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Abstract 

There is enormous potential for recovering a significant amount of latent heat at 

temperatures below 100°C from flue gas of combustion-based heating systems due to the 

presence of water vapor in their exhaust streams. However, condensation of acids along 

with water vapor in heat and water recovery systems makes a highly corrosive 

environment, which is a major challenge and a determining factor in selecting suitable 

materials for condensing heat exchangers. Despite the low cost and great 

corrosion-resistant properties of plastics, their relatively low thermal conductivities are not 

ideal for thermal management systems. it is still uncertain how significantly increasing 

thermal conductivity of the heat exchanger’s material affects thermal performance of the 

heat recovery systems. The present study aims to shed light on the effect of the thermal 

conductivity of a condensing heat exchanger’s material on the thermal performance of the 

unit. For this purpose, an analytical model is developed to predict the thermal performance 

of condensing heat exchangers, designed for recovering heat and water from wet flue gas. 

Further, to validate the model, a custom-designed condensing heat exchanger with 

replaceable tubes is designed in our lab and tested with 304 stainless-steel tubes and 

FEP plastic tubes under different inlet conditions. For the range of inlet conditions 

considered in this study, results show that there is a threshold for the thermal conductivity 

of the material, at which increasing the conductivity any further does not affect the 

condensation efficiency notably. It is worthy of note that this threshold, with respect to 

thermal conductivity of commonly used materials for such heat exchangers, has relatively 

low magnitude (e.g.~10-15 W∙m-1∙K-1 for stainless steel). This finding is significantly 

important as it unlocks the potential of using materials such as plastics and polymers with 

thermally conductive additives for latent heat recovery from flue gas. 

 

Keywords:  Heat and water recovery; wet flue gas; condensing heat exchanger; 

plastics and polymers; thermal conductivity; latent heat; corrosion. 
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Executive Summary 

Motivation 

A significant portion of the total energy of industrial plants such as oil and gas, 

petrochemical, and power plants is released into the environment in the form of 

low-temperature thermal energy or low-grade waste heat, i.e. with temperature less than 

175°C. The flue gas generated from the combustion of fossil fuels or biofuels in process 

heating equipment, such as boilers, furnaces, and ovens, is one of the main sources of 

low-grade waste heat. In Canada, industry accounts for 38% of total energy demand, while 

30-40% of the input energy into industrial processes is discharged into the ambient as 

waste heat. This is a tremendous amount of thermal energy that a portion of it can be 

harvested and utilized in a variety of applications ranging from building air conditioning to 

greenhouses for food production. Therefore, waste heat recovery and utilization especially 

from low-grade sources will be beneficial for improving the energy efficiency and 

decreasing fossil fuels consumption, greenhouse gas emissions, as well as reducing the 

release of harmful chemicals into the ambient, which are directly linked to climate change 

and our environmental impact. 

Since flue gas is the product of burning fossil fuels, it approximately contains 

5-20 vol% water vapor depending on the fuel type. Although challenging, presence of 

water vapor in the flue gas composition of process heating equipment makes it possible 

to not only recover considerable amount of latent heat of vaporization at relatively low 

temperature (less than 100°C), along with the sensible heat of flue gas, but also harvest 

the water and reuse it in industrial applications. However, flue gas is highly corrosive as it 

may contain sulfur oxides (SOx), nitrogen oxides (NOx), Hydrogen fluoride (HF), and 

hydrogen chloride (HCl) based on the fuel’s chemical composition. Therefore, corrosion 

is considered as one of the main challenges of heat and water recovery from flue gas due 

to the condensation of acids such as sulfuric acid (H2SO4), nitric acid (HNO3), and 

hydrochloric acid (HCl) on the surface of heat exchangers used in the process. In addition 

to corrosion resistance, other factors including cost, fabrication, weight, fouling, and 

thermal properties should be considered in material selection for the condensing heat 

exchangers used in heat and water recovery units that form the core of this technology. 

Although materials such as synthetic graphite, stainless steel, and titanium have been 

proposed to be used as the material of heat exchangers working in corrosive environment, 
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the high cost of these materials make them poor candidates for this application, and one 

of the main reasons for low market penetration of this technology. Although plastics and 

polymers are among the promising candidates for such applications due to their great 

corrosion resistance properties, low cost, and light weight, their thermal conductivities are 

relatively low that impedes their thermal performance which in turn leads to larger sizes. 

Therefore, assessing the significance of material’s thermal conductivity and its effect on 

the overall efficiency of heat and water recovery systems sheds light on the potential of 

using polymeric and plastic heat exchangers for this and other applications. To this end, 

this thesis is focused on investigating the potential usage of plastic and polymers as the 

material of condensing heat exchangers for heat and water recovery from flue gas or other 

wet exhaust streams.  

 

Objectives 

The main objective of this research is to investigate the significance of the thermal 

conductivity of heat exchangers’ material in their efficiency for recovering heat and water 

from wet exhaust streams. This goal includes development and assessment of the 

performance of a proof-of-concept condensing heat exchanger made of fluorinated 

ethylene propylene (FEP) with enhanced thermal conductivity for heat and water recovery 

from flue gas, compared to the same condensing heat exchanger made of stainless steel. 

 

Methodology 

A systematic approach has been adopted to achieve the objective of this research. 

the following milestones have been set and executed: 

● Developed an analytical model to predict heat and water recovery efficiency of 

condensing tube-bank heat exchangers under various inlet conditions. The model 

has been used to design heat exchangers for heat and water recovery systems; 

● Designed and fabricated a custom-built test bed to study the effect of tubes’ 

material on the efficiency of heat and water recovery from flue gas; the 

experimental data have been used to assess the accuracy of the model in 
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predicting the efficiency of condensing heat exchangers made of 304 

stainless-steel tubes and FEP plastic tubes under various inlet conditions;  

● Investigated the performance of a plastic condensing heat exchanger compared 

to a heat exchanger with the same design/dimensions made of stainless-steel, 

using the lab-scale experimental setup; 

● Analytically investigated the effect of material’s thermal conductivity on heat and 

water recovery efficiency of condensing tube-bank heat exchangers under 

different inlet conditions;  

 

Contributions 

The following highlights the main outcomes of this research: 

● An analytical model is developed and verified with experimental data under various 

inlet conditions. The proposed model can predict the performance of condensing 

tube-bank heat exchangers. The present model is significantly fast, and it includes salient 

geometrical parameters, material properties, and operational parameters.  

● It was unclear in the literature how significantly increasing thermal conductivity of 

the heat exchanger’s material affects the thermal performance of heat and water recovery 

systems. This study aimed to address this issue. Increasing the thermal conductivity of 

plastics from a typical value of 0.2 W∙m-1∙K-1 to around 1-2 W∙m-1∙K-1 leads to a significant 

enhancement in the efficiency of heat and water recovery systems. However, any further 

increase in thermal conductivity after this threshold leads only to a marginal improvement. 

This is of great importance as it enables using plastics or polymeric heat exchangers with 

modestly improved thermal conductivity, achievable with today’s off-the-shelf material, in 

heat and water recovery applications. 
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Research Road Map 

 

 

 

Heat and water recovery from flue gas 

Theoretical modeling Experimental study 

• Develop an analytical model to predict 
the efficiency of tube-bank condensing 
heat exchangers 

• Model validation 

• Assess the significance of material’s 
thermal conductivity and identify its 
effect on heat recovery efficiency of the 
system 

• Design a lab-scale experimental 
testbed for studying the effect of 
material of tubes on the performance of 
heat and water recovery systems 

• Measure the heat and water recovery 
efficiency of a heat exchanger made of 
thermally conductive H2TM FEP tubes in 
comparison with the one made of 304 
stainless-steel tubes 

Unlock the potential of using plastic with thermally conductive additives as the 
material of heat exchangers for heat and water recovery from flue gas 
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Chapter 1.  
 
Introduction and literature review 

1.1. Waste heat recovery 

In the last few decades, climate change, global warming, and air pollution have 

raised global concerns over harmful environmental impacts of non-renewable energy 

systems. Considering that the global primary energy demand is predicted to increase by 

33% by 2060 [1], enhancing the efficiency of non-renewable energy systems and replacing 

the fossil fuels by renewable energy resources have received a great deal of attention. 

The industry is one of the major consumers of energy in the world. As shown in Figure 

1.1, in Canada, industry accounts for 38% of the total energy demand, while around 

30-40% of the input energy into industrial processes is wasted [2], [3]. However, in China, 

the largest energy consumer in the world, the share of industrial sectors from the total 

energy consumption was even higher and around 62%, while around 50% of that energy 

was released to ambient as waste heat [4], [5]. The graphs, shown in Figure 1.1, highlight 

that significant portions of the annual energy demands of these countries are wasted to 

the ambient due to different sources of inefficiencies in industrial processes. 

 

 

Figure 1.1. Share of energy consumptions of industrial sectors and their waste 
heat in total energy demand of (a) Canada and (b) China; circles 
represent the total annual energy demand of these countries. 

 

38%
30-40%

(a)

62%
50%

(b)

Industrial energy consumption 

Waste heat 
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Implementing waste heat recovery technologies by industrial sectors could lead to an 

enhancement in the energy efficiency of their processes by cutting the amount of their 

waste heat, which lowers their fossil fuel consumption and greenhouse gas emissions. 

Flue gas, which is the hot gas discharged into the atmosphere via flues of process-

heating equipment such as boilers, furnaces, and ovens, is one of the main sources of 

industrial waste heat. Although recovering the sensible heat of flue gas is a common 

practice in the industry, the capital and operational costs of heat recovery systems, the 

cost of energy, the size of the industrial plant, and the volume and schedule of operations 

significantly affect the long-term economic viability of using flue gas heat recovery 

technologies by industrial plants. 

In a boiler, fossil fuels or biofuels are burned, and the boiler’s water is heated using 

fuel’s heat of combustion. As schematically shown in Figure 1.2, the efficiency of a 

conventional non-condensing boiler is usually around 75-77% while around 18% of the 

input energy is wasted into ambient from the flu-gas stack [6]. Economizers and air 

preheaters are commonly used by industrial sectors to recover the sensible heat of flue 

gas and reuse the recovered heat internally to increase the boiler efficiency by preheating 

the combustion air or boiler’s feed water, respectively. The amount of sensible heat loss 

depends on the temperature and mass flow rate of the flue gas.  

 

Figure 1.2. Energy balance in a non-condensing boiler. 

Energy Output 
( Energy efficiency 75-77%

Energy Input

Other sources of loss
(7%)

Heat loss via flue gas
(18%)
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Due to the presence of gas-state sulfric acid in the flue gas composition from 

burning fuels such as coal, bitument and heavy oil, the dew point of the sulfric acid is 

considered as the minimum temperature that flue gas can be cooled down without 

condensation of acids and consequent corrosion issue in heat recovery equipment and 

duct systems. The dew point temperature of the sulfuric acid in the flue gas depends on 

the pressure, the type of fuel burned in the boiler, sulfur content of the fuel, and excess air 

fraction [7]. Therefore, flue gas is discharged into the atmosphere at the temperature of 

around 90 -150˚C and is classified as low-grade waste heat. On the other hand, recovering 

low-grade waste heat is challenging since the efficiency of sensible heat transfer drops by 

decreasing the temperature of the hot source [8].   

Fuel moisture, humidity of combustion air, and water vapor as a by-product of fuel 

oxidation, are three main sources of water vapor in the flue gas [9]. The volume 

concentration of water vapor in flue gas is 5-20% based on the type of boiler’s fuel [9].  

Due to the existence of water vapor in the flue gas, in conventional non-condensing 

boilers, the latent heat of vaporization of water vapor is also wasted into the ambient along 

with its sensible heat. Based on a report from Natural Resources Canada [6], the latent 

heat loss due to discharging of water vapor through the flue-gas stack is around 11% for 

natural gas and 7% for fuel oil. However, condensing boilers could reach efficiencies of 

even higher than 100% by having internal condensing heat exchangers (CHEXs), 

depending on their exit flue gas temperature and other working conditions [10]. Moreover, 

a non-condensing boiler can be retrofitted by externally adding a CHEX to further 

decrease the boiler’s flue gas temperature and recover the latent heat of flue gas [11]. In 

this way, recovering latent heat along with sensible heat not only increase the efficiency 

of the heat recovery system, but also makes it possible to recover and reuse the water 

content of flue gas instead of discharging it into ambient. The increase in the fan power 

consumption due to adding CHEXs is insignificant compared to the energy saving that 

could be achieved [11]. It should be mentioned that the application of heat and water 

recovery units (HWRUs) is not limited to process heating equipment. Using this 

technology, heat and water recovery can be done on any wet exhaust streams like the 

exhaust of dryers. Qin et al. [12] investigated heat and water recovery from the exhaust of 

dryers with water vapor mass fraction of 5-28% using a tube-bank CHEX. 
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1.2. Benefits of Using HWRUs 

Recovering sensible and latent heat from flue gas of combustion-based heating 

systems is the main advantage of implementing HWRUs. Szulc et al. [13] investigated the 

performance of a pilot-scale HWRU made of Teflon tubes in a lignite-fired power plant. 

The total heat recovery rate of the unit was reported around 312 kW, which 60% of it was 

the share of latent heat [13]. Xiong et al. [14] built and tested a plastic HWRU, and reported 

that 80% of the recovered heat came from recovering the latent heat while the share of 

sensible heat was only 20%, which clearly showed the significance of latent heat recovery. 

Jia et al. [15] showed that where the mass fraction of water vapor in the flue gas was 

higher than 8%, the share of sensible heat compared to the latent heat became 

insignificant and at some point negligible. The recovered heat by HWRUs can be utilized 

internally to enhances the efficiency of combustion-based heating systems and cutting the 

fuel consumption. For example, Hwang et al. [16] reported 5-10% enhancement in the 

efficiency of a gas-fired water heater using in-line and staggered tube-bank heat 

exchangers, made of crushed titanium tubes, for latent heat recovery. HWRUs can also 

be integrated into other systems such as space heating systems [17] and district heating 

networks [13], [18]. Using a theoretical model, Terhan and Comakli [18] showed that the 

domestic hot water of 184 flats could be supplied by integrating a waste heat recovery 

condenser into a 60 MW natural-gas fired district heating system, which was equivalent to 

10.6% fuel saving. Their economic analysis showed that the payback period for this 

system was less than one year [18]. Zhao et al. [17] showed that the efficiency of the heat 

recovery process from a natural-gas fired boiler could be enhanced around 10 percent by 

implementing an absorption heat pump to further decrease the return temperature of the 

district heating systems and use it as the heat transfer fluid to cool down the flue gas. 

  Recovering water from flue gas is extremely beneficial, especially for regions with 

a shortage of water resources. Xiong et al. [19] showed that in case of 600-MW 

lignite-burned powerplant, 61.6 t∙h-1 of water could be potentially recovered using an 

HWRU, which was enough to run the desulfurization unit with zero-net water consumption. 

Li et al. [20] showed that the recovered water from a 300 MW lignite-fired generator, using 

a flash evaporation and condensation device combined with a heat pump, was enough to 

run the flue gas desulfurization unit with zero-net water consumption. The HWRU built and 

tested by Xiong et al. [14] reached to the water recovery efficiency of up to 85 percent 
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[14]. Moreover, Jeong et al [21] built and tested an HWRU, consisting of six stainless-steel 

heat exchangers in series, with maximum water recovery efficiency of 70% within the 

range of inlet conditions considered in their study.  

Biofuels are considered as potential alternatives to fossil fuels in 

combustion-based heating systems. However, high moisture content of biofuels 

deteriorates the efficiency of the heating system because of increasing the volume 

concentration of water vapor in the flue gas, which is discharged into the atmosphere in 

conventional economizers [22]. Dzurenda and Banski [23] showed that the energy content 

of flue gas of wood-fired boilers considerably increased by burning woods with higher 

moisture content. Therefore, the pre-drying process was recommended to decrease the 

moisture content of biofuels prior to using them as the fuel of combustion-based heating 

systems [24]. In this case, the sensible heat of flue gas can be recovered using 

conventional economizers and used as the input energy into the drying process. However, 

recovering the latent heat of water vapor using HWRUs can improve the efficiency of 

biofuels-fired heating systems and eliminate the drying process. Moreover, using fossil 

fuels with more hydrogen content and less carbon content leads to cleaner combustion. 

For example, burning natural gas release around 60% less CO2 compared to coal [25]. 

Due to a higher hydrogen content of natural gas compared to coal and oil, flue gas emitted 

from burning natural gas contains higher concentration of water vapor to be recovered by 

HWRUs. Therefore, process heating equipment burning biofuels or fossil fuels such as 

natural gas can benefit most from implementing HWRUs.  

In addition to main products of combustion such as CO2 and H2O, flue gas may 

contain sulfur oxides, (SOx), nitrogen oxides (NOx), Hydrogen fluoride (HF), and hydrogen 

chloride (HCl) based on the fuel’s chemical composition [26]. There are some strict 

regulations on scrubbing the flue gas before discharging it into the atmosphere to prevent 

the formation of acid rains. Therefore, conventional and modern cleaning technologies are 

usually used by industry to meet the emission limits. Besides heat and water recovery 

from flue gas, cutting toxic and harmful emissions to some extent is one of the side 

advantages of using HWRUs. Jia et al. [27] observed a 20-40% SO2 scrubbing rate 

depending on the flue gas temperature and vapor concentration. Moreover, the mercury 

concentration in flue gas of a coal-fired power plant decreased by 60% using an HWRU 

[28].  
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1.3. Challenges of implementing HWRUs 

Fouling is considered as one of the main operational problems of heat exchangers. 

Although simultaneous mechanisms cause fouling in a heat exchanger, particulate fouling 

is the dominant type of fouling in an HWRU due to the presence of ash and solid particles 

in the flue gas [29]. As a result of particulate fouling, deposition of solid particles and dirt 

on the surfaces of a heat exchanger causes an additional undesired thermal resistance 

which can significantly deteriorate the heat transfer performance and add cleaning costs. 

Lie et al. [30] studied the fouling of a condensing finned tube bundle for different sizes of 

ash and lignite particles in the flue gas. The issue of fouling is out of the scope of this study 

and more information about the fouling of heat exchangers working in flue gas heat 

recovery systems can be found in the literature [29]. 

Results of a comprehensive study done by Levy et al. [28] showed that sulfuric 

acid (H2SO4), hydrochloric acid (HCl), and nitric acid (HNO3) condensed in HWRUs along 

with water vapor. Condensation of acids in HWRUs makes a highly corrosive environment 

and makes the corrosion a major challenge and a determining factor in selecting suitable 

materials for CHEXs. Levy et al. [28] performed long-term corrosion tests on a wide range 

of materials, including steels, stainless steels, nickel alloys, aluminium, polymers, and 

graphite, under different temperatures and sulfuric acid concentrations. Results of this 

study showed that Nickel alloys 22 and 690, as well as polymers such as FEP and 

polytetrafluoroethylene (PTFE), were suitable for corrosive environments, even with high 

concentrations of sulfuric acid [28]. Moreover, Xiong et al. [14] reported a self-cleaning 

capacity for the tube-bank heat exchanger made of perfluoroalkoxy (PFA), which they 

tested, due to presence of the condensate film on the tubes and vibration of tubes during 

the operation. Hwang et al. [16] tested a tube-bank heat exchanger made of crushed 

titanium tubes as an HWRU and observed no sign of corrosion or thermal performance 

drop after one year. Although most of the studies in the literature focused on using indirect 

condensing heat exchangers, Li et al. [20] proposed using cooling scrubber for recovering 

heat and water from flue gas to avoid the issues of fouling and corrosion. They used a 

heat pump to lower the cooling temperature of the flue gas and a flash evaporator to clean 

the recovered water which was mixed with slurry in the cooling scrubber [20]. Hong et al. 

[31] proposed a combination of using a CHEX and water spray to enhance the heat 

recovery performance. They showed that depending on the size of CHEXs, the heat 
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recovery rate enhanced by 1.3 - 2.2 times and pressure drop slightly increased compared 

to the case without spraying water. 

The cost of implementing latent heat recovery systems not only includes the cost 

of components such as heat exchangers, piping and valves, but also installation, 

operational, and maintanace costs. In an economical analysis, Che et al. [11] showed that 

the material cost of heat exchangers was the main cost of implementing heat and water 

recovery systems.  

1.4. Overview of HWRUs in the literature 

The focus of this study is on using CHEXs for recovering heat and water from flue 

gas. Tube-bank CHEXs with in-line and staggered tube arrangement have been 

commonly used for this purpose in the literature [9], [14], [16], [21], [30]–[32]. Hwang et al. 

[16] showed that a CHEX with staggered tube arrangement had around two times higher 

convective heat transfer coefficient and pressure drop on the gas side compared to the 

one with the inline arrangement of tubes [16]. Types and materials of CHEXs, designed 

and tested in the literature for heat and water recovery from flue gas, are listed in Table 

1.1. While most of the studies used stainless-steel heat exchangers for this purpose, 

Xiong et al. [14] and Jia et al. [27] studied the performance of plastic heat exchangers for 

this application. Jia et al. [27] designed and tested a spiral plate heat exchanger made of 

PTFE to recover sensible and latent heat from flue gas of a natural gas-fired boiler, where 

the share of latent heat recovery was 3 to 4 times of sensible heat transfer. Xiong et al. 

[14] also investigated the performance of a tube-bank heat exchanger made of fluorine 

plastic with the in-line arrangement of tubes for heat and water recovery from flue gas, 

motivated by the material’s corrosion resistance. 

Although plastics and polymers have low cost and great corrosion-resistant 

properties, their relatively low thermal conductivities are not ideal for thermal management 

systems. However, it is still uncertain how significantly the relatively low thermal 

conductivities of plastics affect the thermal performance of HWRUs. Since the 

performance parameters of an HWRU depend on the size and compactness of their 

CHEXs, it is challenging to compare the performance of stainless-steel CHEXs with plastic 

ones based on the data available in the literature. This study aims to investigate how the 

thermal conductivity of a CHEX’s material affects the heat and water recovery 
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performance of an HWRU. Results of this study show the potential of using plastic CHEXs 

instead of more expensive metallic heat exchangers such as ones made of stainless steel 

and titanium to reduce the cost of HWRUs. 

 

Table 1.1. Types and materials of heat exchangers used for heat and water 
recovery from flue gas in the literature. 

Ref. Heat exchanger type Heat exchanger material 

[9], [21] In-line tube-bank HEXs Stainless steel 

[15] A vertical tube with cooling jacket Stainless Steel 

[31] Tube-bank HEXs Stainless steel 

[33] Compact fin-and-tube HEXs SUS304 

[32] Staggered tube-bank HEXs SUS304 

[30] Finned tube bank HEXs Stainless steel 

[16] Staggered and in-line tube-bank HEXs Titanium 

[34] Spiral tube HEXs Copper 

[13] Shell-and-tube HEXs Teflon 

[14] In-line tube-bank HEXs PFA 

[35] Spiral plate HEXs PTFE 
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Chapter 2.  
 
Modeling the performance of tube-bank CHEXs for 
heat and water recovery from flue gas 

A theoretical model has been developed to investigate the thermal performance of 

a CHEX composed of an in-line array of circular tubes. The geometrical parameters of the 

CHEX, its inlet conditions, and the thermal properties of the CHEX’s material are the inputs 

of this model. The model predicts the outlet conditions as well as the performance 

parameters, including the total heat recovery rate, water recovery rate, heat recovery 

efficiency, and water recovery efficiency as the outputs (See Figure 2.1). Jeong et al. [20] 

and Terhan and Comakli [17] implemented the same approach to model flue gas 

condensation in heat and water recovery systems. 

 

Figure 2.1. Inputs and outputs of the model. 
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2.1. Modeling Approach 

This model considers a CHEX, which is a tube-bank HEX with in-line configuration 

of tubes, as a group of geometrical unit cells in form of short straight tube segments. This 

unit-cell approach has been successfully adopted by Navarro and Cabezas-Gomez to 

model the performance of single-phase air-to-liquid crossflow HEX [36], which is extended 

in our study to account for condensation in presence of non-condensable gasses. A unit 

cell of a tube-bank HEX is in the form of a tube segment with a length of Δx, which is 

shown schematically in Figure 2-2. The heat transfer fluid (HTF) and flue gas flow inside 

and outside of the tube, respectively. In the case of condensation, a layer of condensate 

is formed on the outer surface of the tube. 

 

Figure 2-2. Condensation of wet flue gas in a unit cell of a tube-bank CHEX. 

It is assumed that evaporation doesn’t happen inside the tubes and the HTF 

remains single phase. For a unit cell, having the inlet conditions including the HTF 

temperature (THTF,in), the flue gas temperature (Tg,in), as well as humidity ratio of the flue 

gas (ωg,in) as the input parameters and solving the governing equations result in 

calculating the outlet conditions including the HTF temperature (THTF,out), the flue gas 

temperature (Tg,out), as well as the humidity ratio of the flue gas (ωg,out). 

Two cases can be considered for the thermal resistance network of the unit cell 

shown in Figure 2-2. When the interface temperature is higher than the dew point 

temperature of the flue gas, only sensible heat transfer occurs between the HTF flow and 

the flue gas flow. In this case, the thermal resistance network is shown in Figure 2.3 a. 

However, when the tube surface temperature decreases below the dew point temperature 

of the flue gas, the water vapor in the flue gas starts to condense on the tube surface. In 

Δx

Condensate

Tg,in

ωg,in

THTF,in

Tg,out

ωg,out

THTF,out
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this case, as shown in Figure 2.3 b, both sensible and latent heat is transferred to the HTF 

flow. Zhang et al. [37] showed that when the mass fraction of water vapor is less than 

70%, the effect of conductive thermal resistance of the liquid condensate layer is 

negligible. Therefore, the thermal resistance of the condensate layer is neglected in the 

present model, and the temperature of the outer tube surface is considered the same as 

the interface temperature, denoted by Tint, which is the temperature of interface between 

flue gas and the condensate layer (see Figure 2.3 b). 

 

Figure 2.3. Thermal resistance networks of a unit cell a) in the absence of 
condensation and b) in the presence of condensation. 

 

In the thermal resistance networks (see Figure 2.3), the convective thermal 

resistance from the bulk of flue gas and HTF to the tube wall, denoted by RHTF and Rg, 

respectively, are defined as:  

R𝐻𝑇𝐹 =
1

h𝐻𝑇𝐹Ai
 

(2.1) 

Rg =
1

hgAo
 

(2.2) 

where, Ai and Ao are the inner and outer surface area of the tube segment, respectively. 

The HTF convective heat transfer coefficient, denoted by hHTF in Eq. (2.1), is calculated 

based on the correlation provided by Gnielinski [38] (see Eq. (2.3)). This correlation is 

valid for transient and turbulent flows in a circular tube and its accuracy is more than 90% 

[39].   
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𝑁𝑢𝐻𝑇𝐹 =
ℎ𝐻𝑇𝐹𝑑𝑖

𝑘𝐻𝑇𝐹
=

(
𝑓
8

) (𝑅𝑒𝐻𝑇𝐹 − 1000)𝑃𝑟

1 + 12.7(𝑓 8⁄ )1 2⁄ (𝑃𝑟2 3⁄ − 1)
 

[ 3000 ≤ 𝑅𝑒𝐻𝑇𝐹 ≤ 5 × 106 𝑎𝑛𝑑 0.5 < 𝑃𝑟 < 2000] 

(2.3) 

where f is the friction factor that can be obtained from Moody diagram [39]. In general, 

friction factor depends on the Reynolds number and the relative roughness of tubes. In 

case of smooth tubes, f can be calculated as: 

f = (0.79Ln(Re𝐻𝑇𝐹) − 1.64)−2 (2.4) 

The convective heat transfer coefficient of flue gas flow, denoted by hg in Eq. (2.2), 

is calculated based on the correlations provided by Zukauskas [40] for in-line tube 

arrangements (see Eq. (2.5) and (2.6)). It should be mentioned that at low Reynolds 

numbers, the convective heat transfer coefficient of the gas flowing through a tube bank 

is the same as a single tube (Eq. (2.6)). The Reynolds number (Reg,max) for this correlations 

is calculated based on the outer tube diameter (do) and maximum velocity of the flue gas 

flowing through the tubes. 

Nu𝑔
̅̅ ̅̅ ̅ =

ℎ𝑔𝑑𝑜

𝑘𝑔
= 0.27Re𝑔,max

0.63 Pr0.36(Pr Prs⁄ )
1
4  

[1000 ≤ 𝑅𝑒𝑔,𝑚𝑎𝑥
 ≤ 2 × 105 𝑎𝑛𝑑  0.7 < Pr < 500] 

(2.5) 

Nug
̅̅ ̅̅ ̅ =

ℎ𝑔𝑑𝑜

𝑘𝑔
= 0.51Re𝑔,max

0.63 Pr0.5(Pr Prs⁄ )
1
4  

[100 ≤ 𝑅𝑒𝑔,𝑚𝑎𝑥
 ≤ 1000 𝑎𝑛𝑑  0.7 < Pr < 500] 

(2.6) 

The thermal resistance of the tube wall, denoted by Rtube, is defined as: 

𝑅𝑡𝑢𝑏𝑒 =
𝐿𝑛(𝑑𝑜 𝑑𝑖⁄ )

2𝜋𝜆∆𝑥
 

(2.7) 
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where, 𝜆 represents the thermal conductivity of the tube material and di and do represent 

the inner and outer tube diameters, respectively. Considering the thermal resistance of 

the tube wall, there is a temperature difference between the inner and outer tube surfaces.  

 The energy balance on the interface of the condensate layer and the gas should 

be solved for the tube segment based on the thermal resistance networks. In the absence 

of condensation, the energy balance is expressed as: 

(𝑇𝑔,𝑏𝑢𝑙𝑘 − 𝑇𝑤,𝑜)/𝑅𝑔 = (𝑇𝑤,𝑜 − 𝑇𝐻𝑇𝐹,𝑏𝑢𝑙𝑘)/(𝑅𝑡𝑢𝑏𝑒 + 𝑅𝐻𝑇𝐹) (2.8) 

However, in the presence of condensation, the energy balance is written as: 

𝑄̇𝑐𝑜𝑛𝑑 + (𝑇𝑔,𝑏𝑢𝑙𝑘 − 𝑇𝑖𝑛𝑡)/𝑅𝑔 = (𝑇𝑖𝑛𝑡 − 𝑇𝐻𝑇𝐹,𝑏𝑢𝑙𝑘)/(𝑅𝑡𝑢𝑏𝑒 + 𝑅𝐻𝑇𝐹) (2.9) 

where, the condensation heat flow, denoted by 𝑄̇cond, is calculated by Eq. (2.10). 

𝑄̇𝑐𝑜𝑛𝑑 = 𝑘𝑚𝐴𝑜ℎ𝑓𝑔(𝑦𝑏𝑢𝑙𝑘,𝑔 − 𝑦𝑖𝑛𝑡) (2.10) 

where km is the convective mass transfer coefficient, hfg is the latent heat of vaporization 

of water vapor and ybulk,g and yint are the mole fraction of water vapor in the bulk of gas and 

on the interface, respectively. It should be mentioned that ybulk,g is calculated based on the 

inlet humidity ratio of the flue gas using Eq. (2.11). 

𝑦𝑏𝑢𝑙𝑘,𝑔 =
𝑀𝑔𝜔𝑔

𝑀𝐻2𝑂(𝜔𝑔 + 1)
 

(2.11) 

where MH2O and Mg are the molecular mass of water vapor and flue gas, respectively. 

Moreover, yint is calculated using the Antoine equation [41] which describes the relation 

between saturated temperature and saturated pressure of the vapor, as follows: 

𝑦𝑖𝑛𝑡 =
1

𝑃𝑡𝑜𝑡
𝑒

(16.262−
3799.89

𝑇𝑖𝑛𝑡+226.35
)
 

(2.12) 
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where the units of Tint and Ptot are °C and kPa, respectively. Based on the heat and mass 

transfer analogy (Lewis analogy) and equality of the Colburn j factors for heat and mass 

transfer [21], km is obtained from: 

𝑘𝑚 =
ℎ𝑔𝑀𝐻2𝑂

𝑐𝑝,𝑔𝑀𝑔𝑦ℓ𝑚𝐿𝑒𝐻2𝑂−𝑔
2/3

 
(2.13) 

where cp,g is the specific heat of flue gas, and LeH2O-g is the Lewis number of water vapor 

in the flue gas. Moreover, ylm is the logarithmic mole fraction difference of the 

non-condensable gas between the free stream and the wall [21] and is defined as: 

𝑦ℓ𝑚 =
𝑦𝑛𝑖 − 𝑦𝑛𝑏

𝐿𝑛(𝑦𝑛𝑖/𝑦𝑛𝑏)
 (2.14) 

where yni and ynb are the mole fraction of non-condensable gasses at the interface and in 

the bulk of flue gas [21].  

In absence of condensation, solving the energy balance (Eq. (2.8)) results in 

finding the tube’s outer surface temperature, denoted by Tw,o; thus, the amount of sensible 

heat transferred from flue gas flow to the HTF flow can be calculated using Eq. (2.15). The 

sensible heat transfer leads to a decrease in the flue gas temperature and an increase in 

the HTF temperature. In this case, the outlet temperature of the HTF and flue gas are 

calculated using Eq. (2.16) and (2.17). 

𝑄𝑛𝑜𝑛−𝑐𝑜𝑛𝑑 = ℎ𝑔𝐴𝑜(𝑇𝑔,𝑏𝑢𝑙𝑘 − 𝑇𝑤,𝑜) (2.15) 

𝑇𝑔,𝑜𝑢𝑡 = 𝑇𝑔,𝑖𝑛 −
𝑄𝑛𝑜𝑛−𝑐𝑜𝑛𝑑

𝑚𝑔̇𝑐𝑝,𝑔
 

(2.16) 

𝑇𝐻𝑇𝐹,𝑜𝑢𝑡 = 𝑇𝐻𝑇𝐹,𝑖𝑛 +
𝑄𝑛𝑜𝑛−𝑐𝑜𝑛𝑑

𝑚̇𝐻𝑇𝐹𝑐𝑝,𝐻𝑇𝐹
 

(2.17) 

where, 𝑚̇𝑔 and 𝑚̇𝐻𝑇𝐹 are the mass flow rate of the gas flow and the HTF flow, respectively. 

In the presence of condensation, the interface temperature is calculated by solving the 

energy balance (Eq. (2.9)). In this case, sensible heat transferred from the flue gas to the 

HTF leads to a decrease in the flue gas temperature. Moreover, the condensation rate 
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dictates the amount of latent heat transferred to the HTF flow. Also, the total heat, including 

both latent and sensible, transferred to the HTF flow causes an increase in the HTF 

temperature. Therefore, in the presence of condensation, the outlet temperature of HTF 

flow and flue gas along with the condensation rate are calculated using Eq. (2.18) - (2.20).  

𝑇𝑔,𝑜𝑢𝑡 = 𝑇𝑔,𝑖𝑛 −
ℎ𝑔𝐴𝑜 (𝑇𝑔,𝑏𝑢𝑙𝑘 − 𝑇𝑖𝑛𝑡)

𝑚𝑔̇𝑐𝑝,𝑔
 

(2.18) 

𝑇𝐻𝑇𝐹,𝑜𝑢𝑡 = 𝑇𝐻𝑇𝐹,𝑖𝑛 +
(𝑇𝑖𝑛𝑡 − 𝑇𝐻𝑇𝐹,𝑏𝑢𝑙𝑘)

𝑚𝐻𝑇𝐹̇ 𝑐𝑝,𝐻𝑇𝐹(𝑅𝑡𝑢𝑏𝑒 + 𝑅𝐻𝑇𝐹)
 

(2.19) 

𝑚̇𝑐𝑜𝑛𝑑 =
𝑄̇𝑐𝑜𝑛𝑑

ℎ𝑓𝑔
 

(2.20) 

A code was developed using MATLAB to solve the energy balance equation (Eq. 

(2.8) or (2.9)) using Newton-Raphson method [42] based on the above description, where 

10-6 is considered as the convergence criterion. A typical crossflow tube-bank CHEX with 

in-line tube arrangement is schematically shown in Figure 2.4; the orange and blue arrows 

show the flue gas and HTF flow directions. Moreover, it schematically demonstrates how 

a tube-bank heat exchanger is modeled using the unit cell approach. The model considers 

the heat exchanger as a group of parallel tubes with identical diameter, spacing, and total 

length (Figure 2.4). The length of U-shaped parts of a tube should be added to the length 

of the straight part of it if they contribute to heat transfer. Since the tube surface of unit 

cells are assumed isothermal, the number of unit cells along the tubes should be chosen 

in a way that having more unit cells along the tubes does not affect the results.  

It should be noted that the unit cells have the same geometry but different inlet conditions. 

The model solves the energy balance for unit cells along the liquid flow direction, from 

inlet to outlet. For each unit cell, the steps that the model takes can be summarized as 

follows: 

• Take the inlet humidity ratio, temperature, and mass flow rate of the gas and the 

inlet temperature and mass flow rate of the HTF flow as the model’s input 

parameters 
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• Solve the energy balance on the tube’s surface (Eq. (2.8) or (2.9)) based on the 

thermal resistance networks (Figure 2.3) to find the interface temperature and the 

mole fraction of water vapor at the interface 

• Calculate the condensation rate and the outlet temperatures of the HTF and gas 

for the unit cell (the model’s output) using Eq. (2.15) - (2.20).  

• Update the inputs of the next unit cell based on the outputs of the adjacent unit 

cells (based on flow directions of the gas flow and the HTF flow) 

 

Figure 2.4. A typical tube-bank heat exchanger with in-line tube arrangement; the 
dashed box shows the geometry considered by the model to solve 
heat and mass transfer of the highlighted portion of the tube bundle. 

 

As shown in Figure 2.5, the flue gas inlet conditions of unit cells are specified based on 

the outlet conditions of their adjacent cells in the upstream gas direction. Moreover, for 

unit cells along the tubes, a typical one highlighted in red color, the inlet HTF temperature 

is considered equal to the outlet HTF temperature of its adjacent cell in the upstream HTF 

flow direction. However, for unit cells placed at the top and bottom end of the tubes, a 

typical one highlighted in red color, the inlet HTF temperature is considered equal to the 

outlet HTF temperature of the previous tube along the HTF flow direction.  

HTFHTF

Flue gas
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Figure 2.5. The inlet conditions of unit cells; red highlighted unit cell is a typical 
unit cell along the tubes, and green-highlighted unit cell is a typical 
unit cell placed at the end of tubes; the adjacent cells which affect the 
inlet condition of these unit cells are highlighted by grey color. 

 

2.2. Preliminary Model validation 

The present model was verified using the experimental data reported by Jeong et 

al. [21]. They tested five heat exchangers connected in series and placed inside a duct 

through which the flue gas was flowing. All the details regarding the dimensions of heat 

exchangers can be found in Ref. [21]. The temperature profiles of flue gas and HTF along 

the heat exchangers and the condensation rate of each heat exchanger were reported for 

an experimental test in which the inlet temperature of the HTF and the flue gas were 31°C 

and 149.5°C, respectively, and the inlet moisture fraction of flue gas was 14.4 vol%. 

Moreover, the mass flow rate of HTF and flue gas were 542.9 kg∙h-1 and 185.7 kg∙h-1, 

respectively. The modeling results for temperature profiles of the flue gas and HTF along 

the five heat exchangers were compared with the experimental data reported by Jeong et 

al. [21] (Figure 2.6). It should be mentioned that the flue gas entered the heat recovery 

system through the first heat exchanger, while the HTF entered the system through the 

fifth one. The flue gas and HTF flow directions are shown schematically in Figure 2.7. 

Moreover, condensation rates of individual heat exchangers along with the total amount 

of condensation were compared with experimental data reported by Ref. [21]. Maximum 

discrepancy between the experimental data and the modeling results for condensation 

rates of individual heat exchangers was within 15% and for the total condensation rate of 

heat exchangers was within 5%.  

(i-1,j) (i+1,j)(i,j)

Tg,in (i,j) = Tg,out (i-1,j)

ωg,in (i,j) = ωg,out (i-1,j) THTF,in (i,j) = THTF,out (i+1,j)

(i,j)(i-1,j)

(i,j+1)

Tg,in (i,j) = Tg,out (i-1,j)

ωg,in (i,j) = ωg,out (i-1,j)

THTF,in (i,j) = THTF,out (i,j+1)

j
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Figure 2.6. Comparison between predicted and measured temperature profiles of 
flue gas and HTF along the heat exchangers; experimental data 
reported by Jeong et al. [21]. 

 

 

Figure 2.7. Comparison between the model predictions and experimental data 
of total and individual condensation rates of five heat exchangers; 
experimental data reported by Jeong et al. [21]. 
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Chapter 3.  
 
Performance evaluation of CHEXs made of different 
materials 

To further evaluate the performance of CHEXs made of different materials, a 

lab-scale experimental testbed was designed to investigate the significance of material’s 

thermal conductivity. Moreover, the analytical model developed in this thesis was validated 

for two different extremes of thermal conductivity using the experimental results of this 

chapter. 

3.1. Thermal and hydraulic performance of HWRUs 

The performance of a CHEX is investigated using key performance indicators 

defined in Table 3.1: 

Table 3.1. Key performance indicators for a CHEX 

Parameter Definition 

Water recovery efficiency (-) 𝑾𝑹𝑬 =
𝒎̇𝒄𝒐𝒏𝒅

𝒎̇𝒗,𝒊𝒏
 

Heat recovery efficiency (-) 𝑯𝑹𝑬 =
𝒎̇𝒄𝒐𝒏𝒅𝒉𝒇𝒈 + 𝒎̇𝒈𝒄𝒑,𝒈(𝑻𝒈,𝒊𝒏 − 𝑻𝒈,𝒐𝒖𝒕)

𝒎̇𝒗,𝒊𝒏𝒉𝒇𝒈 + 𝒎̇𝒈𝒄𝒑,𝒈(𝑻𝒈,𝒊𝒏 − 𝑻𝑯𝑻𝑭,𝒊𝒏)
 

Total heat recovery rate (𝑾) 𝑯𝑹 = 𝒎̇𝑯𝑻𝑭𝒄𝒑,𝑯𝑻𝑭(𝑻𝑯𝑻𝑭,𝒐𝒖𝒕 − 𝑻𝑯𝑻𝑭,𝒊𝒏) 

Flue gas pressure drop (𝑷𝒂) 𝚫𝐏𝒈 

HTF pressure drop (𝑷𝒂) 𝚫𝐏𝑯𝑻𝑭 

 

The water recovery efficiency is defined as the condensation rate over the mass 

flow rate of water vapor in the flue gas at the inlet of a CHEX. In other words, this 

parameter shows what percentage of water vapor can be recovered from flue gas using 

the CHEX. Water recovery efficiency also shows the performance of the system in 
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recovering latent heat of flue gas. Moreover, the heat recovery efficiency of an HWRU is 

defined as the ratio of the total heat recovery rate over the maximum possible heat 

recovery rate. The change in specific heat of the flue gas as a result of the condensation 

can is less that 3 percent and can be neglected. Heat recovery efficiency assesses both 

sensible and latent heat recovery of the unit. It should be noted that it is not desirable to 

cool down the flue gas to reach the inlet temperature of HTF flow and recover as it affects 

the flue gas discharge at the stack. Since the share of the sensible heat is negligible 

compared to the share of the latent heat, the value of heat recovery efficiency is close to 

the value of water recovery efficiency (Appendix A). Therefore, the water recovery 

efficiency and the total heat recovery are considered as the CHEX thermal performance 

indicators. 

The total heat recovery rate is calculated based on the temperature increase of the 

HTF as a result of both sensible and latent heat, recovered from the wet exhaust stream. 

Furthermore, like any other HEXs, the pressure drops of both the flue gas flow and the 

HTF flow should be considered to fully assess the performance of a CHEX. 

3.2. Experimental testbed 

A custom-built CHEX with replaceable tubes was designed and built in Laboratory 

for Alternative Energy Conversion (LAEC) to validate the analytical model for different tube 

materials and a range of working conditions (see Figure 3.1). The main geometrical 

parameters of the unit are listed in Table 3.2. To make the tubes replaceable, push-in 

u-bends (John Guest, UK) were used to connect the tubes, as shown in Figure 3-2. The 

bends were placed outside of the frame and were insulated to make sure that there was 

no heat loss to ambient through them. 

 

Figure 3.1. Custom-built CHEX with replaceable tubes. 
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Table 3.2. Summary of geometrical parameters of the custom-built CHEX 

Outer tube diameter 9.5 mm 

Tube thickness 0.8 mm 

Tube length, placed inside the frame 210 mm 

Number of tubes – transversal direction 5 

Number of tubes – longitudinal direction 15 

Tube pitch – transversal direction 21.7 mm 

Tube pitch – longitudinal direction 21 mm 

 

 

Figure 3-2. Schematic showing the flow of the HTF and flue gas through the 
CHEX, where the tubes are connected using reusable push-in 
u-bends. 

As shown in Figure 3-3, the headers distribute the HTF flow equally among five 

parallel paths and mix them at the outlet. The main advantage of having the 

custom-designed CHEX was the feasibility of changing the tubes while keeping all other 

geometrical parameters identical. Moreover, a P-trap was installed on the bottom of the 

testbed to collect the recovered water and prevent air from entering the unit while allowing 

the recovered water to pass through the discharge hole on the bottom of the CHEX.  

HTF

HTF

Flue 

Gas

Flue 

Gas
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Figure 3-3. Headers located at the inlet and outlet of the CHEX. 

A testbed, schematically shown in Figure 3.4, was designed and built to measure 

the thermal and hydraulic performance of the CHEX. A temperature control system 

(FL4003, Julabo) was used to circulate the HTF through the CHEX tubes and keep the 

inlet temperature constant. The inlet and outlet HTF temperatures were measured using 

two RTD sensors (Pt100, OMEGA) installed before and after the HWRU. The HTF flow 

rate was measured using an oval gear flow meter (OM015S001, FLOMEC) and controlled 

using a valve. Further, two pressure transmitters (PX305-100 GI, OMEGA) were installed 

before and after the unit to measure the pressure drop of the HTF flow. 

 

Figure 3.4. Schematic of the experimental test bed; blue arrows: HTF flow; red 
arrows: flue gas flow; EC: environmental chamber; TCS: temperature 
control system; T: temperature sensor; P: pressure sensor; RH: 
relative humidity sensor; F: liquid flow meter. 
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To mimic the flue gas conditions in the lab, the inlet temperature and humidity ratio 

of the gas were set using a standard environmental chamber (SE-3000-10-10, 

Thermotron). The chamber is capable of setting the temperature and relative humidity 

within -70 to +180°C and 10-98%RH, respectively. The gas flow rate was controlled using 

a variable-speed axial fan. The flow rate of the gas was measured using an orifice plate 

(Oripac 4150T, Lambdasquare) mounted inside a circular duct using standard flanges. 

The orifice plate and the circular ducts connected to both sides of the orifice plate were 

placed inside of the environmental chamber to avoid condensation inside of the circular 

ducts. The pressure-drop of the gas passing through the orifice plate was measured using 

a differential pressure sensor (2671005WB2DA1FD, Setra). Moreover, RTD sensors 

(Pt100, OMEGA) and relative humidity sensors (HMP110, Vaisala) were installed before 

and after the CHEX to measure the inlet and outlet temperature and humidity ratio of the 

gas. Moreover, the gas pressure drop was measured using a differential pressure sensor 

(2671R25WB2DA1FN, Setra). The mass of recovered water was measured using a scale 

(ML4002E, Mettler Toledo). The testbed was insulated to minimize the heat loss to 

ambient and make sure that the entire recovered sensible and latent heat of gas was 

transferred to the HTF flow. More details related to the sensors including their ranges and 

uncertainties are listed in Table 3.3. 

Table 3.3. Summary of sensors utilized in the testbed for data measurment  

Sensor Model Range Uncertainty 

Temperature sensor RTD (Pt100) - OMEGA -200 to 500°C 0.15°C 

Flow meter OM015S001- FLOMEC 0 to 40 lit.min-1 0.5% 

Pressure transmitter PX305 - OMEGA 0 to 100 psi 0.25% FS 

Differential pressure 
sensor 

2671005WB2DA1FD - Setra ± 5˝ W.C 0.25% FS 

2671R25WB2DA1FN - Setra ± 0.25˝ W.C 0.25% FS 

Humidity sensor HMP110 - Vaisala 0 to 100% 3%RH 
(at 40-80°C) 

Scale ML4002E, Mettler Toledo 0 to 5000 g 0.01 g 
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The mass flow rate of the gas was calculated based on the pressure drop 

measurements through the orifice plate, as per ISO standard 5167 [43], as: 

𝑚̇𝑔,𝑖𝑛 =
𝐶′

√1 − 𝛽4
𝜀

𝜋

4
𝑑2√2∆𝑃𝜌𝑔,𝑖𝑛 (3.1) 

where C’ is coefficient of discharge, β is diameter ratio, ε is expansion factor, and d is the 

orifice diameter. The coefficient of discharge can be found from [43]: 

𝐶 = 0.5961 + 0.0261𝛽2 − 0.216𝛽8 + 0.000521(106 𝛽 𝑅𝑒𝐷⁄ )0.7 + 

(0.0188 + 0.0063𝐴)𝛽3.5(106 𝑅𝑒𝐷⁄ )0.3 − 0.031 (𝑀́2 − 0.8𝑀́2
1.1

) 𝛽1.3 + 

(0.043 + 0.080𝑒−10𝐿1 − 0.123𝑒−7𝐿1)(1 − 0.11𝐴) (𝛽4 1 − 𝛽4)⁄  

(3.2) 

 
where ReD is the Reynolds number of the gas flow with respect to the diameter (D) of the 

pipes, connected to the orifice plate. The other parameters are defined as follows [43]: 

𝛽 = 𝑑 𝐷⁄  (3.3) 

𝐴 = (19000𝛽 𝑅𝑒𝐷⁄ )0.8 (3.4) 

𝑀́2 = 2𝐿2 (1 − 𝛽)⁄  (3.5) 

𝐿2 = 𝐿1 = 0.0254 𝐷⁄  (3.6) 

The expansion factor is also defined as [43]: 

𝜀 = 1 − (0.351 + 0.256𝛽4 + 0.93𝛽8)[1 − (𝑝2 𝑝1⁄ )1/𝜅] (3.7) 

where, 𝜅 is the isentropic exponent. The orifice diameter of Oripac 4150T with diameter 

ratio of 2 was 2 inches. 

3.3. Uncertainty analysis 

Due to the uncertainties of sensors and standard deviation of readings, there are 

uncertainties in the measured performance parameters that should be calculated based 

on the standard method developed by Moffat [44].  
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The total heat recovery rate (HR) is calculated from measurements of RTD 

temperature sensors and the liquid flow meter. The uncertainty of this parameter is 

calculated as: 

(
𝛿𝐻𝑅

𝐻𝑅
)

2

= (
𝛿𝜌

𝜌
)

2

+ (
𝛿𝑉̇𝐻𝑇𝐹

𝑉̇𝐻𝑇𝐹

)

2

+ (
𝛿𝑐𝑝,𝐻𝑇𝐹

𝑐𝑝,𝐻𝑇𝐹
)

2

+ (
𝛿(𝑇𝐻𝑇𝐹,𝑜𝑢𝑡 − 𝑇𝐻𝑇𝐹,𝑖𝑛)

(𝑇𝐻𝑇𝐹,𝑜𝑢𝑡 − 𝑇𝐻𝑇𝐹,𝑖𝑛)
)

2

, (3.8) 

𝛿(𝑇𝐻𝑇𝐹,𝑜𝑢𝑡 − 𝑇𝐻𝑇𝐹,𝑖𝑛)
2

= 𝛿(𝑇𝐻𝑇𝐹,𝑜𝑢𝑡)
2

+ 𝛿(𝑇𝐻𝑇𝐹,𝑖𝑛)
2
 (3.9) 

where, 𝑉̇𝐻𝑇𝐹 is the volume flow rate of the HTF. It should be mentioned that the 

uncertainties of thermodynamics properties of the HTF including its density and specific 

heat are neglected. Therefore, the uncertainty of the total heat recovery rate (HR) is written 

as: 

𝛿𝐻𝑅

𝐻𝑅
= [(

𝛿𝑉̇𝐻𝑇𝐹

𝑉̇𝐻𝑇𝐹

)

2

+
𝛿(𝑇𝐻𝑇𝐹,𝑜𝑢𝑡)

2
+ 𝛿(𝑇𝐻𝑇𝐹,𝑖𝑛)

2

(𝑇𝐻𝑇𝐹,𝑜𝑢𝑡 − 𝑇𝐻𝑇𝐹,𝑖𝑛)
2 ]

1/2

. (3.10) 

Considering the uncertainties of sensors listed in Table 3.3 and the values of 

parameters, the maximum uncertainty of total heat recovery rate measurements was 9%. 

The uncertainties of the water recovery efficiency (WRE) and heat recovery efficiency 

(HRE) are calculated as: 

(
𝛿𝑊𝑅𝐸

𝑊𝑅𝐸
)

2

= (
𝛿𝜔

1 + 𝜔
)

2

+ (
𝛿𝜔

𝜔
)

2

+ (
𝛿𝑚̇𝑐𝑜𝑛𝑑

𝑚̇𝑐𝑜𝑛𝑑
)

2

+ (
𝛿𝑚̇𝑔,𝑖𝑛

𝑚̇𝑔,𝑖𝑛
)

2

 and (3.11) 

(
𝛿𝐻𝑅𝐸

𝐻𝑅𝐸
)

2

= (
𝛿𝐻𝑅

𝐻𝑅
)

2

+ (
𝛿𝑄𝑚𝑎𝑥

𝑄𝑄𝑚𝑎𝑥
)

2

  (3.12) 

where, 𝑄𝑚𝑎𝑥 is the maximum possible heat recovery rate and is defined as follows: 

𝑄𝑚𝑎𝑥 = 𝑚̇𝑔,𝑖𝑛

𝜔

1 + 𝜔
ℎ𝑓𝑔 + 𝑚̇𝑔,𝑖𝑛𝑐𝑝,𝐻𝑇𝐹(𝑇𝑔,𝑖𝑛 − 𝑇𝐻𝑇𝐹,𝑖𝑛) (3.13) 
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(𝛿𝑄𝑚𝑎𝑥)2 = (𝑚̇𝑔,𝑖𝑛

𝜔

1 + 𝜔
ℎ𝑓𝑔)

2

[(
𝛿𝑚̇𝑔,𝑖𝑛

𝑚̇𝑔,𝑖𝑛
)

2

+ (
𝛿𝜔

1 + 𝜔
)

2

+ (
𝛿𝜔

𝜔
)

2

] + (3.14) 

(𝑚̇𝑔,𝑖𝑛𝑐𝑝,𝐻𝑇𝐹(𝑇𝑔,𝑖𝑛 − 𝑇𝐻𝑇𝐹,𝑖𝑛))
2

[(
𝛿𝑚̇𝑔,𝑖𝑛

𝑚̇𝑔,𝑖𝑛
)

2

+
𝛿(𝑇𝑔,𝑖𝑛)

2
+ 𝛿(𝑇𝐻𝑇𝐹,𝑖𝑛)

2

(𝑇𝑔,𝑖𝑛 − 𝑇𝐻𝑇𝐹,𝑖𝑛)
2 ] 

To calculate the uncertainty of these parameters, the uncertainty of the gas 

humidity ratio (ω) at the inlet of the unit should be calculated based on the uncertainty of 

readings of humidity and temperature sensors located before the CHEX. Considering the 

uncertainties of sensors listed in Table 3.3 and the values of parameters, the maximum 

uncertainty of water recovery efficiency was 3.5% for the range of inlet conditions tested 

in this study. 

Inlet humidity ratio (ω) of the gas is defined as: 

𝜔𝑖𝑛 = 0.622 𝑃𝑠𝑎𝑡𝑅𝐻𝑖𝑛 (𝑃𝑡𝑜𝑡 − 𝑃𝑠𝑎𝑡𝑅𝐻𝑖𝑛)⁄ , (3.15) 

where Psat is the saturation pressure of the vapor at the inlet temperature and can be 

calculated as: 

𝑃𝑠𝑎𝑡 = 𝑒
(16.262−

3799.89
𝑇𝑔,𝑖𝑛+226.35

)
 (3.16) 

where the units of Tg,in and Psat are °C and kPa, respectively. Based on the law of 

propagation of uncertainty, the uncertainty of the inlet gas humidity ratio of is calculated 

as:  

(𝛿𝜔𝑖𝑛)2 = (𝑑𝜔𝑖𝑛 𝑑𝑃𝑠𝑎𝑡⁄ )(𝛿𝑃𝑠𝑎𝑡)2 + (𝑑𝜔𝑖𝑛 𝑑𝑅𝐻𝑖𝑛⁄ )(𝛿𝑅𝐻𝑖𝑛)2 + (𝑑𝜔𝑖𝑛 𝑑𝑃𝑡𝑜𝑡⁄ )(𝛿𝑃𝑡𝑜𝑡)2 (3.17) 

where 

𝑑𝜔𝑖𝑛 𝑑𝑃𝑠𝑎𝑡⁄ = 0.622𝑃𝑡𝑜𝑡𝑅𝐻𝑖𝑛 (𝑃𝑡𝑜𝑡 − 𝑃𝑠𝑎𝑡𝑅𝐻𝑖𝑛)2⁄ , (3.18) 

𝑑𝜔𝑖𝑛 𝑑𝑅𝐻𝑖𝑛⁄ = 0.622𝑃𝑡𝑜𝑡𝑃𝑠𝑎𝑡 (𝑃𝑡𝑜𝑡 − 𝑃𝑠𝑎𝑡𝑅𝐻𝑖𝑛)2⁄ , (3.19) 
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𝑑𝜔𝑖𝑛 𝑑𝑃𝑡𝑜𝑡⁄ = 0.622 𝑃𝑠𝑎𝑡𝑅𝐻𝑖𝑛 (𝑃𝑡𝑜𝑡 − 𝑃𝑠𝑎𝑡𝑅𝐻𝑖𝑛)2⁄ , and (3.20) 

𝛿𝑃𝑠𝑎𝑡 = [(1000 ∗ 3799.89 (𝑇𝑔,𝑖𝑛 + 226.35)
2

⁄ ) ×  𝑒
(16.262−

3799.89
𝑇𝑔,𝑖𝑛+226.35

)
]

1/2

(𝛿𝑇𝑔,𝑖𝑛). 
(3.21) 

More details about the derivation of uncertainties for different parameters can be 

found in Appendix B. The uncertainty of the mass flow rate of gas, as per ISO standard 

5167, can be obtained from the following equation [43]: 

𝛿𝑚̇𝑔,𝑖𝑛

𝑚̇𝑔,𝑖𝑛

= [(
𝛿𝐶

𝐶
)

2

+ (
𝛿𝜀

𝜀
)

2

+ (
2𝛽4

1 − 𝛽4
)

2

(
𝛿𝐷

𝐷
)

2

+ (
2

1 − 𝛽4
)

2

(
𝛿𝑑

𝑑
)

2

+
1

4
(

𝛿Δ𝑝

Δ𝑝
)

2

+
1

4
(

𝛿Δ𝜌1

Δ𝜌1

)
2

]

1/2

. (3.22) 

3.4. Assessment of the test bed insulation 

In order to prevent any heat loss to the ambient, the testbed was insulated using 

extruded polystyrene rigid insulation covered by a layer of foam insulation (see Figure 

3-5 a). As shown in Figure 3-5 b, the image taken from the testbed during the tests using 

a portable IR camera (i7, FLIR) showed that the surface temperature of the testbed was 

close to the ambient temperature during the tests in spite of the significant temperature 

difference between the gas flow and ambient. 

 

Figure 3-5. (a) The experimental test bed after insulation; (b) an IR image of the 
testbed during the tests. 

In the case of perfect insulation, heat transfer occurs only between the HTF and the gas 

flow. In other words, the recovered sensible and latent heat from the gas flow is transferred 

to the HTF flow, increasing the temperature of the HTF flow. To assess the insulation of 

(a) (b)
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the test bed, the balance between the amount of heat gained by the HTF flow and the 

amount of heat transferred from the gas flow was investigated to make sure that there was 

no heat loss from the testbed to the ambient. For some of the tests conducted in this study, 

Figure 3.6 shows the heat transfer rate of the HTF flow in comparison with the sensible 

and latent heat recovery rates from the gas flow, for a range of HTF volumetric flow rates. 

The inlet conditions of these tests are listed in Table 3.4. Moreover, the heat balance was 

tested for a range of different inlet conditions, see Figure 3-7. As shown in Figure 3.6 and 

Figure 3-7, there is a proper balance (within the error range) between the amount of heat 

transferred to the HTF flow and the total heat, including both sensible and latent heat, 

transferred from the gas flow, which indicates the proper insulation of the test bed. 

 

Figure 3.6. Heat transfer rates of the gas flow and the HTF flow. 

Table 3.4. Summary of the test conditions for the data of Figure 3.6 

Tube material FEP plastic 

Inlet HTF temperature 25.0°C 

Inlet gas temperature 70°C 

Mass flow rate of the gas 80 kg∙h-1 

Volumetric flow rate of HTF 3-7 lit.min-1 

Inlet gas humidity ratio 100 gH2O/kgdry-air 
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Figure 3-7. Measured heat transfer rate of HTF vs. total heat transfer rate of gas 
for all the tests. 

3.5. Parametric study on the performance of CHEXs 

A comprehensive parametric study was performed for two CHEXs made of 

304 stainless-steel tubes and plastic FEP tubes to validate the model for relatively low and 

high ranges of thermal conductivity of tube materials and different inlet conditions. A set 

of inlet conditions was considered as the baseline case, listed in Table 3.5. Then, each 

parameter was varied over a chosen range while all the other inlet conditions were kept 

constant to investigate the effects of each parameter on the performance metrics of the 

CHEX, including total heat recovery rate and water recovery efficiency. Further, the effects 

of each parameter on pressure drop in the flue gas and HTF were studied experimentally. 

Figure 3-8 a shows heat and mass transfer resistance networks for condensation 

of flue gas in an HWRU. In the mass resistance network, Rm is the mass transfer resistance 

linking the concentration of water vapor in the bulk of the flue gas (Cg,bulk) to the 

concentration of water vapor on the interface between the flue gas and the condensate 

layer (Cint). As a result of condensation, the latent heat of condensation (Qcond) is released 

on the interface between the condensate layer and the flue gas. Figure 3-8 b shows a 

simplified thermal resistance network where Rfg is the equivalent thermal resistance for 

the total heat transfer between the flue gas and the outer surface of the tube. 
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Table 3.5. Inlet conditions of the baseline case defined for the parametric 
study and the model validation. 

Inlet HTF temperature 25.0°C 

Inlet gas temperature 70°C 

Mass flow rate of the gas 80 kg∙h-1 

Volumetric flow rate of the HTF 5 lit.min-1 

Inlet gas humidity ratio 100 gH2O/kgdry-air 

 

 

 

Figure 3-8. (a) Thermal and mass resistance networks and (b) equivalent thermal 
resistance network of flue gas condensation on a tube surface;  

 
 Figure 3-9 shows the variation of performance indicators and thermal resistances 

with increasing the mass flow rate of the flue gas for both the stainless-steel condensing 

heat exchanger (SCHEX) and the plastic condensing heat exchanger (PCHEX). 

Increasing the mass flow rate of the flue gas leads to an increase in the Nusselt number 

and, consequently, a higher convective heat transfer coefficient for the gas. Therefore, 

based on Lewis analogy, the mass transfer coefficient of the gas increases and results in 

a higher condensation rate and, consequently, a higher latent heat recovery rate (see Eq. 

(2.13)). Moreover, the sensible heat recovery rate from the gas flow increases due to the 

lower convective resistance between the gas flow and the tube wall (see Eq. (2.2)).  As a 

result, Rfg decreases by increasing the flow rate of the flue gas, as shown in Figure 3-9 c. 

Therefore, increasing the mass flow rate of the flue gas results in a significant increase in 

the total heat recovery rate (see Figure 3-9 a). However, as shown in Figure 3-9 a, the 

rate of increase for the SCHEX is significantly higher than the PCHEX. The reason behind 
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these trends is the effect of the interface temperature (Tint). The interface temperature of 

the SCHEX is much lower than PCHEX due to smaller resistance of tube wall (shown in 

Figure 3-9 c), which leads to a lower mole fraction of the water vapor on SCHEX’s interface 

and a larger difference between the mole fraction of the vapor in the bulk of the gas and 

the vapor on the interface. Moreover, increasing the mass flow rate of flue gas results in 

the higher bulk temperature of flue gas and therefore higher interface temperature. 

Therefore, there is a trade-off between the higher interface temperature and the higher 

convective heat and mass transfer rate of the gas. Xiong et al. [14] observed a significant 

reduction in the heat recovery rate of the plastic heat exchanger with increasing the flue 

gas velocity within the range of inlet conditions that they considered. All these results show 

that there is an optimum flue gas flow rate (velocity) to reach the maximum heat recovery 

rate for a specific set of inlet conditions. 

 As shown in Figure 3-9 b, by increasing the mass flow rate of the flue gas, the 

mass flow rate of the water vapor entering the CHEX increases. Although increasing the 

mass flow rate of the flue gas leads to enhancement in the condensation rate, it eventually 

leads to deterioration of the water recovery efficiency. The reason for this observation is 

that the augmentation in the mass flow rate of the entering water vapor (in the denominator 

of the efficiency) is more than the enhancement in the condensation rate (in the numerator 

of the efficiency). In other words, within the range of inlet conditions considered for the 

parametric study, the water recovery efficiency of the unit, with a specific size, drops when 

the mass flow rate of the gas increases although it enhances the total heat recovery of the 

unit.  
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Figure 3-9. Parametric study: variation of (a) total heat recovery rate, (b) water 
recovery efficiency, and (c) thermal resistances of the network, 
shown in Figure 3-8 b, with inlet mass flow rate of flue gas. 
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the boiler. For example, the humidity ratio of 100 gH2O/kgdry-air approximately corresponds 

to the flue gas of boilers burning natural gas. Higher humidity ratio of the flue gas 

corresponds to higher mole fraction of water vapor in the bulk of the gas. This leads to a 

bigger difference between the mole fraction of water vapor in the bulk of the gas and the 

interface between the gas and the condensate layer. As a result, for both SCHEX and 

PCHEX, Rfg decreases by increasing the humidity ratio of the flue gas, as shown in Figure 

3-10. Therefore, as shown in Figure 3-10 a, the condensation rate and the latent heat 

recovery rate increases with increasing the inlet humidity ratio of the gas. However, in this 

case, despite the previous case, the enhancement in the condensation rate (in the 

numerator of the efficiency) is more than the augmentation in the mass flow rate of the 

entering water vapor (in the denominator of the efficiency). For this reason, the water 

recovery efficiencies of both CHEXs enhance by increasing the gas humidity ratio (see 

Figure 3-10 b). Moreover, higher values of Rtube for PCHEX result in higher interface 

temperature and higher values of Rfg compared to SCHEX. 

Figure 3-11 shows the effect of HTF volumetric flow rate on heat and water 

recovery efficiency of the heat exchanger as well as the thermal resistances. Increasing 

the volumetric flow rate of the HTF flow leads to a decrease in the convective heat transfer 

resistance between the HTF flow and the internal walls of the tubes, as shown in Figure 

3-11 c. As shown in Figure 3-11 a, this slightly increases the total heat recovery of the 

SCHEX but has a negligible effect on the total heat recovery rate of the PCHEX. The 

reason behind this observation could be the higher conductive resistance of the plastic 

tubes than the convective heat transfer resistance between the HTF and the internal walls 

of the tubes in the case of the PCHEX, see Figure 3-11 c. This also leads to an insignificant 

change in the interface temperature of the PCHEX as the convective resistance of the 

HTF decreases. Since in this case, the mass flow rate of the water vapor entering the heat 

exchanger (in the denominator of the efficiency) does not change, the same increasing 

trends are observed for the water recovery efficiency of the CHEXs (see Figure 3-11 b).  
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Figure 3-10. Parametric study: variation of (a) total heat recovery rate, (b) water 
recovery efficiency, and (c) thermal resistances of the network, 
shown in Figure 3-8 b, with inlet humidity ratio of the flue gas.  
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Figure 3-11. Parametric study: variation of (a) total heat recovery rate, (b) water 
recovery efficiency, and (c) thermal resistances of the network, 
shown in Figure 3-8 b, with inlet volume flow rate of HTF. 
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Figure 3-12 shows the variation of total heat recovery rate and water recovery 

efficiency of the CHEXs with the inlet temperature of the HTF. Increasing the inlet 

temperature of the HTF increases the interface temperature and, consequently, decreases 

the condensation rate and the total heat recovery rate. As shown in Figure 3-12 a and b, 

increasing the inlet temperature of the HTF has a more significant effect on the 

performance of the both CHEXs compared to increasing the flow rate of the HTF (see 

Figure 3-11 a and b). Although increasing the inlet temperature of the HTF doesn’t change 

the Rfg significantly, as shown in Figure 3-12 c,  it significantly affects the heat recovery 

rate and condensation efficiency (see Figure 3-12 a and b). The main reason for this 

observation is that increasing the HTF inlet temperature increases the bulk temperature 

of the HTF, which results in a lower temperature difference and lower heat and water 

recovery rates. 

In addition to showing the effect of inlet conditions on the heat and water recovery 

performance of the SCHEX and PCHEX, Figure 3-10 to Figure 3-12 show the accuracy of 

the model in predicting the performance of a CHEX. As can be seen in these figures, the 

model successfully captures the trends of the data within the chosen range of inlet 

conditions for both the SCHEX and the PCHEX. It should be noted that the main reason 

for choosing the materials of CHEXs in the experimental part of this study was to validate 

the model for different range of thermal conductivities with two orders of magnitude 

difference (SCHEX and PCHEX with tube thermal conductivities of 14.7 W/m∙K and 0.33 

W/m∙K, respectively). It should be noted that the thermal conductivity of the FEP tubes 

was measured in our lab using a custom-made GHF device, as per ASTM Standard 

E1530-11 [45] .Figure 3-13 shows the predicted total heat transfer rate and heat recovery 

efficiency vs. measured values. It should be noted that the data of these figures include 

both SCHEX and PCHEX. As shown in Figure 3-13, the discrepancies between the model 

predictions and experimental data are within 12% for both total heat recovery rate and 

water recovery efficiency, within the range of inlet conditions considered in this study. 
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Figure 3-12. Parametric study: variation of (a) total heat recovery rate, (b) water 
recovery efficiency, and (c) thermal resistances of the network, 
shown in Figure 3-8 b, with the inlet temperature of HTF. 
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Figure 3-13. (a) Predicted vs. measured (a) total heat recovery rate and (b) water 
recovery efficiency. 
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Figure 3-14. Parametric study: variation of (a, c, e, and g) HTF pressure drop and 
(b, d, f, and h) flue gas pressure drop in the PCHEX and SCHEX with 
(a and b) mass flow rate of flue gas; (c and d) volumetric flow rate of 
the HTF; (e and f) humidity ratio of the flue gas; and (a and b) HTF 
Inlet temperature. 
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3.6. Role of heat exchanger’s material in the performance 
of a CHEX 

To reduce the capital cost of HWRUs, it is crucial to choose the material for a 

CHEX in a way to reach the maximum heat and water recovery efficiency with minimum 

material and fabrication costs. Therefore, it is essential to investigate the significance of 

thermal conductivity of the material of tubes in the heat and water recovery efficiency of a 

CHEX. For this purpose, the analytical model, developed and validated in this study, was 

used to predict the performance of CHEXs made of materials with different thermal 

conductivities, with the same size, geometry, and inlet conditions. The variation of the total 

heat recovery rate and the water recovery efficiency with the thermal conductivity of 

CHEX’s material are shown in Figure 3-15 to Figure 3-18 for different inlet conditions. 

These modeling results show that increasing the thermal conductivity of the tubes up to a 

threshold significantly enhances the efficiency of a CHEX. However, increasing the 

thermal conductivity of the tubes more than a threshold does not have any significant 

effects on the heat recovery rate and water recovery efficiency of the CHEX. As shown in 

Figure 3-15 to Figure 3-18, although the same trend is observed for all inlet conditions 

considered in this study, changing the inlet conditions slightly affects the thermal 

conductivity threshold. In order to further quantify the results of these figures, three 

different thresholds are defined in this study as follows: 

• λ0.8: thermal conductivity threshold to reach 80 percent of the efficiency of the same 

CHEX made of stainless steel 

• λ0.9: thermal conductivity threshold to reach 90 percent of the efficiency of the same 

CHEX made of stainless steel 

• λ0.95: thermal conductivity threshold to reach 95 percent of the efficiency of the 

same CHEX made of stainless steel 

Thermal conductivity thresholds to reach 80, 90, and 95 percent of a CHEX with 

the same size and geometry made of stainless steel for different inlet conditions are listed 

in Table 3.6. 
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Figure 3-15. Variation of (a) total heat recovery rate and (b) water recovery 
efficiency of a CHEX with thermal conductivity (Inlet conditions are 
the same as the baseline case listed in Table 3.5 except for the mass 
flow rate of the flue gas).  

 

Figure 3-16. Variation of (a) total heat recovery rate and (b) water recovery 
efficiency of a CHEX with thermal conductivity (Inlet conditions are 
the same as the baseline case listed in Table 3.5 except for the volume 
flow rate of the HTF). 
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Figure 3-17. Variation of (a) total heat recovery rate and (b) water recovery 
efficiency of a CHEX with thermal conductivity (Inlet conditions are 
the same as the baseline case listed in Table 3.5 except for the 
humidity ratio of flue gas). 

 

Figure 3-18. Variation of (a) total heat recovery rate and (b) water recovery 
efficiency of a CHEX with thermal conductivity (Inlet conditions are 
the same as the baseline case listed in Table 3.5 except for the HTF 
inlet temperature). 

0

1

2

3

4

0.1 1 10 100

Thermal conductivity (W∙m-1∙K-1)

SCHEX

PCHEX

Humidity ratio: 50

Humidity ratio: 125

0

0.2

0.4

0.6

0.8

0.1 1 10 100

W
a

te
r 

re
c
o

v
e

ry
 e

ff
ic

ie
n

c
y

Thermal conductivity (W∙m-1∙K-1)

SCHEX

PCHEX

Humidity ratio: 50

Humidity ratio: 125

T
o

ta
l h

e
a

t 
re

c
o

v
e

ry
 r

a
te

 (
k
W

)
gH2O/kgdry-air

gH2O/kgdry-air

gH2O/kgdry-air

gH2O/kgdry-air

(a)

(b)

0

0.2

0.4

0.6

0.8

0.1 1 10 100

W
a

te
r 

re
c
v
e

ry
 e

ff
ic

ie
n

c
y

Thermal conductivity (W∙m-1∙K-1)

SCHEX

PCHEX

Inlet temperature of HTF: 25°C

Inlet temperature of HTF: 35°C

0

1

2

3

4

0.1 1 10 100

T
o

ta
l h

e
a

t 
re

c
o

v
e

ry
 r

a
te

 (
k
W

)

Thermal conductivity (W∙m-1∙K-1)

SCHEX

PCHEX

Inlet temperature of HTF: 25°C

Inlet temperature of HTF: 35°C

(a)

(b)



43 

Table 3.6. Thermal conductivity thresholds of a CHEX’s material to reach 80% 
(λ0.8), 90% (λ0.9), and 95% (λ0.95) of total heat recovery rate and water 
recovery efficiency of a CHEX with the same geometry and inlet 
conditions made of stainless steel (Inlet conditions are the same as 
the baseline case listed in Table 3.5 except for parameters listed in 
the table). 

 Inlet conditions 
Total heat recovery rate Water recovery efficiency 

𝜆0.8  
(W/m∙K) 

𝜆0.9 

(W/m∙K) 
𝜆0.95 

(W/m∙K) 
𝜆0.8 

(W/m∙K) 
𝜆0.9 

(W/m∙K) 
𝜆0.95 

(W/m∙K) 

Humidity ratio of the flue gas 
(gH2O/kgdry-air) 

50 0.5 1 1.9 0.7 1.3 2.4 

75 0.6 1.1 2.1 0.6 1.2 2.1 

100 0.6 1.2 2.2 0.6 1.1 2.1 

125 0.6 1.2 2.3 0.6 1.1 2.1 

Inlet temperature of the HTF 
(°C) 

25 0.6 1.2 2.2 0.6 1.1 2.1 

27.5 0.6 1.2 2.3 0.6 1.2 2.3 

30 0.7 1.2 2.4 0.7 1.3 2.4 

32.5 0.7 1.4 2.7 0.7 1.4 2.5 

35 0.7 1.5 3 0.7 1.5 2.8 

Volume flow rate of the HTF 

(lit.min-1) 

3 0.6 1.2 2.5 0.6 1.2 2.5 

4 0.6 1.2 2.3 0.6 1.2 2.1 

5 0.6 1.2 2.2 0.6 1.1 2.1 

6 0.6 1.2 2.1 0.6 1.1 2.1 

7 0.6 1.2 2 0.6 1.1 2 

Mass flow rate of the flue gas 

(kg∙h-1) 

40 0.4 0.7 1.5 0.4 0.7 1.2 

60 0.5 1 1.9 0.5 0.9 1.7 

80 0.6 1.2 2.2 0.6 1.1 2.1 

100 0.7 1.5 2.6 0.7 1.3 2.5 
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Chapter 4.  
 
Conclusions and future work 

An analytical model was developed in this study to predict the performance of 

CHEXs as the core components of HWRUs. The model included the thermal conductivity 

of the CHEX’s material as one of its inputs. Moreover, a custom-built HWRU with 

replaceable tubes was designed to measure the effect of tubes’ material on heat and water 

recovery efficiency of HWRUs. In a comprehensive parametric study, the modeling results 

were compared with the experimental data for HWRUs made of stainless steel and FEP 

plastic tubes, under various inlet conditions. Moreover, the thermal resistance network of 

heat and water recovery in a CHEX was investigated in detail for different inlet conditions 

to shed light on the dominant resistance of this network. The results showed that although 

RHTF and Rtube were much lower than Rfg, they had significant effects on the efficiency of 

the system. The main reason behind these observations was that an increase in the 

summation of RHTF and Rtube resulted in an increase in the interface temperature, which 

negatively affected the condensation rate and the total heat recovery rate. It should be 

noted that the resistance between the flue gas and the outer surface of the tube is 

dominant in the resistance network. The results of the parametric study showed that 

increasing the humidity ratio or mass flow rate of the flue gas decreased the thermal 

resistance of the gas side and therefore led to a significant increase in heat and water 

recovery rates. However, increasing the HTF flow rate decreased the convective thermal 

resistance inside the tubes (RHTF) but led to a much less enhancement in the heat and 

water recovery rates. The results also showed that increasing the temperature of the HTF 

flow significantly deteriorated the heat and water recovery rates. The main reason behind 

this observation was increasing the interface temperature as a result of increasing the inlet 

temperature of the HTF flow. 

The effect of the material’s thermal conductivity on the performance of a CHEX 

was investigated using the analytical model, which was developed and validated in this 

study. The results showed that increasing the thermal conductivity of the material, up to a 

threshold, significantly enhanced the performance of the unit. However, any further 

increase in the thermal conductivity after this threshold led only to marginal improvements. 

The parametric study showed that the threshold slightly changed by changing the inlet 
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conditions. The threshold of thermal conductivity to reach 95 percent of the performance 

of the same unit made of stainless steel was lower than 3 W∙m-1∙K-1 for the range of inlet 

conditions considered in this study. These results showed that plastics and polymers with 

thermally conductive additives were promising candidates to be used as the material of 

HWRUs. The potential directions for future work on this study are as follows: 

• Investigating the effect of layout, sizing and orientation of a CHEX’s tubes on the 

performance of the unit 

• Improving the analytical model by including the effect of other material properties 

such as surface properties and mechanical properties 

• Designing, building, and testing a pilot-scale HWRU made of plastic with thermally 

conductive additives to recover heat and water from the actual boiler ‘s flue gas 

• Investigating the impact of the flue gas pressure on the heat and water recovery 

from both modeling and experimental point of views 
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Appendix A.  
 
Heat recovery efficiency 

As mentioned before, since the share of sensible heat recovery is much less than 

the latent heat recovery, the value of heat recovery efficiency of a CHEX is close to its 

water recovery efficiency. Figure A1 compares the heat and water recovery efficiency of 

both SCHEX and PCHEX for different inlet conditions which proves this point. The 

maximum difference between energy recovery efficiency and heat recovery efficiency is 

2.7%. 

 

Figure A1. Heat recovery efficiency vs. water recovery efficiency of the SCHEX 
and the PCHEX; inlet mass flue rate of the flue gas: 40-100 kg.h-1; inlet 
flue gas temperature: 70°C, inlet gas humidity ratio: 50-125 gH2O/kgdry-

air, inlet HTF temperature: 25-35°C, and HTF volume flow rate: 3-7 
lit.min-1). 
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Appendix B.  
 
Uncertainty analysis 

The main formulas for calculating the uncertainty of different parameters are listed 

in Table B1[44].  

Table B1. Summary of basic formulas for the uncertainty calculations  

𝑅1 = 𝑅1(𝑥1, 𝑥2, … , 𝑥𝑛) 𝛿(𝑅1) = {(
𝜕𝑅1

𝜕𝑥1
𝛿𝑥1)

2

+ (
𝜕𝑅1

𝜕𝑥2
𝛿𝑥2)

2

+ ⋯ + (
𝜕𝑅1

𝜕𝑥𝑛
𝛿𝑥𝑛)

2

}

1/2

 

𝑅2 = 𝑥1
𝑎𝑥2

𝑏 … 𝑥𝑛
𝑖  

𝛿(𝑅2)

𝑅2
= {(𝑎

𝛿𝑥1

𝑥1
)

2

+ (𝑏
𝛿𝑥2

𝑥2
)

2

+ ⋯ + (𝑖
𝛿𝑥𝑛

𝑥𝑛
)

2

}

1/2

 

𝑅3 = 𝑥1 + 𝑥2 + ⋯ + 𝑥𝑛 𝛿(𝑅3) = {(𝛿𝑥1)2 + (𝛿𝑥2)2 + ⋯ + (𝛿𝑥𝑛)2}1/2 

 


