Equation 2.9.1.2. It is a function of the liquid-specific 

heat capacity and the liquid mass flow rate. The liquid-specific heat capacity should be obtained 

from the liquid property table. The liquid mass flow rate should be measured. 

 𝐶𝑤 =  𝐶𝑝𝑐 ×  �̇�𝑐 2.9.1.2 

𝐶𝑝𝑐 

�̇�𝑐 

– Chilled water-specific heat capacity 

– Chilled water mass flow rate 

– 

– 

 

The NTU is characterised in Equation 2.9.2. It is a function of the overall air-side heat transfer 

area, minimum heat transfer ability and UA. 

𝑁𝑇𝑈 =
(𝑈𝐴 × 𝐴𝑎𝑡𝑜𝑡𝑎𝑙

)

(𝐶𝑚𝑖𝑛)
 2.9.2 

𝐴𝑎𝑡𝑜𝑡𝑎𝑙
 

𝐶𝑚𝑖𝑛 

𝑈𝐴 

– total air-side heat transfer area 

– minimum heat transfer ability 

– overall heat transfer coefficient  

2.3 

 2.9.1 

2.1 

 

Sub-step 2: The maximum possible heat transfer rate 

The maximum possible heat transfer rate is characterised by Equation 2.10. It is a function of the 

minimum heat transfer ability, gas inlet temperature and liquid inlet temperature. 

 𝑞𝑚𝑎𝑥 =  𝐶min × (𝑇𝑔𝑖
− 𝑇𝑐𝑖

) 2.10 

𝐶min 

𝑇𝑔𝑖
 

𝑇𝑐𝑖
 

– minimum transfer ability 

– gas inlet temperature 

– liquid inlet temperature  

2.10.1 

– 

– 
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The minimum heat transfer ability is determined by comparing the gas and liquid heat transfer 

abilities as in Equation 2.10.1. 

𝐶𝑚𝑖𝑛 =  𝐶ℎ  𝒊𝒇 𝑪𝒉 <  𝑪𝒄 

𝐶𝑚𝑖𝑛 =  𝐶𝑤  𝒊𝒇 𝑪𝒉 >  𝑪𝒄 
2.10.1 

𝐶ℎ 

𝐶𝑐 

– gas heat transfer ability 

– liquid heat transfer ability 

2.9.1.1 

2.9.1.2 

 

Part 3 – Optimum gas outlet temperature 

The first KPI is finally incorporated into the model during Part 3. Recalling from Section 2.2.2, the 

first KPI requires that the optimum duty is evaluated at off-design operational conditions. The gas 

outlet temperature is characterised by Equation 2.11. It is a function of the gas inlet temperature, 

actual heat transfer rate to the liquid and gas heat transfer ability. The gas inlet temperature 

should be measured. 

 𝑇𝑔𝑜
=  𝑇𝑔𝑖

−
𝑞𝑑𝑒𝑠𝑖𝑔𝑛

𝐶ℎ
 2.11 

𝑇𝑔𝑖
 

𝑇𝑔𝑜
 

𝑞𝑎𝑐𝑡𝑢𝑎𝑙 

𝐶ℎ 

– gas inlet temperature 

– gas outlet temperature 

– actual heat transfer rate to the liquid 

– gas heat transfer ability 

– 

– 

2.8 

2.9.1.1 

 

Part 4 – Optimum gas duty 

The second KPI is incorporated into the model during Part 4. Recalling from Section 2.2.3, the 

second KPI requires that the optimum duty is evaluated at off-design operational conditions. The 

lumped method is used to account for both heat and mass transfer and characterises the air-side 

optimum duty as in Equation 2.12. It is a function of the inlet enthalpy, outlet enthalpy, and gas 

mass flow rate. 

 𝑞𝑎𝑐𝑡𝑢𝑎𝑙𝑔
=  �̇�ℎ ×  (ℎ𝑖 − ℎ𝑜) 2.12 

ℎ𝑖 

ℎ𝑜 

�̇�ℎ 

– gas inlet enthalpy 

– gas outlet enthalpy 

– gas mass flow rate 

– 

– 

2.6.1.1 
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Appendix B: Tables and charts 

T a b l e  4 - 1 :  M e a s u r a b l e  p h y s i c o c h e m i c a l  p r o p e r t i e s  

Physico-
chemical 
property  

Parameter  
*FTHX  

#1 
FTHX  

#2 
FTHX  

#3 
FTHX  

#4 
FTHX  

#5 
FTHX  

#6 
FTHX  

#7 
FTHX  

#8 
FTHX  

#9 
FTHX  
#10 

Unit 

Air-side  

𝑇𝐷𝐵𝑖𝑛 N.A. 26.6 26.6 26.6 26.6 26.6 26.6 26.6 26.6 26.6 °C 

𝑇𝑊𝐵𝑖𝑛
 N.A. 24.8 24.8 24.8 24.8 24.8 24.8 24.8 24.8 24.8 °C 

𝑃𝑎𝑖𝑛𝑙𝑒𝑡
 N.A. 112.9 112.9 112.9 112.9 112.9 112.9 112.9 112.9 112.9 kPa 

𝑃𝑎𝑜𝑢𝑡𝑙𝑒𝑡
 N.A. 113.3 113.3 113.3 113.3 113.3 113.3 113.3 113.3 113.3 kPa 

𝑇𝐷𝐵𝑜𝑢𝑡 N.A. 23.5 23.0 23.0 23.5 23.5 22.5 22.5 22.5 22.5 °C 

𝑇𝑊𝐵𝑜𝑢𝑡
 N.A. 23.5 23.0 23.0 23.5 23.5 22.5 22.5 22.5 22.5 °C 

𝑚𝑎̇  19.3 6.1 7.2 7.2 7.2 9.4 9.4 9.4 9.4 9.4 kg/s 

Water-side  

𝑇𝑤𝑖𝑛 N.A. 17.5 17.5 17.5 17.0 16.3 16.3 17.0 18.1 17.0 °C 

𝑇𝑤𝑜𝑢𝑡 N.A. 21 21 21.1 20.9 20.2 20.5 22.5 19.8 22.5 °C 

𝑚�̇� N.A. 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 l/s 

*FTHX #1 – Decommissioned due to water leak but was still open for air flow.  
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T a b l e  4 - 2 :  H e a t  e x c h a n g e r  s p e c i f i c a t i o n  d a t a b a s e  c o n t e n t  

Heat exchanger specification Parameter Value Obtained from 

Geometrical 

Outside tube diameter 𝐷𝑜 19.5 mm 

Manufacturer 

Inner tube diameter 𝐷𝑖 16 mm 

Number of tubes per row 𝑁𝑡 14 

Number of tube rows 𝑁𝑡𝑟 8 

Fin pitch 𝐹𝑝 3.8 mm 

Fin thickness 𝐹𝑡 0.7 mm 

Length of tube 𝐿𝑡 1 790 mm 

Flow passage hydraulic diameter 𝐷ℎ 16 mm 

Free-flow to frontal area ratio 𝜎 0.9 

Heat transfer area to total volume ratio 𝛼 1.2 

Thermal 
Colburn J-factor vs Reynolds number relation – Equation 16 of [101] 

Performance curve – Figure 4-2 

Hydraulic  Air pressure drop curve  – Figure 4-3 
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F i g u r e  4 - 1 :  U s e r  f o r m  
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F i g u r e  4 - 2 :  D e s i g n  p e r f o r m a n c e  c u r v e  o b t a i n e d  f r o m  m a n u f a c t u r e r  
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F i g u r e  4 - 3 :  A i r  p r e s s u r e  d r o p  c u r v e  o b t a i n e d  f r o m  m a n u f a c t u r e r  
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F i g u r e  4 - 4 :  R e g r e s s i o n  l i n e  a n d  R2  v a l u e  f o r  p r o d u c t i o n  a n d  w e t - b u l b  a i r  t e m p e r a t u r e  a t  t h e  f a c e  r e l a t i o n  

 

Tons  per labourer = -0.1507x3 + 11.878x2 - 313.6x + 2843.1

R² = 0.9977
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T a b l e  4 - 3 :  P o r t i o n  o f  m o i s t  a i r  p r o p e r t y  t a b l e 1 

Air pressure 
[kPa] 

Air dry-bulb 
temperature 

[°C] 

Air relative 
humidity 

[%] 

Air thermal 
conductivity 

[W/m.K] 

Air specific 
heat capacity 

[J/kg.K] 

Air dew point 
temperature 

[°C] 

Air enthalpy 
[kJ/kg] 

Air humidity 
ratio 
[-] 

Air density 
[kg/m3]  

Air wet-bulb 
temperature 

[°C] 

Air dynamic 
viscosity 
[N.s/m2]  

87 18.5 32.5 0.02505 1.016 1.727 31.27 0.004989 1.031 9.571 1.82E-05 

87 18.5 35 0.02505 1.017 2.766 32.25 0.005376 1.03 9.959 1.82E-05 

87 18.5 37.5 0.02505 1.017 3.741 33.23 0.005764 1.03 10.34 1.82E-05 

87 18.5 4 0.02505 1.018 4.661 34.22 0.006152 1.029 10.72 1.82E-05 

87 18.5 42.5 0.02505 1.019 5.531 35.2 0.00654 1.028 11.09 1.82E-05 

87 18.5 45 0.02506 1.02 6.356 36.19 0.006929 1.028 11.46 1.82E-05 

87 18.5 47.5 0.02506 1.02 7.143 37.17 0.007319 1.027 11.82 1.82E-05 

87 18.5 5 0.02506 1.021 7.893 38.16 0.007709 1.027 12.18 1.82E-05 

87 18.5 52.5 0.02506 1.022 8.611 39.15 0.008099 1.026 12.54 1.82E-05 

87 18.5 55 0.02506 1.022 9.3 40.14 0.00849 1.025 12.89 1.82E-05 

87 18.5 57.5 0.02506 1.023 9.961 41.14 0.008882 1.025 13.23 1.82E-05 

87 18.5 6 0.02507 1.024 10.6 42.13 0.009273 1.024 13.57 1.82E-05 

87 18.5 62.5 0.02507 1.025 11.21 43.13 0.009666 1.023 13.91 1.82E-05 

87 18.5 65 0.02507 1.025 11.8 44.12 0.01006 1.023 14.24 1.82E-05 

87 18.5 67.5 0.02507 1.026 12.38 45.12 0.01045 1.022 14.57 1.82E-05 

87 18.5 70.0 0.02507 1.027 12.93 46.12 0.01085 1.021 14.89 1.82E-05 

  

 
1 Author personal moist air property table: Created with Engineering Equation Solver™, verified with a Barenburg’s psychrometric chart  
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T a b l e  4 - 4 :  P o r t i o n  o f  S C P  c h a r t 2 

 

Air velocity [m/s] 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

A
ir
 w

e
t-

b
u
lb

 t
e
m

p
e
ra

tu
re

 [
°C

] 

20.0 376 376 381 394 405 415 424 432 439 446 

20.1 375 375 380 393 404 414 423 431 438 445 

20.2 373 373 378 391 402 412 421 429 436 443 

20.3 371 371 376 389 400 410 419 427 434 441 

20.4 370 370 375 388 399 409 418 426 433 440 

20.5 369 369 374 387 398 408 417 425 432 439 

20.6 367 367 372 385 396 406 415 423 430 437 

20.7 365 365 370 383 394 404 413 421 428 435 

20.8 364 364 369 382 393 403 412 420 427 434 

20.9 363 363 368 381 392 402 411 419 426 433 

21.0 361 361 366 379 390 400 409 417 424 431 

21.1 359 359 364 377 388 398 407 415 422 429 

21.2 358 358 363 376 387 397 406 414 421 428 

21.3 357 357 362 375 386 396 405 413 420 427 

21.4 355 355 360 373 384 394 403 411 418 425 

21.5 353 353 358 371 382 392 401 409 416 423 

21.6 352 352 357 370 381 391 400 408 415 422 

21.7 351 351 356 369 380 390 399 407 414 421 

21.8 349 349 354 367 378 388 397 405 412 419 

21.9 347 347 352 365 376 386 395 403 410 417 

22 346 346 351 364 375 385 394 402 409 416 

22.1 345 345 350 363 374 384 393 401 408 415 

 
2 J. M. Stewart, Environmental Engineering in South African Mines (Ed: J Burrows), Chapters 20 and 21, pp 495-568, 1982 
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