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Abstract 

Disease related to unsafe water, poor sanitation, and lack of hygiene is some of the most 
common causes of illness and death all around the world. Since the first detection of Legionella 
in Philadelphia 1976, Legionella is recognized to cause Legionellosis which is associated with 
two distinct forms: Legionnaires’ disease and Pontiac fever. The fact that vaccination against 
Legionella disease is not efficacious enhances the effort towards developing the existence 
disinfection methods and inventing new technologies. Re-colonization of Legionella in hot water 
systems may occur within a few days or weeks after disinfection since conventional disinfection 
methods significantly reduce but do not eliminate pathogens. 

Understanding the conditions favoring Legionella occurrence in hot and cold systems will aid in 
developing new treatment technologies that minimize or eliminate human exposure to legionella 
pathogens. 

The work introduces the Anti-Bact Heat Exchanger (ABHE) system as a new innovative system 
inspired by nature. Compared to conventional disinfection methods, the ABHE system proposed 
to achieve continuous thermal disinfection of bacteria in hot water systems and in simultaneously 
saving energy and reducing the required costs. Thermodynamic analysis, experimental test and 
simulation validation of the ABHE by the Engineering Equation Solver (EES)-based model were 
achieved to define the thermal performance of the ABHE system at given operation conditions. 
The experimental test shows high potential of recovering heat and thus saving energy by the 
ABHE system. In addition, pumping power (PP) was relatively small compared to the recovered 
heat which implies that less energy was required compared to the recovered heat.  

The effect of working parameters such as temperatures and flow rate on the thermal performance 
of the ABHE system was furthermore investigated. The study shows that supplied water 
temperature has similar effects as the disinfection temperature. Namely, increasing supplied 
water temperature enhances the regeneration ratio (RR) but it requires a large plate heat 
exchanger (PHE) area and PP. On the contrary, increasing the temperature in use results in a 
reduced PHE area and PP. Flow rate has the greatest influence on the thermal performance of the 
ABHE system. Increasing flow rate leads to an increase in the required area of the PHE.  

The EES-based model investigated the effect of the length and the width of the plates used in the 
PHE on the RR and the required area of the PHE. Then, the EES-based model was used to 
optimize the ABHE system in which the PHE area is minimized or the RR of the ABHE system 
is maximized. 
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1. Introduction

1.1. Background

Water is the most essential element for survival of humanity and all living species on earth.  

However, exposure humans to water may lead to health risk exposure due to the presence of 

pathogenic microorganisms. Many enteric and respiratory bacteria infect water route and cause 

morbidity and mortality in humans. An estimated 1.1 billion people lack access to improved 

water supplies; many more are forced to rely on water that is microbiologically unsafe [1]. In 

low and middle income countries, poor water hygiene and sanitation are responsible for around 

500,000 deaths per year that 58% out of this deaths were related to diarrheal disease [2]. Collier, 

SA et al., (2012) found that over 40,000 hospitalizations as a result of waterborne diseases 

including Legionnaires’ disease (LD) were estimated to occur annually in United States (US) 

with cost of $970 million each year [3].  

Transmission of infectious diseases via contaminated water continues to be a risk to public 

health. During 2001-2006, Legionella was identified as the third most common etiologic agent 

among all US waterborne disease outbreaks [1] and the primary cause of all drinking water 

related outbreaks. The bacteria Legionella is considered to be the causative agent of LD, a severe 

and potentially lethal form of pneumonia, and Pontiac fever, an influenza-like illness, leading to 

increasing significantly the public health hazard worldwide [4,5]. The first described outbreak of 

LD was registered in Washington in 1965 with case fatality of 17. 3% [6]. In 1976, a serious 

pneumonia outbreak occurred in members of the American Legion attending their annual 

convention in Philadelphia; Legionella pneumophila (L. pneumophila) was isolated then and 

named. This new type of pneumonia did not respond to -lactam antibiotics and lead to death in 

29 of 182 patients (16%)  [7]. Nowadays, with over 60 species of Legionella and more than 70 

different serogroups registered, L. pneumophila is recognized as the main cause of LD 

worldwide [8] for approximately more than 70% of LD cases [9]. In particularly, L. pneumophila 

serogroup 1 has been recognized as the most important agent, responsible for over 84% of cases 

of LD worldwide [10].  

L. pneumophila is an inhabitant of natural and artificial aquatic environments including water, 

wet soil, and air in addition to surviving free, in biofilms, and as an intracellular parasite of 
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protozoa [10,11]. The disease onset is usually 2–14 days after infection with the bacteria [12]. 

Symptoms range from mild sickness to severe pneumonia. The symptoms of LD from most to 

least common are: fever at more than 38·8°C (67–100%), cough (41–92%), chills (15–77%), 

dyspnoea (36–56%), fever at more than 40°C (21–62%), neurological abnormalities (38–53%), 

myalgia or arthralgia (20–43%), diarrhoea (19–47%), chest pain (14–50%), headache (17–43%), 

and nausea or vomiting (9–25%) [13]. The fatality rate for hospital acquired Legionella 

pneumonia in patients left untreated are 40%-80%, while if cases are diagnosed and treated in 

appropriate time the fatality rate may be reduced to 5-30 % [14,15]. The risk factors that are 

associated with high mortality rates due to Legionella disease include age, especially those 

younger than 1 years and elderly patients, smoking, diabetes, chronic lung disease, alcoholism 

abusers and cancer [16].  

Transmission of LD is contracted through inhalation of contaminated aerosols or aspiration of  

infected water [17]. The principal sources of infection for LD have been identified as man-made 

and complex reservoirs of warm recirculated water [18]. Legionella is rarely passed from person 

to person. Factors that suggest person to person transmission was reported by Correia, A.M et al., 

(2016) including severity of the respiratory symptoms in the first patient, the very close contact 

with the infected person and the poor indoor air quality[19].  

Legionella found worldwide in freshwater environments like stagnant lakes, rivers, springs or 

mud streams [20]. Also, Legionella commonly colonize complex hot water systems (HWS) [18], 

drinking water systems [3,21], decorative, recreational facilities such as spa pools and fountains, 

dental devices [22,23], air conditioning and cooling towers [18,23,24] as Figure 1.1 shows.  

The ability of L. pneumophila to colonize drinking water systems [25]. potable hot and cold 

water systems such as hospitals, hotels, residential buildings and industrial facilities [10,26] 

becomes a universal problem for municipal water providers.  

Recent studies have shown that Legionella is one of the most common agents of community 

acquired pneumonia in Germany [27]. In Europe, between 2000 and 2002, 10,322 cases of LD 

were reported [25]. Incidence of LD in US increased by 286% from 2000 to 2014 [28]. Study of 

Karagiannis, I et al., (2008) showed that warm, humid and showery summer weather was found 

to be associated with higher incidence of LD in The Netherlands [12]. Legionella Outbreak has 
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also been reported in Italian university hospital where high levels of Legionella > 104 cfu/L was 

detected [26]. Cooling towers were identified also as a source of Legionella infection. During 

2006-2015, three LD outbreaks were linked to cooling towers in New York City [23].  

Fig 1.1. Legionella existence in natural and artificial aquatic environments 
 
L. pneumophila isolated also from dental unit waterlines as Figure 1.2 shows [8]. Several studies 

have reported that potable water was the source of infection [30–32]. Dental personnel are 

exposed to contracting LD and may have significantly higher titers of Legionella antibodies in 

their blood compared to available populations, suggesting that aerosols generated by dental unit 

waterlines instruments were the leading source [29,31]. Veronesi, L et al., (2008) reported that 

22.1% of dental-unit water samples were Legionella positive [32], Zanetti, F et al., (2000) found 

positive Legionella in 61% of samples [33]. Arvand, M et al., (2013) detected positive 

Legionella in 27.8% of samples [34].  
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Fig 1.2. Legionella contamination in dental unit waterlines 

Weiss, R A et al., (2004) stated that definitely, continued change in the environment and its 

organisms will result in continued change in infectious disease that the free-living microbes may 

find a human niche that suits their existence, such as the lung for L. pneumophila [35].

1.2. Factors associated with Legionellae occurrence 

Multiple studies have investigated parameters that correlate to Legionella growth:  

Warm temperatures seems to be ideal for Legionella, this explain the significant 

contamination detected in low hot water tanks [36]. Legionella has the ability to survive 

in water for extremely long periods of time, long as a year, and may colonize water 

systems within temperature range between 20-50 °C [24]. Optimum growth temperature 

for L. pneumophila found between 25-42 °C [13,37]. Therefore, thermal control measure 

was commonly applied by health care facilities to avoid Legionella infection risk. That 

cold water should be stored and distributed below 20 °C, while hot water should be 

stored above 60 °C and circulated at a minimum return temperature of 51 °C [38].  

Selecting special plumbing pipes materials that can inhibit Legionella colonization such 

as copper ions, however the effectiveness of this strategy will not sustain after two years 

[39].  
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Biofilm formation and growth in low nutrient environments are common factors that 

assist Legionella resistance of disinfectants in water systems [40,41]. Also, presence of 

amoebae promotes the growth of L. pneumophila and enhances its virulence [42].  

Low disinfectant residuals and aerosolization were also features associated with the 

source of legionella outbreaks [1].  

Most sporadic cases of LD outbreak are reported throughout the year but the most cases 

of epidemic infection seem to occur in late summer and early fall i.e., warm and damp 

climate promotes LD occurrence.  

The modern life style has introduced and designed warm, ventilated, humid ‘artificial 

lungs’ called air-conditioning systems that allowed Legionella bacteria to proliferate and 

become an opportunistic colonizer of the human lung [35]. 

 
1.3. Aim of research 

This research aims to introduce the Anti-Bact Heat Exchanger (ABHE) system as an energy 

efficient method used for continuous disinfection of Legionella in HWS. To achieve the goal, 

mathematical model for the ABHE system is performed in addition to build simulation model for 

the ABHE system by Energy Equation Solver (EES) model. The EES-based model is validated 

experimentally and developed to investigate the effect of working parameters on the thermal 

performance of the ABHE system. As well, the EES-based model used to determine the optimum 

design of the plate heat exchanger (PHE) at specific working parameters in which waste heat 

recovery is maximized and the required area of the PHE is minimized. 

1.4. Methodology and scientific approach 

The methodology used in this work was (i) to investigate LD problem, source of infection, 

transition mode, factors that influence Legionella proliferation in water distribution system and 

overview different conventional methods used to control Legionella in HWS, (ii) to review the 

state-of the-art in terms of mathematical modelling of the ABHE system, (iii) to evaluate the 

performance of the ABHE system at specific working parameters and discover the key factors 

influencing thermal performance of the ABHE system, and (iiii) to develop and implement the 

mathematical model of the ABHE system in conjunction with the EES-based model in order to 

simulate the ABHE system.  
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Tasks (i) and (ii) were mainly conducted through literature reviews and specific subject courses 

to provide necessary context to the research. The scientific problem (iii) was accomplished by 

experimental tests of the ABHE system prototype. Then task (iiii) was fulfilled by the 

development of the computer program EES-based model which was built to simulate the ABHE 

system and validated by the experimental results. Further investigations were done by the EES-

based model to reach the optimum design of the ABHE system at any given working parameters.  

1.5.  Significance of research 

Legionella has been proven to exist in every place damp and warm. Due to the rapid increase in 

LD outbreaks worldwide accompanied with the fact that no vaccination against Legionella exists 

up to date, it is of great importance to invent new disinfection method or developing the existing 

ones. The conventional disinfection methods involved mainly chlorine, ozone, thermal treatment, 

UV system or combination of them. However, except the thermal disinfection method, all these 

methods significantly reduce but do not eliminate Legionella from amoebae, protozoa and/or a 

biofilm. Re-contamination of water distribution systems within days or weeks after applying 

conventional disinfection methods has been the subject of numerous studies.  

While regulations and guidelines considered temperature control as a critical element for 

preventing Legionella growth the economic profit forces toward energy saving and considered it 

as a critical target. Re-contamination of Legionella in case of applying thermal treatment method 

caused due to applying the treatment sporadically to avoid intensive energy consumption and 

accordingly high costs.  Furthermore, adding insulations to HWS pipes for minimizing heat 

losses under flowing conditions lead to sustained water to a longer period within optimal 

temperature range for L. pneumophila growth [37].  

Addressing these technical drawbacks motivates the ongoing research to introduce the ABHE 

system as a robust disinfection method that have unique features in terms of providing 

continuously thermal disinfection of Legionella and in simultaneously saving energy by means 

of recovering waste heat, lowering the cost and saving environment by reducing greenhouse gas 

emissions.  

The most important part in the ABHE system is the PHE where waste heat is recovered. 

Therefore, the current work focuses mainly on studying the effect of PHE design on the thermal 
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performance of the ABHE system. Evaluating energy efficiency of the PHE depends on the 

characteristic features that relate to flow arrangements, flow rates, inlet and outlet temperatures, 

in addition to other critical parameters. Energy efficiency evaluation of the PHE has been the 

subject of multiple studies such as Zang,Y et,al., (2018) [43]. Wang, Y et al., (2018) stated that 

mathematical modeling is one of the most effective approaches to investigate the dynamic 

characteristics and control performances of plate heat exchangers [44].  

The current work aimed to evaluate the energy efficiency of the PHE at different initial operation 

conditions such as flow rates, fluid properties and heat transfer area depending on the derived 

mathematical and hydraulic models. The experimental test of the ABHE system prototype 

enables validation of the EES-based model The EES-base model was developed to define the 

optimal design of the PHE at specific working parameters in which area of the PHE is minimized 

and the regeneration ratio is maximized. Furthermore, the developed EES-based model is used to 

optimize the design of the PHE by defining its optimal dimensions (i.e., the width and the length 

of the plate) in which the regeneration ratio is maximized, or the required area of the PHE is 

minimized. For this purpose, the conjugate directions optimization method was used to solve the 

unconstrained energy optimization problem, with the conversion tolerance of 1.10-4.  

2. Legionella disinfection

As Legionella is ubiquitous in aquatic habitats, it appears impossible to prevent its entry into 

man-made water systems [45]. The continuous increase in the reported cases of LD worldwide 

has prompted the development of various prevention measures. National and international 

guidelines in several countries have established technical guidance and strategies for controlling 

Legionella in water systems. Numerous studies have investigated different disinfectants for 

inactivation of Legionella. However, each of these methods has advantages and disadvantages. 

Legionella disinfection occurs chemically or thermally. Unlike other traditional pathogens, 

Legionella act as part of a complex microbial ecological web within free-living amoebae hosts 

and biofilm that guard Legionella proliferation, support its resist to thermal and chemical 

disinfection and in consequence become more infectious [25,46–48]. Re-colonization with 

Legionella occurs rapidly after discontinuing all types of treatment methods, except thermal 

treatment, and recovered to the initial concentration in the water and the biofilm within 4-5 days 
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[46]. Only thermal disinfection has been proven to destroy Legionella presents in protozoa and 

biofilms efficiently. Steinert et al. (1998) study concluded that the regrowth of Legionella was 

observed within two months after the first thermal decontamination [42].  

Concerning microbial water quality, the study of Fewtrell L et al. showed that further household 

point-of-use water treatment (boiling, chlorination, etc.) in rural areas may reduce diarrheal 

illness by 39% [49]. 

2.1. Conventional disinfection methods 

Among the chemical methods involving the use of metal ions (copper and silver), oxidation 

agents (halogen containing chlorine, bromine, etc., ozone and hydrogen peroxide), non-oxidation 

agents and the UV light, chlorine is known to be effective and widely used [50]. As mentioned 

earlier, such alternative treatments significantly reduce but do not eliminate pathogens from free-

living amoebae, protozoa and/or a biofilm. This fact explains the occurrence of Legionella re-

colonization in HWS within a few days or weeks after disinfection. Marchesi, I et al., (2011) has 

investigated the effectiveness of different methods used to control Legionella in hospital water 

system and found that superheating is not suitable for large buildings where temperatures >60 °C 

at each outlet cannot be constantly sustained. Shock hyper-chlorination can effectively deal with 

severe infection but must be achieved overnight leading to increased cost in addition to pipe 

corrosion. Point-of-care filters achieved 100% negative samples but the high costs about €1 

million per year for 1000 outlets in patients’ bathrooms and sinks make them unpractical for 

widespread application [26]. The study of Cervero-Aragó, S et al., (2015) showed that 

Legionella is more resistant to chlorine exposure than other bacteria [51]. 

2.2. Thermal disinfection method 

To prevent Legionella contamination, temperatures are recommended to be maintained below 20 
oC or higher than 50 oC. Kim, B et al., (2002) have stated that thermal disinfection is effective at 

temperatures >60 oC [50]. Practically, many countries have specified standards for control of 

Legionella in HWS. For example, EU guidelines stated that each water heater should deliver 

water at temperature of at least 60 oC, and in the range of 50–55 oC at tap outlets after 1 min of 

flushing. Heat shock and flush is applied periodically by means of increasing water temperatures 

in water storage tanks to above 70 oC and sustain it for one hour, then flushing all the outlets for 

20- 30 minutes.  
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Obstacles that challenge the wide-ranging use of thermal disinfection method involve:  

Water temperatures of 60 oC prompts the risk of exposure to a full-thickness third degree 

burn in 6 s or less especially for younger and elderly people. 

Even though water is heated to 70 oC at the upper part of the storage tank, thermal 

stratification may lead to water temperatures within the range of L survival at the bottom 

of the storage tank and once the water is pumped to meet the heat demand during the 

peak load, L will start to colonize the HWS. 

One solution to avoid thermal stratification and stagnant water was the instantaneous 

heating devices. However in spite of its capability to minimize the proportion of L. 

pneumophila detected in HWS, the instantaneous heating devices can not eliminate L 

contamination since the treated hot water will be remixed with untreated cold water in 

mixture valve to avoid scalding.  

Heating water increase sanitary performance but simultaneously results in intensive 

energy consumption. Then, practically to reduce energy consumption the water storage 

tank was heated to 60 oC by an electric heater only once every 10 days. This means 

periodical thermal treatment and limitation in continuous action. 

Global trend to achieve energy and environmental conservation has prompt procedures 

that can significantly reduce energy consumption in HWS. For example, reducing the hot 

water temperature with 5.6 oC can reduce the energy consumption by 5% for electric 

water heaters. However, this reduction will result in developing an environment that 

enhances L multiplications. 

The worldwide drift toward utilizing renewable energy resources for energy and 

environmental conservation has introduced low temperatures for heating and cooling of 

buildings. The low heating temperatures and high cooling temperatures of buildings seem 

to offer an ideal habitat for Legionella pathogenic.  
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Fig 2.1. Time required for a 4-log reduction of five Legionella strains at different temperatures[51] 

 
Study of Cervero-Aragó, S et al., (2015) has investigated the effect of thermal treatment i.e. 

temperature and time on five Legionella species and concluded that the effectiveness of the 

thermal treatments increased as the temperatures and the exposure times increased, i.e. 60°C, 

65°C and 70°C. The inactivation parameters showed narrow ranges as the temperature increased.  

Figure 3, shows the results obtained regarding the effect of thermal treatment, temperature and 

time, on the inactivation of Legionella [51] as Figure 2.1 shows. These results agreed with those 

reported by Kim, BR et al., (2002) and Bartram, J et al., (2007) [50,52].

Therefore, HWS with temperatures in range of 50–60 oC may contain a reservoir that incubate 

Legionella and if temperatures fall by only a few degrees, a rapid growth of L. pneumophila may 

occur leading to an increased risk of Legionella contamination. Therefore, those who aim to 

reduce hot water temperature to save environment, energy, cost and prevent scalding need to be 

aware of Legionella contaminations risk.
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3. Anti Bact heat exchanger System inspired by nature

Every technology inspired from nature possesses a superior and perfect design. Thus, numerous 

examples of how engineers extract useful ideas from nature and then apply them to problems are 

well established. Phil Gates expressed that the best inventions are copied from, or already in use 

by, other living things [53]. The current study introduce the ABHE system as a new technology 

(Patent SE.No. 0901111-5) inspired by nature and imitates the thermo-regulation process of a 

counter-current heat exchanger that exists in animals to adapt living in cold regions.  

Animals are able to control their heat production and heat loss rates to maintain a nearly constant 

core temperature of 37 oC under a wide range of environmental conditions. The very effective 

regenerative heat exchangers that exist in the blood vessel system of bird’s legs such as herons, 

fish, and marine mammals play a vital role in minimizing heat loss and in keeping the body 

warm in cold climate as Figure 3.1 shows. For example, while the core body temperature of a 

duck standing on ice is close to 37 oC, the bird’s feet may be just above the freezing point 0 oC. 

That is because the arteries and veins are working in tandem to retain the heat. The warm arterial 

blood flows to the feet warms up the cold venous blood that flows back to the body. Figure 4 

shows two types of counter current heat exchanger in both Canadian goose leg and in the porpoise flipper. 

Fig 3.1. Two types of counter-current Heat Exchanger presents in (A), Canada goose can stand 

comfortably warm on ice and (B) Each artery is surrounded by veins in the porpoise flipper 
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3.1. Working principle of the Anti-Bact heat exchanger system 

The ABHE system is a unique system that has robust features in terms of providing continuously 

thermally treated water accompanied with saving energy by recovering waste heat. The design of 

the ABHE system consists mainly of two units, firstly the PHE which represents the regeneration 

unit and secondly the disinfection unit where a fraction of energy is added to elevate the water 

temperature to the desired disinfection temperature as Figure 3.2 shows.  

Through the PHE the heat is recovered from the treated water coming from the disinfection unit 

and efficiently used to heat up the supplied cold water. PHE is one of the most efficient types of 

heat transfer equipment that makes it possible to achieve temperature difference around  1 oC. 

The success of the PHE is a consequence of its unique set of advantages over other kinds of heat 

exchangers such as the extreme heat transfer rates, the ease of cleaning to meet health 

requirement, the great flexibility in altering the PHE thermal size by simply adding or removing 

some plates and the fouling tends to be significantly less. The heat recovery strongly relies on the 

size of the selected PHE that larger PHE results in a smaller temperature difference. However, 

increase PHE size results in increasing the cost of the ABHE system. Therefore, there is an 

optimal design of the PHE that maximizes the performance of the ABHE system and at the same 

time minimizes the required area of the PHE. 

Fig 3.2. The schematic diagram of the ABHE system  
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3.2. Waste heat recovery by plate heat exchanger 

Nowadays, the use of PHE has been increasing owing to their advantages of compactness and 

high heat transfer efficiency [54]. PHE play an important role in waste heat recovery, energy 

saving, emission reduction and transport processes where heat transfers from hot fluid to cold 

fluid. Waste heat recovery through PHE was the subject of several studies such as Mokhtar, M et 

al., (2017) and Wang, T et al., (2014) [55,56]. Through the PHE the waste heat is recovered and 

efficiently used to heat up the supplied cold water. The higher the heat transfer coefficient is in 

the PHE the lower is the temperature difference with possible difference approach of 1 ºC. The 

material of the plates is commonly stainless steel because of its excellent properties such as 

strength, easy to clean, ability to withstand high temperatures, and for its high-temperature 

corrosion resistance.  

 
3.3. Energy source of disinfection Unit 

The proportion of energy required in the disinfection unit can be supplied from any source of 

heat such as electrical, gas etc., or even from renewable energy sources such as solar energy. 

This gives wide range of possibility to use the available energy source and reduce the cost. 

Further investigation may concern study the life cycle cost of the ABHE system in case of using 

different energy sources.   

4. Summary of appended papers

On the basis of the previous discussion of utilizing a thermal disinfection method by means of 

the ABHE system for Legionella disinfection in HWS, a model framework was developed and 

implemented for numerical analyses. The appended papers constitute documentation of this 

work, and the content of each paper is briefly summarized below:  

 
Paper A: “Overview of legionella bacteria infection: control and treatment methods” 

Human health hazard caused by Legionella pathogen and disinfection methods used to prevent 

Legionella risks was illustrated in this paper. The effect of water temperature on Legionella 

growth was discussed and the risk of exposure to LD outbreak in different water systems from 

low to high was presented. Water temperature is probably the most important or perhaps the only 

factor that can determine Legionella growth and multiplication.  At temperatures higher than 
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55°C there is a breakpoint, but in some cases Legionella strains have been isolated from HWS up 

to 66 ºC. However, at temperatures above 70ºC they are destroyed almost instantly [50,52]. 

Furthermore, a summary on different disinfection methods used for control of Legionella in 

water distribution systems were illustrated. As Figure 4.1, shows, thermal disinfection (super 

heat and flush) was the most efficient among all other methods used to control Legionella in 

water distribution systems. 

 

 

 

Figure 4.1: Main results from Paper A where the total number of reported cases of LD in 

contributed countries between 1993 -2006 is shown (on left), and the effectiveness of different 

disinfection methods used to control Legionella in water distribution systems was shown in 

Figure 4.1 (on right).  

 
Paper B: “Experimental and simulation validation of ABHE for disinfection of Legionella 
in hot water systems” 

The main purpose of this study was to evaluate the performance of the ABHE system. A 

prototype of the ABHE was built with a configuration based on simplicity regarding design and 

construction. Mathematical modeling of the ABHE system was carried out to define the ABHE 

specification. A computer EES-based model was built to simulate the performance of the ABHE 

system. The purpose of the experiment was to achieve the following: 

Investigate the influence of supplied temperatures and flow rates on the thermal and 

hydraulic performance of the ABHE system.  

Find out the potential of waste heat recovery by means of the plate heat exchanger which 

represents the regeneration unit.  

Fig 4.1.  Water temperature in use as function of the required area of the PHE, pumping 
power and regeneration rate 
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Validate the EES model that was built to simulate the performance of the ABHE system. 

Results show that the experimental data is consistent with the results obtained by using the EES 

model. Consequently, the developed EES-based model can safely be used to simulate the ABHE 

for other working parameters or other setups that are not studied experimentally such as pressure 

drop and pumping power. The experimental results indicate that the thermal performance of the 

ABHE system is strongly dependent on the flow rate, while the supplied temperature has less 

effect. Higher flow rates enrich the turbulent flow which enhances the heat exchange and results 

in higher heat recovery and higher total heat transfer coefficient. However, increasing the flow 

rate also results in an increased pressure drop which consequently increases the consumed 

energy by the water pump to provide steady flow rates. The optimal design of the PHE and 

consequently the ABHE system can be achieved by adjusting the flow rates within the range that 

provide better performance of the PHE while avoiding unwelcoming increase in pressure drop. 

The maximum value of heat recovery is achieved at high flow rates and low supplied water 

temperatures. The supplied water temperature has no significant effect on the value of the total 

heat transfer coefficient. 

The pumping power that was required to ensure constant flow rate in the ABHE system was 

much smaller than the heat recovery at different supplied temperatures.  Consequently high 

saving in total cost is promising. 

Experimental and simulation results from Paper B are shown in Figures 4.2 - 4.5 below. 

 Fig4.2. Comparison between the inlet heater
temperatures value as derived from experimental
test and EES model 

Fig 4.3. Heat recovery in PHE for different 
supplied water temperature at different flow rates
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Figures 4.3 and 4.4 resulted from the experimental test and Figure 4.2, indicates that the results 

of experimental test are trustworthy with the results obtained by using the EES-based model. The 

EES-based model was validated and then used for further investigation as shown in Figure 4.5, 

where the relation of pumping power versus heat recovery was clarified.   

 
Paper C: “Effect of Working Parameters of the Plate Heat Exchanger on the Thermal 
Performance of the Anti-Bact Heat Exchanger System to Disinfect Legionella in Hot Water 
Systems”

The EES-based model was in this paper used to investigate the effect of different initial 

operation conditions on the thermal performance of the ABHE system. In addition, the EES-

based model was used to determine the optimum design of the PHE at the given working 

parameters. Further study on the effect of the length and the width of the plates on the RR and 

the required area of the PHE was achieved. A small value of pumping power means a small 

pressure drop which lead to an efficient performance of the PHE. The results from paper C are 

shown in Figures 4.6 – 4.9 in addition to Tables 4.1.and 4.2, as following: 

An increase of temperature in use results in a reduced required PHE area and reduced 

pumping power but the recovered heat is also reduced as displayed in Figure 4.6.  

Fig 4.4.   in PHE as a function of the
supplied water temperature 

Fig 4.5.  Heat recovery versus the pumping power
at different supplied water temperature 
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The effect of increasing disinfection temperature has similar effect of increasing supplied 

water temperature as Figure 4.7 shows.   

 
 
 

 

Increase supplied water temperature can enhance the thermal performance of the ABHE 

system by increasing the recovered heat, but in contrast it leads to increase in the required 

pumping power and required larger PHE area as Figure 4.8 displays.  

Fig 4.6.  Water temperature in use as function of the required area of the PHE, pumping 
power and regeneration rate 

Fig 4.7.  Disinfection water temperature as function of the required area of the PHE, 
pumping power and regeneration rate 
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Determination of the optimum design of the PHE that maximize the thermal performance 

of the ABHE system and at the same time minimize the required area of the PHE at a 

given PHE dimensions was shown in Figure 4.9. 

 
 
 

 

The developed EES-based model used also to optimize the design of the PHE by defining 

its optimal dimensions (i.e., the width and the length of the plate) in which the thermal 

performance of the ABHE system is maximized or the required area of the PHE is 

minimized. Consequently, high energy recovery and low cost of the ABHE system can be 

achieved. For this purpose, conjugate directions optimization method was used to solve 

the unconstrained energy optimization problems, with the conversion tolerance of 1.10-4. 

Fig 4.8.  Supplied water temperature as function of the required area of the PHE, pumping 
power and regeneration rate 

Fig 4.9.  The required area of the PHE versus RR at the given initial operation condition,
the circulated plot represent the optimum design of the ABHE system where the thermal
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Table 4.1, shows the dimensions of the PHE in case the area of the PHE is required 

minimized. 

Table 4.1. The dimensions of the PHE to minimize the required area of PHE 

Criterion Ts 
[oC] 

Tuse 
[oC] 

Td 
[oC] 

w 
[m] 

L 
[m] 

RR 
[%] 

Optimal APHE 
[m2] 

Minimize area 10 40 80 0,15 0,5 56,8 7,83 
 

While Table 4.2, shows the dimensions of the PHE in which the RR of the ABHE system 

is maximized.   

Table 4.2. The dimensions of the PHE to optimize the RR of ABHE 

Criterion Ts 
[oC] 

Tuse 
[oC] 

Td 
[oC] 

w 
[m] 

L 
[m] 

APHE 
[m2] 

Optimal RR 
[%] 

Maximize RR 10 40 80 0,18 0,62 11,45 58,3 

5. Conclusion and Future Work

The goal of this work was to introduce the ABHE system as a robust disinfection method that 

mimics the natural system and provide continuous thermal treatment of water to prevent LD and 

simultaneously overcome the obstacles that limit the wide use of the thermal treatment method 

including high energy use and scalding exposure. The performed study shows great potential of 

utilizing the ABHE system. ABHE is an environmental friendly technology, safe, stable and 

compared to other periodical thermal treatment methods; the ABHE can successfully achieve 

continuous disinfection of Legionella and simultaneously enhance energy conservation by 

recovering the waste heat alongside the PHE, reduce greenhouse gas emissions and reduce the 

costs. The proportion of energy required in the disinfection unit can be supplied from different 

energy sources.  

The development of the EES-based model, that is used to simulate the ABHE system, enables us 

to define the optimum design of the PHE. The EES-based model was validated experimentally 

and developed depending on a mathematical analysis of the ABHE system including the 

regeneration unit and the disinfection unit to provide a framework and a useful simulation tool to 

model the ABHE system at any given properties. Taking into account the geometrical 

parameters, flow arrangement and the initial operating conditions of the PHE, the EES model is 

used to optimize the PHE in which its area is minimized, and the RR of the ABHE system is 
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maximized. Furthermore, the EES-based model is used to study the effect of the length and the 

width of the plates used in the PHE on the regeneration ratio and the required area of the PHE. 

The results obtained in this work show that the flow rates, supplied water temperature, water 

temperature in use, and disinfection temperature has different effect on the thermal performance 

of the ABHE system, beside the material and the geometrical parameters of the PHE. With the 

EES-based model it is possible to define the optimum design of the ABHE system in which 

thermal performance is maximized and area of PHE is minimized.  

Additionally, this work forms a base where ABHE system can be designed to adjust any water 

distribution systems working at specific working parameters such as drinking water system, 

dental water lines, HWS, swimming pools and spa etc.  

A suggestion for future work is utilizing different renewable energy resources as heat source in 

the disinfection unit and defines the life-cycle energy requirements of different heating sources 

such as gas, electric, solar or a combination of them. Utilizing the ABHE system in real HWS 

such as swimming pools is of interest.  
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ABSTRACT 
 
Since the first recognized outbreak of Legionnaires' disease (LD) in 1976, it has become an 
increasing problem around the world especially in poor countries. Legionella (L) causes an 
estimated 15,000 annual cases of pneumonia in USA, and leads to death in about 20% of the 
cases. L is found worldwide in both natural and artificial environments e.g. spa pools, cooling 
towers. It infects people by inhaled contaminated aerosols that can transmit several km. The 
optimal temperature for L growth is 20-45C. Control of L is therefore an important health 
issue. Many treatment methods are used; biocides, ionisation, ozone, UV-radiation, pressure, 
and thermal treatment. Only thermal treatment can completely eliminate L, which is killed 
almost instantly at 70C. Current paper gives an overview of the Legionella problem and 
treatment methods.  
 

1. INTRODUCTION
 
Substandard water associated with the presence of bacteria called Legionella (L) is one of the 
major sources of infection diseases around the world. L bacteria (LB), which emerged in 1976 
(Diederen, 2007), causes Legionnaires' disease (LD) (pneumonic legionellosis) and Pontiac 
fever (Kima et al., 2002), is identified as a collection of infections. Consequently L is known 
as one of tropical diseases spread through 'global warming' (Monckton, 2007) i.e. due to the 
human alteration of the environment (Bartram et al., 2007). It is considered responsible for 
epidemic and sporadic cases of pneumonia (Diederen, 2007 and Cloud et al., 2000) especially 
during summer and autumn because warm weather encourages proliferation of the bacteria in 
water. LD is normally acquired by inhalation of L from a contaminated environmental source 
(Borella et al., 20004 and Majid et al., 2007). L may be free-living or living within amoebae 
and other protozoa or within biofilms (Desia et al. 1999 and Pond 2005). There are currently 
more than 50 known species of L, twenty 
separate species of these organisms are occur in 
the respiratory tract (Diederen, 2007, Bartram et 
al., 2007 and Cloud et al., 2000).  
 
L infection, see Fig 1, may occur directly from 
the environment to humans or by wound 
infections (Bartram et al., 2007 and Hoge et al., 
1991) or even in buildings (hotels, hospitals, 
houses...) with municipal water (Donald, 2007). 
More  than 50% of all houses using district 
heating systems were colonized by L, their 
significantly lower hot water temperature is 



Figure 3. Legionella diseases according to 
group ages in 11 European countries 2005-
2006 

thought to be the key factor leading to intensified growth of L (Mathys et al., 2007). 
 
LD is not passed from person to person and does not occur by drinking water contaminated 
with LB. The risks occur when people inhale contaminated aerosols (Diederen, 2007, 
Brundrett, 2003, A.D.A.M, 1997 and Konishi et al., 2006). LB has been traced to 
contaminated aerosols generated at distances of up to 3.2km (Sartory et al., 2002). Particles of 
a size less than 5 m can be deeply inhaled, and the individual could receive up to 1,000 or 
more LB at one time (Broadbent, 2003). This might happen during daily activities such as 
having a shower, toilet flushing. Humidifiers and nebulizers can also spread LB and have 
been reported as a source of infection in several cases (Bartram et al., 2007). 

2. OCCURRENCE OF LEGIONELLA  
 
LB can be found in both natural reservoirs such as water, soil and air see Fig 1, (Diederen, 
2007, Hoge et al., 1991, EPA, 2001, Rathore, 2007 and Yi Yu et al., 2007). It is occurs in 
artificial aquatic environments e.g. spa pools, hot tubs, hot water storage tanks, cooling 
towers, cold and hot-water distribution systems, potable water, and industrial processes and 
equipment.  
 
LB can be free floating or preferably attached to surfaces. Bio-films are complex microbial 
communities which offer protection and provide essential growth requirements for L. So, 
biofilm prevention is an important control measure against proliferation of L because they are 
difficult to remove from complex piping systems. Biofilms offers poor biocide penetration 
and L in such surfaces are therefore difficult to control. 
 
Cases of LD have been reported in North and South America, Asia, Australia, New Zealand, 
Europe, and Africa. More than 80% of reported cases are sporadic through the year, while the 
rest occur during the summer and early fall (Rathore, 2007). Fig 2 shows the increase in 
reported cases of LD (Ricketts et al., 2007). Low temperature heating systems at temperatures 
40-45C offers an ideal situation LB growth.  

3. MORTALITY AND SURVIVAL 
The case–fatality rate is 5-30%  but can be as high as 80 % depending on risk factors such as 
age, cigarette smoking, alcoholism, and cancer (BRE, 2003). LD can strike at any age; Fig 3 
shows that LD tends to occur in the middle age and elderly though it is more common in over 
ages over 50 (Laurance, 2007). The LD infection rate is 2-3 times greater among men than for 
women (Desia et al. 1999  and Rathore, 2007). 

 

Figure 2. Total reported cases of Legionella 
diseases in contributed Europe countries 1993-
2006 



Figure 4.  Influence of different 
temperatures on Legionella growth 

4. WATER TEMPERATURE AND LEGIONELLA GROWTH 
LB proliferates and thrives in warm water and warm damp places (Bartram et al., 2007, Pond 
2005 and Konishi et al., 2006). The temperature of the water is probably the most important 
or perhaps the only determinant factor for multiplication of L. Fig 4, (Diederen, 2007, 
Bartram et al., 2007, Mathys et al., 2007, Konishi et al., 2006, Rathore, 2007 and Cooke, 
2004), shows that: 
 

The optimal growth temperature of LB is 20-
45°C. 
LB is dormant below 20°C, but still alive. 
LB is completely killed at temperatures above 
60°C (90% are killed within 2 min).  

 
There is little or no growth of bacteria below 20 ºC, 
but L will survive for long periods at low 
temperatures and proliferate when the temperature 
increases (Bartram et al., 2007). L is able to 
withstand temperatures of 50 °C for several hours 
though 90% are killed within 2 h (Cooke, 2004). At 
temperatures higher than 55°C there is a break 
point, but in some cases L strains have been 
isolated from hot-water systems up to 66 ºC. However, at temperatures above 70ºC they are 
destroyed almost instantly (Kima et al., 2002 and Bartram et al., 2007). Water systems are 
increasingly using water in the temperature range that enhances L growth. These systems can 
produce aerosols and thereby increasing spread of the LB. Fig 5 shows the high risks of LD 
outbreak in hot water systems at temperatures of 40-45, which are suitable for L multiply. 

  
Figure 5. Influence of different Temperatures on the growth of or exposure to Legionella in 

many complex water systems



Figure 6. Control methods for disinfection of 
water distribution systems. 

Figure 7. Time in minutes to kill 90% of the 
LB population.

5. PREVENTION OF LEGIONELLA RISKS 
Maintaining the temperature of hot and cold-water systems to prevent or minimize the growth 
of L is an important control measure to prevent the risk of L infection.  Water systems should 
(Bartram et al., 2007): 

Avoid temperatures between 25-45 °C to prevent L colonization. 
Ideally, maintain cold water below 20 °C. 
Ideally, maintain hot water above 50 °C. 

 
However, this is not possible always because of the nature of these systems i.e. control 
measures for reducing the proliferation of L must not increase the risk of scalding, particularly 
for children and elderly people (Bartram et al., 2007). 

6. TREATMENT METHODS 
There are several control methods available 
for disinfection of water distribution 
systems (Kima et al., 2002). The resistance 
of LB to disinfectants depends on the 
culture conditions (Cargill et al., 1992). 
Some methods have not always proven to 
give complete or permanent protection from 
recolonization of LB, but a combination of 
such methods may be the most effective 
way of managing water systems and 
preventing future outbreaks. These methods 
are classified into six groups according to 
the method’s principle and are listed 
according to how commonly used they are, 
Fig 6 (BRE, 2003): 
 

Thermal (super heat and flush) (59%) 
Biocide (45%) 
Ultraviolet light sterilization (9%) 
Copper-Silver ionization (5.3%) 
Ozonation (8%) 
Other method of control in water system (3%) 

Thermal disinfection (super heat and flush) 
No other method than thermal treatment (super 
heat and flush) provides complete elimination 
and permanent protection from re-colonization 
of L. Thermal disinfection is the most 
commonly method in terms of controlling L in 
hot and cold water systems. Fig. 7 shows that 
the time necessary to kill LB is reduced by 
increasing temperature (Bartram et al., 2007). 
Elevation of water temperature to 70-80°C 
kills off LB within seconds (Donald, 2007, 
Brundrett, 2003 and EPA, 2001). 
 



Biocide (Chlorination) 
Chlorination of water means raising chlorine levels in the system for one to two hours (EPA, 
2001). Continuous chlorination requires the addition of chlorinated salts to the water. 

Ultraviolet Light Sterilization 
Ultraviolet light sterilization kills L by disrupting cellular DNA synthesis (EPA, 2001).UV 
radiation has not been widely used in drinking water disinfection because it leaves no residual 
to provide protection against potential downstream contamination. It has, however, been 
widely used in wastewater disinfection though studies indicate that UV radiation alone is 
insufficient to control LB. Therefore, e.g. periodic chlorination and heat pasteurization are 
used along with UV radiation for effective L control (Kima et al., 2002). 

Copper-Silver Ionization 
Copper-silver ionization distorts the permeability of the L cell, denatures proteins, and leads 
to lyses and cell death (EPA, 2001). Use of copper and silver ions indicated that 0.003 mg/L 
of Ag+ was sufficient to control the growth of Legionella in circulating warm water but it was 
difficult to eradicate Legionella from taps and showers (Kima et al., 2002). 

Ozonation 
Ozone which cannot be purchased, must be generated on site by ozonators, has been widely 
used in Europe to kill LB (EPA, 2001). Since the ozone does not stay in water sufficiently 
long to provide a residual effect against potential contamination in the distribution system, 
chlorine can be added after ozonation to provide the residual effect (Kima et al., 2002). 

New Legionella Research at LTU 
A new technology, which imitates a biological system, is currently being tested at LTU. It is a 
thermal chock treatment method that requires 90% less energy than conventional thermal 
treatment methods. It eradicates LB within seconds and can be heated by solar, biofuel, gas, 
electricity etc. The expected applications for this technology include domestic hot water, 
water disinfection in warm climate, and pasteurization of milk. 

7. CONCLUSION 
LB which was first identified in 1976 thrives in different aquatic environments. LB growth is 
sensitive essentially to the water temperature. Biofilms supports and offer protection for LB to 
stay alive even through severe conditions. LD is an increasing problem around the world and 
the increasingly common use of low temperature water systems provide ideal conditions for 
L. It should be noted that L is much more common in poor countries and that most cases of 
LD are not reported. The treatment methods of filtration, ozonation, and ultraviolet radiation 
serve to clarify the water and reduce the organic load. However no other method than thermal 
treatment (super heat and flush) provides both complete elimination and permanent protection 
from re-colonization of L. Thermal shock treatment at 70-80oC for short periods (seconds) is 
the safest method to eliminate L. Improved surveillance for LD is essential for the rapid and 
timely control of disease outbreaks. 
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h i g h l i g h t s

� ABHE system can supply a continues thermal treatment of water with saving energy.
� Mathematical and experimental validation of ABHE performance are presented.
� EES-based model is developed to simulate ABHE system.
� Energy saving by ABHE is proved for different initial working parameters.
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a b s t r a c t

The work refers to an innovative system inspired by nature that mimics the thermoregulation system
that exists in animals. This method, which is called Anti Bacteria Heat Exchanger (ABHE), is proposed
to achieve continuous thermal disinfection of bacteria in hot water systems with high energy efficiency.
In particular, this study aims to demonstrate the opportunity to gain energy by means of recovering heat
over a plate heat exchanger. Firstly, the thermodynamics of the ABHE is clarified to define the ABHE spec-
ification. Secondly, a first prototype of an ABHE is built with a specific configuration based on simplicity
regarding design and construction. Thirdly, an experimental test is carried out. Finally, a computer model
is built to simulate the ABHE system and the experimental data is used to validate the model. The exper-
imental results indicate that the performance of the ABHE system is strongly dependent on the flow rate,
while the supplied temperature has less effect. Experimental and simulation data show a large potential
for saving energy of this thermal disinfection method by recovering heat. To exemplify, when supplying
water at a flow rate of 5 kg/min and at a temperature of 50 �C, the heat recovery is about 1.5 kWwhile the
required pumping power is 1 W. This means that the pressure drop is very small compared to the energy
recovered and consequently high saving in total cost is promising.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, global driving forces are searching for more efficient,
sustainable and economically viable technologies for energy con-
version and utilization [1]. The growing global concerns toward
providing water with high quality and simultaneously saving
energy and environment have stimulated research on new innova-
tive technologies. Bartram et al. proclaim that disease related to
unsafe water, poor sanitation, and lack of hygiene are some of

the most common causes of illness and death among the poor in
developing countries [2]. Since the first detection of Legionella (L)
in Philadelphia 1976, L is recognized to cause Legionellosis which
is associated with two distinct forms: Legionnaires’ disease (LD)
and Pontiac fever [3,4]. Transmission of L occurs mainly by inhaling
an infectious aerosol or by aspiration of contaminated potable
water, therefore LD are believed to infect people through water
systems that are linked to a variety of aerosol generating devices
and respiratory equipment [5–11]. The mortality rate of Legionel-
losis is in range of 5–30% but can be as high as 80% depending
on risk factors such as cigarette smoking, age and nosocomial
acquisition, and in immunocompromised patients [12,13].The fact
that vaccination against LD is not efficacious [14] makes the efforts
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toward developing technologies and inventing a new water disin-
fection system of great importance.

It is well known that L, which is ubiquitous and has the ability
to survive in water for extremely long periods of time, as a year,
frequently colonize water systems at temperatures of 20–50 �C
[15–17]. Therefore, temperatures are recommended to be main-
tained below 20 �C or higher than 50 �C. Practically, many coun-
tries have specified standards for control and minimization of L
in hot water systems (HWS). For example, EU guidelines, such as
those in UK, stipulate that each water heater should deliver water
at a temperature of at least 60 �C, and in the range of 50–55 �C at
tap outlets after 1 min of flushing to prevent the growth of L bac-
teria [6,10,17–19]. However, due to thermal stratification, heating
a water tank to 60 �C is not enough for complete disinfection of L in
HWS [17,20]. Numerous studies have been conducted showing
that, to achieve an effective thermal disinfection and to prevent L
re-contamination, superheating and flushing is frequently
required. Periodical superheating and flushing is done by heating
the hot water storage tanks to 70–77 �C for one hour followed by
flushing water through all the outlets, faucets and shower heads
for 20–30 min [21,22].

Numerous investigations on the efficiency of conventional dis-
infection methods in HWS, such as chlorine and ozone, have shown
that such alternative treatments except the thermal disinfection
method significantly reduce but do not eliminate pathogens from
free-living amoebae, protozoa and/or a biofilm [23–26]. This fact
explains the occurrence of L re-colonization in HWS within a few
days or weeks after disinfection [26–28]. However, using thermal
disinfection methods for controlling L is challenged by three fac-
tors; energy, health and environment, and water hygiene. In other
words, thermal disinfection method has the following
impediments:

� Heating water to at least 60 �C induces the risk of exposure to a
full-thickness third degree burn in 6 s or less especially for
younger and elderly people [29,30].

� Heating water is usually associated with thermal stratification
in hot water storage tanks driven by gravitational effect [31].
Some studies even intend to enhance stratification and have
employed this phenomenon to improve the efficiency of hot
water storage tanks [32–34]. In fact, even though water is
heated to approximately 70 �C in the upper part of the storage

Nomenclature

A effective area, m2

Ac cross area of a channel, m2

Ap projected area of a single plate, m2

B back thickness of PHE, mm
C heat capacity rate, W/K
Cp specific heat capacity, J/kg �C
cq constant for Nu equation
Cr heat capacity ratio
Dh hydraulic diameter, m
F correction factor
f fanning friction factor
G mass flux, kg/m2 s
h convection coefficient, W/m2 �C
I enthalpy, kJ/kg K
k thermal conductivity of water, W/m2 �C
L length of the plate (port to port), m
__m mass flow rate, kg/s
n number of channels
Np total number of plates
Npass number of passes
q constant for Nu equation
QH heat load in heater, kW
QR heat recovered, (regeneration), kW
T temperature, �C
u flow channel velocity, m/s
U total heat transfer coefficient, W/m2 �C
V volumetric flow rate, m3/sec
W width of the plate, m
p the wetted perimeter, m
pp pumping power, W
DTLMTD logarithmic mean temperature difference
DP pressure drop, kPa
DT1 temperature difference at one end, �C
DT2 temperature difference another end, �CP
DPNi distribution pressure drop, kPa

Greek symbols
a channel spacing, gap, m
d plate thickness, m
f0 f f1,0 friction factors

g pump efficiency
k thermal conductivity of a the plate, W/m �C
l dynamic viscosity of the fluid, kg/m s
lw dynamic viscosity at wall temperature, kg/m s
q fluid density, kg/m3

u plate inclination angle, rad

Subscripts
c cold water stream
g gravity
h hot water stream
h,i temperature of the inlet heater
h,o temperature of the outlet heater
m mean temperature
max maximum
min minimum
s supplied water temperature
t total
use temperature of water in use
w wall
a acceleration

Dimensionless numbers
Hg Hagen number
Nu Nusselt number
Pr Prandtl number
Re Reynolds number

Acronyms
ABHE anti bact heat exchanger
EES engineering equation solver
HWS hot water systems
L Legionella
L. pneumophila Legionella pneumophila
LD Legionnaires’ disease
NTU number of heat transfer unit
PHE plate heat exchanger
RR regeneration ratio
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tank, thermal stratification may lead to water at temperature
within the range of L survival at the bottom of the storage tank.
Then once the water is pumped to meet the heat demand dur-
ing the peak load, L will start to colonize the HWS.

� In the study of Martinelli et al. it is shown that the proportion of
Legionella pneumophila (L. pneumophila) detected in hot water
reservoirs was higher than that observed in hot water instanta-
neous devices [35]. Then instantaneous heating devices can
minimize but not eliminate L contamination since the hot water
will remix later with untreated cold water to avoid scalding.

� Heating water increase sanitary performance but simultane-
ously results in intensive energy consumption. One action to
decrease energy consumption is to raise the water storage tank
temperature to 60 �C by an electric heater only once every
10 days at an energy cost of approximately 180 kW h per
annum [10].

� The rapid population growth cause an intense increase in water
and energy demand which is unwelcoming the idea of continu-
ous heating water to a temperature of at least 60 �C for disinfect
L in HWS. The study of Zhou et al. described how the large pop-
ulation growth in China generates multiple accumulated prob-
lems in the water power sectors involving high energy
consumption, high emissions, high cost, daily and seasonal sev-
ere supply shortages [36].

� Heating water requires burn coal fuels, natural gas or electricity,
which is consequently increasing greenhouse gas emissions
[37]. For instance, in 2005 it was estimated that water-related
carbon emissions were approximately 290 million metric tons
[38]. In Australia, up to 28% of the greenhouse gas emissions
were from the operation of HWS in 1998 [39]. While in China,
due to the serious pollution emissions and environmental prob-
lems caused by high-energy consumptions with low energy-
efficiency, several policies and regulations to achieve energy
conservation and emission reduction were established [36,40].

� The vigorous global trend toward renewable energy resources
as well as promoting smart energy management and conserva-
tion has introduced low temperatures for heating and cooling of
buildings [40–42]. This low heating temperature seems to offer
an ideal habitat for potentially pathogenic bacteria such as L.

� Enhancing energy and environment conservation means apply-
ing procedures that can significantly increase the energy effi-
ciency of the systems. For example, a reduction of 5.6 �C will
decrease the energy consumption with 5% for electric and gas
water heaters. A reduction of 11.2 �C cuts energy use with
10% and 9% for electric and gas water heaters, respectively. This
reduction in heating temperature will result in an environment
with enriched L multiplications [43].

To conclude, HWS operating at 50–60 �C may contain a reser-
voir of population of L micro-organisms, and if the temperatures
fall by only a few degrees there could be a rapid growth rate of L.
pneumophila in the system after a short time of the disinfection,
leading to an increased risk of human infection [44]. Therefore,
those who aim to reduce hot water temperature to save environ-
ment, energy cost and prevent scalding, need to be aware of the
risks of water contaminations.

The current study presents the Anti Bacteria Heat Exchanger sys-
tem (ABHE) as a new thermal treatment method that is inspired by
nature. The ABHE system is a solution for all obstacles that usually
challenge thewide use of conventional thermal treatmentmethods.
The advantages of the proposed ABHE system over the traditional
thermal treatment method can be summarized as following

� The ABHE system can safely achieve thermal treatment of water
at different desired disinfection temperatures. Even if the disin-
fection temperature is chosen to be of 90 �C, there will be no

hazard of scalding since the high temperature will be recovered
by the cold-water stream supplied on the other side of a plate
heat exchanger (PHE). The heat exchange will occur inside the
ABHE system and the disinfected water will be supplied to
the customers at temperature of use with no scalding threats.

� The ABHE system can successfully increase the water sanitary
performance while recovering the waste heat through an effi-
cient regeneration unit.

� There is no thermal stratification in the ABHE system since the
water is not stagnant or accumulated in a storage tank. In ABHE
system the thermal treatment occurs continuously and not
periodically as in conventional thermal treatments.

� The heat recovery and energy saving which is inherent in ABHE
systems enables a reduction of fuel and electricity consumption
and consequently reduced fuel cost. The notable global popula-
tion growth encourages technologies such as the ABHE system
that can provide clean water, save energy, and reduce fuel
consumptions.

� The ABHE system can efficiently reduce the greenhouse gas
emissions because saving waste energy with the ABHE system
means saving a considerable portion of the required fuel.

� Using an ABHE system will enable low water temperature for
heating in HWS without the hazard of exposure to L. With the
ABHE system, the water will be fully disinfected and re-cooled
to the desired temperature in different HWS.

� In contrast to the instantaneous heating devices, which usually
heat small portion of water, the ABHE system is designed to dis-
infect all the water consumed by the users and feed it directly at
the temperature of use.

� The current design of the ABHE system use an electric heater in
the disinfection unit, while future work will promote the use of
renewable energy such as solar energy as an environmental
friendly heating resource.

� Instead of reducing hot water temperature to save energy, the
ABHE system can achieve L disinfection at temperature of
90 �C and at same time saving the energy by means of heat
recovery in PHE.

� The possibility of using different heating sources will broaden
the utilization of the ABHE system. The heat resource can sim-
ply be adjusted depending on the availability of fuel source that
will reduce the cost especially in developing countries.

� The design of the ABHE is flexible and can be adjusted for differ-
ent supplied and used water temperatures. The PHE enables
temperature differences between supplied and used water tem-
perature of �1 degree. For instance, the ABHE system can be
used in residential HWS, swimming pools, hospitals hotels, etc.

In this work, mathematical and experimental analyses of the
ABHE system are carried out. The main purpose of the proposed
system is to reduce energy consumption by means of recovering
the heat alongside the regeneration unit. In this way, part of the
energy that is required to achieve thermal disinfection is recovered
by the PHEs while the other part, depending on the desired disin-
fectant temperature, is consumed by an electric heater located in
the disinfection chamber.

2. Working principle of the ABHE system

The current study introduce the ABHE system as a new technol-
ogy (Patent SE.No. 0901111-5) [45] inspired by nature and imitates
the thermo-regulation process of the counter-current heat
exchange that exist in some animals adapted to living in cold
regions. Every technology inspired from nature possesses a supe-
rior and perfect design. Thus, numerous examples of how engi-
neers extract useful ideas from nature and then apply them to
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problems are well established [46–48]. Phil Gates expressed that
the best inventions are copied from, or already in use by, other liv-
ing things [49]. The very effective regenerative heat exchangers
that exist in the blood vessel system of human beings, bird’s legs
such as herons, fish, and marine mammals play a vital role in min-
imizing heat loss and in conserving the body warm in cold climate
[50,51]. For instance, while the core body temperature of a duck
standing on ice is close to 37 �C, the bird’s feet may be just above
the freezing point 0 �C. This is because the arteries and veins are
working in tandem to retain the heat, the warm arterial blood that
flows to the feet warms up venous blood that is flowing back to the
body.

2.1. Description of ABHE

The ABHE system imitates the heat recovery system in the
blood vessel of animals. The disinfection process of the ABHE sys-
tem involves heating the water to a specific temperature for a
specific time. As described earlier, temperature plays the key role
in controlling the existence and growth of L in HWS. Fig. 1(left),
shows that L frequently colonize HWS at temperatures of 20–
50 �C with an optimal range of 32–42 �C, while at 70 �C they are
killed instantly. This explains the possibility of controlling L by
carefully monitoring the temperature in all water system [28].
Fig. 1(right) shows the decimal disinfection time of L at different
temperatures. Faster disinfection can be achieved at higher tem-
perature while lower temperature requires longer time.

The heat recovery in the ABHE system is carried out by a very
efficient PHE representing the regeneration unit while L thermal
disinfection is done in the electric heater that represents the disin-
fection unit. The working mechanism of the ABHE system is illus-
trated in the schematic diagram displayed in Fig. 2. The supplied
cold water at Ts is heated up by the hot water coming from the
water heater Th,o which is consequently cooled down to reach the
desired temperature of use, Tuse. In the disinfection unit, a fraction
of energy is added to elevate the water temperature from the inlet
heater temperature Th,i to the desired disinfection temperature Td.
The recovery of waste heat is inherent in the ABHE system because
of the PHE structure features. Indeed, the higher the heat transfer
coefficient is in the PHE the lower is the temperature difference,
i.e. Ts can approach Tuse with possible difference of 1 �C [31].

2.2. Description of PHE

Conservation of thermal energy using heat exchangers is of vital
importance in sustainable development [53]. The current study
intensively concerns the performance of the PHE because it repre-
sents the regeneration unit where the waste heat can be recovered.
Since the first operational PHE invention in 1923 until recently,

PHEs are used extensively in the process of food pasteurization.
The principal advantages of such units are flexibility of flow
arrangements, extremely high heat transfer rates, and ease of
cleaning and sterilization to meet healthy and sanitary require-
ments [54]. The success of the PHE is a consequence of its unique
and competitive set of advantages over other kinds of traditional
heat exchangers such as the significant reduction in installation
space requirement and the extreme heat transfer rates. For
instance, the brazed PHE consists of a pack of pressed stainless
steel plates held together by brazing with copper under vacuum.
This simple design results in a light, compact, and cost effective
heat exchanger. These features boost is used for process water
heating, heat recovery and district heating systems. Table 1, shows
that PHEs are very competitive and can offer several advantages
over the traditional shell and tube heat exchanger [55]. For exam-
ple, the close approach temperature difference operation makes
the system more energy efficient, and this economic incentive is
further supplemented by the much smaller space needed for the
PHEs as compared to shell and tube heat exchangers [55].

Furthermore, the thermal hydraulic performance of the PHE is
strongly promoted by the corrugation patterns, which exist on
the adjoining plates. These corrugations interrupt the flow pas-
sages, enhance convective heat transfer coefficient, increase the
effective surface area for the heat transfer, cause disrupting bound-
ary layers, promote swirl flow and decrease fouling characteristics.
In addition to corrugation patterns, a chevron type configuration
enhances the heat transfer characteristics of the fluid flow [56–
59] as can be seen in Fig. 3.

3. Methodology

The main purpose of this study is to evaluate the performance
of the ABHE system. To fulfill this purposes, a prototype of an ABHE
system have been built. A number of 18 experimental runs were
carried out for a water-water single-phase and counter-current
flow arrangement in order to investigate the influence from sup-
plied temperatures and flow rates on the thermal and hydraulic
performance of the ABHE. In addition, the experimental data were
used to validate an Engineering Equation Solver (EES) model that
was built to simulate the performance of the ABHE system. The
EES model was then used to mimic the ABHE system at different
operation conditions. The structure of the EES model is illustrated
in Fig. 4. This methodology allows a better understanding of the
performance of the ABHE system under varying operation condi-
tions. In addition, the EES model enables studies of additional oper-
ation setups without doing experiments. Thus, the EES model was
used to calculate the pressure drop and required pumping power.

Fig. 1. L decimal disinfection time against temperature (right). Growth of L for various temperatures (left) [52].
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4. Mathematical modeling of the ABHE system

To analyze the performance of the ABHE system, mathematical
models were derived for both the regeneration unit and the disin-
fection unit. To do this the following assumptions have been made

� Steady state operation.
� Heat loss to the surrounding is neglected.
� Uniform distribution of flow through the channels of pass.
� Fluids with Newtonian behavior.
� There is no phase change in any water streams.

4.1. Regeneration unit

The thermal model of water-water PHEs of a single pass and
counter-current flow arrangement was calculated as described by
Wang et al. [31]. The heat recovered from hot to cold water within
the regeneration unit is given under the previous operation
assumptions by the expression

QR ¼ Cc � ðTh;i � TsÞ ¼ Ch � ðTh;o � TuseÞ ð1Þ
Since the mass flow is equal on both cold and hot water side, one
finds

Ch ¼ Cc ¼ ð _m � CpÞh ¼ ð _m � CpÞc ð2Þ
Then the heat capacity ratio Cr may be written as

Cr ¼ Cmin

Cmax
¼ Cc

Ch
¼ Ch

Cc
¼ 1 ð3Þ

Fig. 2. Schematic diagram of the ABHE system used for L disinfection in HWS.

Table 1
Comparison of PHEs and shell and tube heat exchangers (from Plate Heat Exchanger:
Design, Application and Performance, WIT Press, 2007, page 9) [55].

Specification Gasket PHE Shell and tube

Approach DT �1 �C �5�C
Heat transfer

ratio
�3–5 1

Maximum
pressure

300 bar 60 bar

Temperature
range

�25 to 600 �C In excess of 650 �C

Fluid limitation Subject only to
material of
construction

Subject only to material of
construction. Not suitable for
fouling duties.

Operating
weight ratio

1 �3–10

Space ratio 1 �2–5
Multiple duty Possible Impossible
Welds None Welded
Leakage

detection
Easy to detect Difficult to detect

Disassembly
time

�15 min �60–90 min

Repair Easy to replace plates
and gaskets

Requires tube
plugging = decreased capacity

Thermal size
modification

Easily achieved by
adding or removing
plates

Difficult

Fouling ratio �0.1–0.25 1
Normal size

ranges for
individual
units

10 to 1000 m2 (per
shell, multiple shells
can be used)

>1000 m2

Thermal size For the same effective heat transfer area, PHEs weight and
volume are �30% and 20% respectively less than Shell and
tube due to high heat transfer coefficient in PHEs.

Heat recovery Up to 90% heat recovery in PHEs compared to 50%
recovery for shell and tube heat exchanger

Fig. 3. Chevron-type heat exchanger plate, the angle u and two flow patterns [62].
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The heat regeneration which is given in Eq. (1), can also be calcu-
lated by the following expression

QR ¼ U � A � DTLMTD � F ð4Þ
The total heat transfer coefficient U can be calculated depending on
the temperature of the fluid, the flow pattern, the fouling factors,
the thickness of the plate wall between the two streams and its
thermal conductivity. The total heat transfer coefficient is then
given by Eq. (5),

U ¼ 1
1
hh
þ d

k þ 1
hc

ð5Þ

The thermal properties in both the hot and the cold water
streams are evaluated for the mean temperature as

Tm;h ¼ Tuse þ Th;o

2
and Tm;c ¼ Ts þ Th;i

2
ð6aÞ

The plate wall temperature was considered as the average tem-
perature of the cold and hot water streams on both sides as

Tw ¼ Ts þ Tuse þ Th;i þ Th;o

4
ð6bÞ

The Logarithmic mean temperature difference between the
plate wall and water is defined as

DTLMTD ¼ DT1 � DT2

ln DT1
DT2

ð7Þ

From energy conservation and in counter-current flow arrange-
ment when Ch = Cc one can see that Th,i–Ts = Th,o–Tuse and conse-
quently Th,o–Th,i = Tuse–Ts. Hence, by finding the limit of Eq. (7),
when DT1 =DT2, the arithmetic mean temperature difference
becomes [31]

DTLMTD ¼ DT1 ¼ DT2 ¼ Th;o � Th;i ¼ Tuse � Ts ð8Þ

For the case of a single pass and counter-current flow arrange-
ment the correction factor F = 1 [31].

The effective heat transfer area in PHEs can be obtained by mul-
tiplying the projected area of a single plate Ap =w�L by the total
number of plates as follows

A ¼ ðNp � 2Þ � Ap ð9Þ
Two plates are subtracted from the total number of the plates

because the first and the last plates have fluid only on one side
so that they are not effective in transferring heat [38].

By using the Logarithmic mean temperature difference method,
which is widely employed for design PHEs, the same heat flow
given in Eq. (1), can be given by

U � A � DTLMTD � F ¼ ðNP � 2Þ � U � Ap � DTLMTD � F
¼ ChðTh;o � TuseÞ ¼ CcðTh;i � TsÞ ð10Þ

To determine the required area of the PHE, the total heat trans-
fer coefficients must be calculated. The dimensionless numbers Re,
Pr and Nu for a single-phase flow in the counter-current flow
arrangement of PHEs can be obtained from

Pr ¼ Cp � l
k

ð11Þ

Re ¼ q � u � Dh

l
ð12Þ

Nu ¼ h � Dh

k
ð13Þ

The flow velocity u in a single channel can be expressed as

u ¼ G
q

ð14aÞ

u ¼ _m
Ac � n � q ð14bÞ

The number of channels n in the hot and the cold water streams
in PHE can be given by

nh ¼ NP � 2
2

ð15aÞ

and

nc ¼ NP

2
ð15bÞ

The hydraulic diameter Dh is defined as [43]

Dh ¼ 4 � Ac

p
ð16aÞ

Here, P is the wetted perimeter. For a rectangular cross section,
P = 2a + 2w, Ac is the flow cross area and defined as Ac = a � w. Then
the hydraulic diameter can be defined as

Dh ¼ 2 � ða:wÞ
ðaþwÞ ð16bÞ

If a�w, then the hydraulic diameter can be considered as
Dh � 2a. In case the flow is laminar Re < 2000, the factors f0 and
f1,0 are given by [35,56]

f0 ¼ 64
Re

ð17Þ

f1:0 ¼ 597
Re

þ 3:385 ð18Þ

While, if the flow is turbulent Re P 2000, then the factors f0 and
f1,0 can be given by

f0 ¼ 1

ð1:8 lnðReÞ � 1:5Þ2
ð19Þ

Fig. 4. Structure of the EES model designed to simulate the ABHE system.
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f1:0 ¼ 39
R0:289
e

ð20Þ

The friction factor f is obtained from

1ffiffiffi
f

p ¼ cosu

0:18 � tanuþ 0:36 � sinuþ f0
cosu

� �0:5 þ 1� cosuffiffiffiffiffi
f1

p ð21Þ

Where the factor f1 is given by

f1 ¼ 3:8 � f1;0 ð22Þ
The dimensionless Hagen number (Hg) has proven to be very

useful and works for both natural and forced convection flow.
Depending on the physical properties of water, Hg is defined by

Hg ¼ f � R2
e

2
¼ q

DP
L

� �
� D3

h

l2

 !
ð23aÞ

When Re 6 2300, Hg number reads simply as

Hg ¼ 32Re ð23bÞ
Then, Nusselt number is obtained as following

Nu ¼ cqP
1=3
r ðl=lwÞ1=6½2Hg � sinð2uÞ�q ð24Þ

The arithmetic and geometric mean values of the constants cq
and q are 0.122 and 0.374 respectively [56].

4.1.1. Hydraulic modeling
The pressure drop is directly related to the size of the PHE.

Higher pressure drop means that more energy is consumed by
the water pump. Practically, there is an opposite interest during
the process of PHE design. The process engineers prefer to keep
the pressure drop as small as possible to reduce pumping cost,
while heat exchanger designers aim to minimize heat transfer area
which is often achieved by relative higher pressure drop. The total
pressure drop can be calculated by [31]

DPt ¼ DPf þ DPg þ DPa þ
X

DPNi ð25Þ

DPf ¼ 2 � f � q � u2 � L
Dh

¼ 2 � f � L
Dh

� �
� G2

q

 !

X
DPNi ¼ 1:5 � G2

2q

 !
� Npass

DPg ¼ 	q � g � L

ð26aÞ

The total pressure drop DPt is the sum of several fractions of
pressure drop. Hence, DPf is the frictional pressure drop, DPg is
the pressure drop due to the gravity and

P
DPNi is the sum of all

other pressure losses due to inlet and outlet flow distribution.
The pressure drop due to flow accelerationDPa is usually negligible
for single-phase flows [31]. The ‘þ’ sign is for vertical up flow and
the ‘�’ sign is for vertical down flow. The fanning friction factor
value can be given by the empirical correlation depending on the
plate surface corrugation pattern, Re, and the fluid properties.
The fanning friction factor for chevron plates of 45� may be
expressed as

f ¼ 0:3025þ 91:75
Re

1800 > Re > 150

1:46R�0:177
e 30;000 > Re > 1800

(
ð26bÞ

Practically, to determine the number of plates needed depends
on many parameters such as physical properties of fluids, flow
channel velocity, channel geometry, allowable pressure drop, plate
spacing, plate thickness, plate size and plate material. Fig. 5 shows
that to obtain an appropriate number of plates at a specific heat
duty, several iterations must be made before the final acceptable

design is determined. The design of the EES model, described in
Fig. 4, was based on the schematic diagram presented in Fig. 5.
In the EES model, to obtain a proper number of plates in the PHE,
the estimated value of the total heat transfer coefficient Q should
equal the calculated value. The calculated value of the total pres-
sure drop should, in its turn, be smaller than the maximum allow-
able pressure drop in the PHE.

4.1.2. Pumping power
Power must be supplied to the pump to drive the flow through

the PHE at a certain flow rate. A reduction in pumping power
results in less capital and operational costs [31]. The pumping
power is proportional to the PHE pressure drop and can be defined
by [1,43]

pp ¼ VDP
g

¼ _mDP
qg

ð27Þ

The volumetric flow rate can be calculated from (V ¼ _m=q). A
smaller proportion of the pumping power to the recovery heat
means a better performance of the ABHE system. If the ratio is
insignificant, then the total PHE surface area will be the only design
factor [60]. In addition, fouling can cause a noticeable increase in
the pressure drop and consequently an increase in the required
pumping power which causes an increase of the operation cost
[31,61]. Fouling and corrugation on adjoining plates have an oppo-
site effect on the PHE performance as shown in Fig. 6.

4.2. Disinfection unit

In the current work an electric heater is used in the disinfection
unit to elevate water temperature to the desired disinfection tem-
perature. The heat load is defined by the following

QH ¼ _mðIo � IiÞ ð28Þ
That Io and Ii are the enthalpy of the water at the outlet and inlet

of the heater, respectively. In ABHE system the water flow rate is
the same in both hot and cold water streams. The heat regenera-
tion ratio RR indicates the energy saving in ABHE system and can
be defined by

RR ¼ QR

QR � QH ð29Þ

5. Experimental equipment description (setup)

A prototype of an ABHE has been built and designed to test the
performance of the ABHE system under different operation condi-
tion. Fig. 7, shows the schematic of the experimental setup which
mainly consists of two units. Firstly, the regeneration unit that is
built from a pack of 30 compact plates made of 316 stainless steel
with a 45� chevron pattern to promote turbulence. The PHE is of
type IC8T 
 30H/1P and typically used in single family houses con-
nected to district heating. Secondly, the disinfection unit comprises
a standard insulated cylinder boiler with an electric heater of
capacity 3 kW. In this unit, intensive energy is added to elevate
water temperature to the desired disinfection temperature Td =
Th,o. The pipes used in the system are made from copper and has
a diameter of 22 mm. Primarily one circulation water pump was
added to the ABHE device to avoid fluctuations in the flow rates.
However, the chosen water pump did not have the ability to con-
trol the flow rate and, therefore, the flow rate was controlled via
a tap water feeder. So, the water pump effect is not a factor in
the experimental setup. A water tank was supplied to the proto-
type to diminish the fluctuation of water flow rate throughout
the experiment process. Flow rate measurements were carried
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out by measuring the weight of the water as a function of time. No
pressure sensor was used. However, the pressure drops in the hot
and cold side were estimated with the EES model. Four ther-
mostats (temperature gauges) were logged internally and used to
record water temperatures in 4 locations; supplied water Ts, water

in use Tuse, inlet heater Th,i and outlet heater Th,o. The main purpose
with the experiments is to evaluate the effect of different operation
conditions on the heat recovery in the PHE and consequently the
effectiveness of the ABHE system in both disinfecting L and saving
energy compared to the conventional thermal treatment methods.

Fig. 5. Schematic diagram for obtaining the required number of plates in PHE.

Fig. 6. Effects of fouling and corrugation on PHE performance.
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In the ABHE system, the heat is exchanged in PHE between the hot
and cold water streams. Water in each side has specific thermal
properties in term of temperatures, pressure drop, convection heat
transfer coefficient, etc. In each run during the experimental test,
the supplied water temperature and flow rate were listed when
steady state conditions were reached.

The geometry parameters of the single pass PHE IC8T type, and
the specification of the PHE used in the experiment are defined in
Table 2. All data including the PHE dimensions, working operation
specification and number of plates in both cold and hot sides was
established from the technical documents taken from the manu-
facturer company of the PHE. Table 2, shows the flow arrangement
on both hot and cold water streams where the hot side exchanges
the heat with the cold side.

6. Experimental test

The performance of ABHE system was tested in the experiment
by using three levels of flow rate at three different supplied water
temperatures for a total of 18 runs. A single pass of water-water
counter-current flow arrangement with total of 30 plates, 15 plates
on the cold side and 14 plates on the hot side are carried out in the
experiment. Water flow rate in range 3–12 kg/min was tested and
the supplied water temperature was varied in range of 4–50 �C. A
circulation water pump was added initially to the ABHE device
but excluded later because it did not have the ability to control
the flow rate. The flow rate was controlled via tap water feeder.
Therefore, the water pump effect does not exist in the experimen-
tal analyses. The experimental results are taken after the flow rate
and supplied temperature had reached steady state at different
scenarios. By using the EES model, simulations of ABHE were
achieved. EES model was used to determine the required pumping

power. The model was also used to show the effect of flow rate on
the pumping power for different supplied water temperatures.

7. Results and discussion

By using the ABHE prototype (see Fig. 7), the experiment was
conducted for 18 runs at flow rates in the range of 3–12 kg/min
and for supplied water temperatures in the range of 4–50 �C. The
experimental results were used to validate the developed EES
model. Results from the experiment and the EES model at the same
initial operation parameters are listed in Table 3.

A comparison between the measured values of the inlet heater
temperature Th,i and the calculated ones obtained by the EES model
are displayed in Fig. 8. As shown, the experimental data is consis-
tent with the results obtained by using the EES model. Conse-
quently, the developed EES model can safely be used to simulate
the ABHE for other working parameters or other setups that are
not studied experimentally such as pressure drop and pumping
power.

Analyses of the experimental data as well as the results
obtained with the EES model show that parameters such as water
flow rate and supplied water temperature affect the thermal per-
formance of the ABHE. Fig. 9 shows the effect of the water flow rate
on the total heat transfer coefficient of the PHE at different sup-
plied water temperature. As shown in Fig. 9, the total heat transfer
coefficient is strongly influenced by the flow rate. This is because
the flow pattern in the PHE (e.g., laminar or turbulent flow)
depends on the speed of the fluid which is increased by increasing
the flow rate through the PHE. On the other hand, the total heat
transfer coefficient of the PHE is slightly increased with increased
supplied water temperature. This is due to the fact that increasing
the water temperature results in changing the thermal properties

Fig. 7. Schematic of the ABHE system tested experimentally (left) by the prototype (right).
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of it and, consequently, enhances the heat transfer. However, the
flow rates have a more significant effect on the total heat transfer
coefficient than the supplied water temperature.

From the definition of the heat recovery, one can expect that the
flow rate affects the total heat transfer coefficient and the heat
recovery of ABHE in a similar manner. As shown in Fig. 10, increas-

Table 2
Main characteristic dimensions, flow arrangement and specification of the water-water PHE IC8Tx30H/1P used in ABHE experimental test.

Characteristic IC8T plate

Plate length (port-to-port), m 0.278
Plate width (available to flow), m 0.073
Plate thickness, m 0.0006
Mean channel spacing, m 0.0018
Port diameter, m 0.016
Total heat transfer area, m2 0.644
Plate material AISI 316
Thermal conductivity, W/m �C 0.667
Back thickness, m 0.0717
Number of passes 1

Specification Measurements (mm) Tolerance

Max working pressure 16 bar A 315 ± 2
Min/max temperature, �C 0/135 B 73 ± 1
Max number of plates 40 C 278 ± 1
Total number of plates 30 D 40 ± 1
Number of plates in cold side 15 E 12.1 ± 1
Number of plates in cold side 14 F 2 + 2.24 
 (NP � 2) ± 0.005
Hold-up volume: inner circuit (NP/2 � 1 1) 
 0.039L G 7 ± 1

R 16

Table 3
Results of the experimental test and comparison the inlet heater temperature by the experimental test and the EES model. Pressure drop and pumping power by EES model.

Experimental test EES calculations

Run Flow rate kg/min Temperature, �C Th,i, �C DP, kPa PP, W

Hot side Cold side

Th,o Tuse Ts Th,i

1 3.275 59.1 18.5 5.4 45.99 46.4 10.17 0.7724
2 3.25 59.2 18 5.4 46.59 47.2 10.17 0.7665
3 5.925 32.1 11.9 4.8 25 25 10.28 1.4076
4 5.9 32.1 11.8 4.8 25.1 25.1 10.28 1.4007
5 9.95 17.9 8.5 4.4 13.79 13.7 10.42 2.393
6 10.02 17.7 8.4 4.4 13.69 13.6 10.42 2.4096
7 3.7 72.6 38.8 27.5 61.3 62.2 10.1 0.8724
8 3.72 73.4 38.9 27.5 62 62.8 10.1 0.8771
9 5.475 55.2 36.3 30.2 49.1 49.4 10.16 1.2946
10 5.525 60.5 38.4 31.2 53.3 53.9 10.14 1.3063
11 12.07 43.1 34.2 30.3 39.2 39.5 10.32 2.8927
12 12.07 43.3 34.5 30.7 39.5 39.9 10.32 2.8927
13 7.125 78.3 59.5 53.6 72.41 73.4 10.05 1.6858
14 7.175 77.6 59.4 53.7 71.91 72.8 10.06 1.698
15 8.4 73.5 59.2 54.1 68.41 69.4 10.09 1.9917
16 8.4735 73.1 58.9 54 68.21 69 10.09 2.0096
17 11.52 68.4 58.9 55.2 64.7 65.2 10.16 2.7474
18 11.56 68.5 58.9 54.9 64.5 65.5 10.16 2.7571
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ing the flow rate results in increased the heat recovery. However,
Figs. 9 and 10, show that supplied water temperature affects the
total heat transfer coefficient and heat recovery in opposite way,
i.e. higher supplied water temperature results in higher total heat
transfer coefficient and lower heat recovery and vice versa.

The supplied water temperature affects the value of the DTLMTD,
which has a direct influence on the value of the heat recovery in
the PHE. Fig. 11, shows that lower supplied water temperature
leads to a higher value of DTLMTD that decreases the total heat
transfer coefficient and increases the heat recovery in the PHE.
By the EES model and for a given disinfection temperature (i.e.
Th,o = 80 �C) at the PHE surface area given in Table 2, increasing
the supplied water temperature leads to a reduce in DTLMTD, value
as illustrated in Fig. 11. In this way, the reduction in the heat recov-
ery due to increasing supplied temperature in Fig. 10, can be
justified.

As shown earlier, ABHE can achieve thermal disinfection of L
and in same time reduce energy consumption by means of heat
recovery in PHE. However, adding PHE to the system leads to an
increase in pumping power due to the increased pressure drop.
The next analysis, therefore, aims at finding the overall assessment
of the PHE design. This can be fulfilled by comparing the benefit of
adding the ABHE (in term of heat recovery) with disadvantage of
using PHE (in term of pumping power). Fig. 12, shows the recov-
ered heat QR versus the required pumping power at different sup-
plied water temperatures. It is worth to mention that a proper
design of the PHE results in a smaller required pumping power
compared to the recovered heat. A small value of pumping power
means a small pressure drop which lead to an efficient perfor-
mance of the PHE. As shown in Fig. 12, it is obvious that the
required pumping power is much smaller than the heat recovery

Fig. 8. Comparison between the inlet heater temperatures value as derived from experimental test and EES model.

Fig. 9. Total heat transfer coefficient in PHE for different supplied water temper-
atures �C at different flow rates.

Fig. 10. Heat recovery in PHE for different supplied water temperature �C at
different flow rates. Fig. 11. DTLMTD in PHE as a function of the supplied water temperature.
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and, thus, adding the ABHE system is of great advantage in term of
energy saving.

The significant results of the current work can be summarized
as following:

� Since the PHE has a fixed area and the heat transfer occurs
within the same fluid (water-water), the temperature difference
between the hot and cold sides is a function of the heat added
by the electric heater. In this experiment, the heater is setup
at constant power meaning that the water is heated less with
increasing flow rates. Future studies may instead consider a
fixed temperature, equal to the desired disinfection tempera-
ture, at the outlet of the heater. The PHE may then be designed
for specific flow rates, supplied water temperatures and tem-
perature in use.

� From the experimental study, flow rate and supplied water
temperature appear to be the main factors that impetus the per-
formance of the ABHE system.

� Higher flow rates enrich the turbulent flow which enhances the
heat exchange and results in higher heat recovery and higher
total heat transfer coefficient. However, increasing the flow rate
also results in an increased pressure drop which consequently
increases the consumed energy by the water pump to provide
steady flow rates.

� Higher supplied water temperature enhances the total heat
transfer coefficient, which results in reduced DTLMTD value and
consequently, reduces the benefit of ABHE in term of heat
recovery.

� The optimal design of the PHE and consequently the ABHE sys-
tem can be organized by means of adjusting the flow rates
within the range that provide better performance of the PHE
while avoiding unwelcoming increase in pressure drop.

� The maximum value of heat recovery is achieved at high flow
rates and low supplied water temperatures.

� The supplied water temperature has no significant effect on the
value of the total heat transfer coefficient.

8. Conclusion

ABHE is an energy efficient technology inspired by nature and
used to achieve both L disinfection in HWS and energy savings
by means of heat recovery. The ABHE system is mainly composed
of a regeneration unit (PHE) and a disinfection unit (heater). The
current study presents an experimental test to evaluate the perfor-
mance of the ABHE and the effectiveness of the PHE in terms of

heat recovery at different supplied water temperatures and differ-
ent flow rates. An Engineering Equation Solver (EES) model was
derived and validated to simulate the ABHE system at steady state
conditions. The built model was then used to evaluate the perfor-
mance of the ABHE system in terms of heat recovery, effectiveness,
pressure drop and required pumping power at any given working
parameters.

As result, the experimental tests and EES model show a high
potential of recovering heat and hence saving energy. The effect
of changing supplied water temperature on the total heat transfer
coefficient and heat recovery was not significant. The flow rate has
the greatest influence on the ABHE performance. The total heat
transfer coefficient increases with increasing flow rates. In addi-
tion, the pumping power is relatively small compared to the recov-
ered heat implying that less energy is required to overcome the
pressure drop in the PHE as compared to the gain in heat transfer
and consequently less operation costs.

Compared to other periodical thermal treatment methods, the
ABHE can successfully achieve continuous disinfection of L in
HWS and simultaneously save energy by recovering the waste heat
alongside the PHE. The proportion of energy required in the disin-
fection unit can be supplied from different energy resources such
as electric and solar energy.

The performed study shows great potential of utilizing the
ABHE system in different applications. ABHE is an environmental
friendly technology, safe, stable and offer enhanced energy conser-
vation, reduced emissions, reduced costs as well as supplying clean
water with high-quality. Future studies could concern utilizing dif-
ferent renewable energy resources as heat source in the disinfec-
tion unit and define the life-cycle energy requirements of
different heating sources such as gas, electric, solar or a combina-
tion of them. Also, the application of the proposed ABHE system in
a real HWS such as swimming pools, residential and commercial
buildings would be of interest in future studies as well as using
Computational Fluid Dynamic (CFD) models for exploring the
ABHE performance at different initial operation conditions.
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Abstract 

The objective of the current study is to analyze the effect of different working parameters on the 

thermal performance of the Anti-Bact Heat Exchanger system (ABHE). The ABHE system is 

inspired by nature and implemented to achieve continuous disinfection of Legionella in 

different human-made water systems at any desired disinfection temperature. In the ABHE 

system, most of the energy is recovered using an efficient plate heat exchanger (PHE). A model 

by Engineering Equation Solver (EES) is set-up to figure out the effect of different working 

parameters on the thermal performance of the ABHE system. The study shows that higher 

supplied water temperature can enhance the regeneration ratio (RR), but it requires a large PHE 

area and pumping power (PP) which consequently increase the cost of the ABHE system. 

However, raising the temperature in use results in a reduced PHE area and PP, which 

accordingly reduce the cost of the ABHE system. On the other hand, the EES model is used to 

study the effect of the length and the width of the plates used in the PHE on the RR and the 

required area of the PHE. Finally, taking into account the geometrical parameters, flow 

arrangement and the initial operating conditions of the PHE, the EES model is used to optimize 

the PHE in which its area is minimized, and the RR of the ABHE system is maximized. 

 

Keywords: Legionella; thermal disinfection; simulation; thermal performance; plate heat 

exchanger



 

 

Nomenclature 
 
A effective area, m2 
Ac cross area of a channel, m2 
Ap projected area of a single plate, m2 
B back thickness of PHE, mm 
C heat capacity rate, W/K 
Cp specific heat capacity, J/kg.oC 
cq constant for Nu equation 
Cr  heat capacity ratio  
Dh hydraulic diameter, m 
F correction factor 
f fanning friction factor  
G mass flux, kg/m2.sec 
h convection coefficient, W/m2.oC 
I enthalpy, kJ/kg.K 
k thermal conductivity of water, 

W/m2.oC 
L length of the plate (port to port), m 
m mass flow rate, kg/sec 
n number of channels  
Np total number of plates 
Npass number of passes 
q constant for Nu equation 
QH heat load in heater, kW  
QR heat recovered, (regeneration), kW 
T temperature, oC 
u flow channel velocity, m/sec 
U total heat transfer coefficient, 

W/m2.oC 
V volumetric flow rate, m3/sec 
W width of the plate, m 
p the wetted perimeter, m 
pp pumping power, W 

ΔTLMTD logarithmic mean temperature  
 
ΔP pressure drop, kPa 
ΔT1 temperature difference at one end, 

oC 
ΔT2 temperature difference another end, 

oC 
∑ΔPNi distribution pressure drop, kPa 
 
Greek symbols 
α channel spacing, gap, m 

δ Plate thickness, m 
ζ0 ζ ζ1,0 friction factors 
η pump efficiency 
λ thermal conductivity of a the plate, 

W/m.oC 
μ dynamic viscosity of the fluid, 

kg/m.sec 
μw dynamic viscosity at wall 

temperature, kg/m.sec 
ρ fluid density, kg/m3 
φ plate inclination angle, rad 
 
Subscripts 
c cold water stream 
g gravity 
h hot water stream 
h,i temperature of the inlet heater 
h,o temperature of the outlet heater 
m mean temperature 
max maximum 
min minimum 
s supplied water temperature 
t total 
use temperature of water in use 
w wall 
α acceleration 
 
Dimensionless numbers  
Hg Hagen number 
Nu Nusselt number 
Pr Prandtl number 
Re Reynolds number 
 
Acronyms 
ABHE anti bact heat exchanger 
EES engineering equation solver 
HWS hot water systems 
L Legionella 
L. pneumophila Legionella 
pneumophila 
LD Legionnaires’ disease 
NTU number of heat transfer unit 
PHE plate heat exchanger 
RR regeneration ratio 
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1. Introduction 

Providing clean water, saving energy and environment is universal challenges affecting people 

throughout the world. Problems of water scarcity, waterborne disease, energy source shortage and 

environmental pollution are expected to become worse in the coming decades. Approximately 

3.1% of annual deaths and 3.7% of the annual health burden worldwide are attributed to unsafe 

water, sanitation and hygiene [1]. During the last decades, waterborne pathogens had a 

devastating effect on public health due to emerging new infectious agents that drive efforts to 

decontaminate waters previously considered clean [2]. Legionella (L) is an important waterborne 

bacterium that poses a significant health risk to people exposed to the organism in aerosolized 

water droplets from contaminated water systems [3]. The discovery of Legionnaires' disease 

(LD), deadly pneumonia [4-6], has proven that all aquatic environments can be contaminated by 

this ubiquitous Gram-negative rod. The study by Rogers et al. (1994) showed that up to 85% of 

the warm water systems might contain this pathogen [7]. 

Various disinfection methods against L involving ozone, chlorine, copper-silver ionization, 

thermal and UV systems were established and tested in terms of corrosion, cost, safety, and 

utility [8-10]. Except for thermal disinfection, Thomas et al. (2004) observed a rapid re-

colonization by L after stopping all types of treatment methods. L recovered to the initial 

concentration in the water and the biofilm within 4-5 days [11]. While Protozoa plays the 

significant role in the transmission of this bacterium, the Acanthamoeba cysts together with the 

biofilm can protect it for long periods from the action of the disinfectants [12]. This embedded 

community explains the limitation of the conventional disinfection methods and the occurrence 

of re-colonization in water systems within days or weeks. Therefore, disinfecting water has 

become increasingly more challenging especially for long-term control. 

Only thermal disinfection has been proven to destroy L present in protozoa and biofilms 

efficiently, and simultaneously destroys several cell components. Steinert et al. (1998) study 

concluded that the regrowth of L was observed within two months after the first thermal 

decontamination [12]. The regrowth of L was due to the sporadic use of the thermal disinfection 

method because of the intensive energy requirement and the high cost. Addressing these 

problems motivates researchers to improve the existing water disinfection methods and inventing 

robust new ones. A robust disinfection method should have unique features in terms of providing 
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long-term disinfected water, minimizing the use of chemicals in the purified water, using less 

energy, lower cost as well as saving the environment by reducing greenhouse gas emissions. 

A previous study has introduced the Anti-Bact Heat Exchanger (ABHE) system as a unique 

system has robust features in terms of providing continuously thermally treated water 

accompanied with saving energy by recovering the waste heat. In recent decades, multiple studies 

have been focusing on waste heat recovery in building for conserving energy in different topics, 

like  Polly et al. (2010) [13], Mokhtar et al. (2017) [14], Bertrand (2017) [15], Wang et al. (2014) 

[16] and Wong et al (2010) [17]. The earlier study tested the prototype of the ABHE system 

experimentally to verify the performance of the ABHE system at different supplied water 

temperature (Ts) and flow rates [18]. 

Optimization of the PHE was a subject of multiple studies like Hadidi (2015) [19], Zhou et al. 

(2014) [20], Xie et al. (2008) [21]. Gut et al. (2004) [22] and Wang et al. (2003) [23]. The current 

study, therefore, investigates the effect of different initial working parameters on the thermal 

performance of the ABHE system, to define the optimal design of the plate heat exchanger (PHE) 

that maximize the thermal performance of the ABHE system and minimize the required area of 

the PHE and accordingly lowering the cost. 

 

2. Conventional Thermal Treatment Method and ABHE System  

Successful strategies to control L should certainly take into account all factors that potentially 

influence L growth and persistence such as temperature, water stagnation, the influence of 

biofilm, the existence of sediment and nutrients. Temperature has the key role and is the most 

important environmental factors that control L activities and evolution [24-28]. L colonize water 

systems at temperatures of 20-50°C, with an optimal growth range of 32–42 ºC, while at 70 ºC 

they are killed virtually instantly [24,29].Samples taken by Martinelli et al. (2000) showed that 

hot water systems in homes, hospitals and public baths with hot water tanks ≤ 50 ºC or 

instantaneous devices ˂ 60 ºC were five times more likely to contain Legionella pneumophila 

[30]. The risk of LD outbreak in different human-made water systems at their ideal working 

temperatures is illustrated in Fig. 1. Boiling water is the oldest and the most convenient thermal 

treatment method used to obtain water free of biological contaminants [31,32].Boiling water can 

kill or deactivate all classes of waterborne pathogens, including those who have shown resistance 

to chemical disinfection and viruses that are too small to be mechanically removed by 
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microfiltration [33]. However, the intensive increase in water and energy demand due to the rapid 

population growth un welcomes the idea of continuous heating of water to 70 ºC for complete 

disinfect of L in hot water systems. Therefore, to avoid the risk of L contamination in 

conventional systems the water should be heated to at least 60ºC at the top of the hot water 

storage tank. Superheat and flush is achieved periodical by heating water tank to 70-77ºC and 

sustain it for one hour, then flush all the outlets and faucets for 20-30 minutes [34]. The short 

duration of superheat and flush for 5 minutes failed to eliminate L and recontamination occur 

after ten days [35]. It is worth mention that, tap water scalds are life-threatening injuries; the 

mortality rates reported in adults are of 15-46% and in children between 8 and 12.5% [36].  

 
Fig 1. Water temperature and risk of Legionella outbreak in different water systems (left)1. 

Legionella growth, thermal disinfection of Legionella and risk of scalding at hot temperatures 
(right) 

 

Scalds caused by hot tap water account for between 2500 and 4500 hospital admissions each year 

in the US with an average of 57 deaths per year [37]. The study of Tse et al. (2006) found that the 

usual temperature of home water heaters at 60oC can severely burn a young child’s skin in less 

than 5 seconds [38]. The time is cut approximately in half for each rise in temperature of 1°C 

                                                 
1 Modified from CIBSE TM 13:2002. Minimizing the risk of Legionnaires’ disease. 
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[37] as Fig. 1 shows. Legislations to prevent hot water scalding were adapted by lowering the tap 

water temperature in homes from 60 ºC to around 49-50 ºC [37-41]. A possible solution is to 

install a thermostatic mixing valve or tempering valve, so the hot tap water can be adjusted in the 

range of 32-45oC to fit different daily activities [37,42]. It is worth mention that, the cold water 

which is used to maintain hot water temperature in the mixing valve may contain dormant L and 

once it mixed with the hot water, the resulted water will be temperate and in the range that 

enhances L proliferation. 

Most disinfection methods used to control L in water systems are insufficient for long-term 

disinfection. Nowadays, engineers extract useful ideas from nature and then apply them to solve 

problems [43]. Phil Gates has expressed that best inventions are copied from, or already in use 

by, other living things [44]. The new system called ABHE was developed to disinfect L in a 

sustainable, environmentally friendly and energy efficient manner [45]. The ABHE system is 

inspired by nature and imitates the very efficient regenerative heat exchangers that exist in the 

blood vessel system of animals [46,47]. For example, the unique heat exchanger in the legs and 

feet of waterfowl plays a vital role in minimizing heat loss and in conserving the body warm 

during cold climates as shown in Fig. 2. So while the core body temperature of a duck standing 

on ice is near 37oC the bird’s feet may be just above the freezing point [47]. The ABHE system 

consists mainly of a PHE which represents the regeneration unit, connected to the disinfection 

unit where any source of heat can be used (electrical heater, gas heater or any other heat sources), 

see Fig 2. Through the PHE the waste heat is recovered and efficiently used to heat up the 

supplied cold water. The material of the plates is commonly stainless steel because of its 

excellent properties such as strength, easy to clean, ability to withstand high temperatures, and for 

its high-temperature corrosion resistance [48]. A fraction of energy is added to the disinfection 

unit to increase the water temperature to the desired disinfection temperature (Td). The PHE can 

be designed to recover heat from the treated water and make it leave the PHE at a temperature 

close to the initial temperature, i.e., the temperature in use (Tuse≈Ts). PHE is one of the most 

efficient types of heat transfer equipment. The success of the PHE is a consequence of its unique 

set of advantages over other kinds of heat exchangers such as the extreme heat transfer rates, the 

ease of cleaning to meet health requirement, the great flexibility in altering the PHE thermal size 

by simply adding or removing some plates and the fouling tends to be significantly less. 
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The heat recovery, i.e., the difference between Tuse and Ts, strongly relies on the size of the 

selected PHE. The larger PHE results in a smaller temperature difference. However, increase 

PHE size results in increasing the cost of the ABHE system. Therefore, there is an optimal design 

of the PHE that enable maximizes the performance of the ABHE device and simultaneously 

minimize the required area of the PHE. 

 

 
Fig 2. Schematic diagram of (A) countercurrent heat exchanger presents in Canada goose and (B) the 

ABHE system used for L disinfection in hot water systems 
 

3. Methodology 

The study investigates the effect of different working parameters, including the flow rate, the 

supplied water temperature, the water temperature in use, the disinfection temperature, and the 

dimensions of the PHE on the thermal performance of the ABHE systems. For this purpose, an 

Engineering Equation Solver (EES) model, which was validated in a previous work conducted by 

the authors [18] is developed further in the current work to determine the optimal design of the 

PHE. Fig 3 shows the structure of the EES-based model. The methodology used to design the 

optimum water- water single-phase PHE by the EES-based model was illustrated previously [18]. 
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The optimal design of the PHE is the one that results in maximum performance of the ABHE. For 

any given operation parameters, mentioned above, the model is used to define the required PHE 

area, the pressure drop, the power of pumping needed, the required capacity of the electric heater, 

and the benefit of using the ABHE system. Conjugate directions optimization method [49] was 

used, which is a conventional method to solve unconstrained energy optimization problems, with 

the conversion tolerance of 1.10-4, to define the optimal design of the PHE. This way the energy 

performance of the ABHE is maximized.  

 
Fig 3. Structure of the EES-based model used to simulate the ABHE system 

 

4. Physical Modeling of the ABHE System 

The thermal modeling of the ABHE system with both the regeneration unit and the disinfection 

unit was performed in a prior study [18] by applying the following assumptions: 

● Steady-state conditions. 

● Heat loss to the surrounding is neglected. 

● Uniform distribution along the flow channel.  
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● Incompressible and Newtonian fluids. 

● There is no phase change in any water streams. 

4.1 The Regeneration Unit 

The thermal model of a water-water PHE of a single-phase and countercurrent flow arrangement 

was achieved to determine the overall heat transfer coefficient U, the required number of plates 

Np and the total area of the PHE. 

The following expression gives the waste heat recovery: 

 . (1) 

Since the mass flow in the cold and hot water side is equal, one can find that 

  (2) 

Moreover, the heat capacity ratio Cr may be written as 

  (3) 

The heat regeneration, which is given in Eq. (1), can also be calculated by the following 

expression 

  (4) 

moreover, the total heat transfer coefficient U can be calculated from 

 . (5) 

The thermal properties in the hot and cold water streams are evaluated at the mean temperature as 

follows 

         and        (6) 

The Logarithmic mean temperature difference between the plate wall and water is defined as 

 . (7) 

From energy conservation and in a countercurrent flow arrangement when Ch = Cc the arithmetic 

mean temperature difference becomes 

  (8) 

Moreover, for a single pass and countercurrent flow arrangement the correction factor F =1. 

The effective heat transfer area in PHEs can be obtained by multiplying the projected area of a 

single plate Ap= w.L by the total number of plates as follows 
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A= (Np-2).Ap           (9) 

Two plates are subtracted from the total number of the plates because the first and the last plates 

have fluid only on one side so that they are not effective in transferring heat. 

To determine the required area of the PHE, the overall heat transfer coefficients must be derived. 

The convection heat transfer coefficients are evaluated using the dimensionless numbers Re, Pr, 

and Nu. For a turbulent countercurrent flow in single-phase PHEs, the dimensionless numbers are 

given by: 

  (10) 

  (11) 

  (12) 

The flow velocity u in a single channel can be expressed as 

 u= (G/ρ) =   (13) 

Moreover, the number of channels n in the hot and cold water streams within the PHE is 

expressed as 

The hydraulic diameter Dh can be derived from 

Here, P is the wetted perimeter. For a rectangular cross-section, P= 2a+2w, Ac is the flow cross 

area and defined as Ac= a w. If a << w, the hydraulic diameter can be written as Dh ≈ 2a.  

In the case of laminar flow Re < 2000, the factors ζ0 and ζ1,0 are given by 

  (16) 

  (17) 

While, if the flow is turbulent Re ≥ 2000, then the factors ζo and ζ1,o can be given by 

  (18) 

  (19) 

The friction factor ζ is obtained from 

 nh = (Np-2) /2   and  nc = Np/2  (14) 

 Dh= 4.Ac/p   (15) 
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  (20) 

 

Where the factor ζ1 is given by 

  (21) 

The dimensionless Hagen number (Hg) has proven to be very useful and works for both natural 

and forced convection flow. Depending on the physical properties of water, Hg is defined by 

  (22.a) 

When Re ≤ 2300, Hg number merely reads as 

  (22.b) 

Then, Nusselt number is obtained by following  

  (23) 

The arithmetic and geometric mean values of the constants cq and q are 0,122 and 0,374 

respectively. The relation between the channel spacing a and the thickness of the plate can be 

expressed as 

         (24) 

It is worth mentioning that Alfa Laval, which is a well-known producer of PHE, uses amplitude 

term to find out the proper type of PHE in case that all temperatures of the hot and cold water 

streams are known. The amplitude Φ can be calculated by: 

          (25) 

Table 1 shows the proper and smaller size of PHE given by Alfa Laval according to Φ-value.  

Table 1. Selecting the type of PHE based on Φ-value 
Max Φ-value 3 16 30 80 95 185 300 1300 
Smallest size of PHE CB14 CB27 CB52 CB77 M6 CB200 M10 M15 

  M3     CB300 
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Hydraulic Modeling  

The total pressure drop in a PHE of single-phase flow involves several frictions and head loss 

elements including frictional pressure drop fP , the gravitational pressure drop gP  and the 

additional flow distribution pressure drop NiP  [50].  

  (27) 

 

 

(28.a) 

The ‘+’ sign is for vertical up the flow, and the ‘- ‘sign is for vertical downflow. The pressure 

drop due to flow acceleration ΔPa is usually negligible for single-phase flows. The Fanning 

friction factor ƒ value is a function of the plate surface corrugation pattern, flow Reynolds 

number, and the fluid properties. For chevron plates of 45o value of f can be given by 

  (28.b) 

Pressure drop affects the size of the PHE directly, the higher the pressure drop, the bigger the 

area of the PHE. Keeping pressure drop as small as possible is preferable to reduce pumping cost. 

However, relatively higher pressure drop allows minimizing the heat transfer area which 

accordingly reduces the operating costs.[50]. 

 

Pumping Power  

Fouling in PHEs increase pressure drop and pumping power (PP) which cause an increase in 

operation cost [51]. The required PP to overcome the flow resistance and ensure constant flow 

rate in PHE can be given by [16,52] 

  (29) 

The volumetric flow rate  can be calculated as (V=ṁ/ρ). ΔP is the total pressure drop, and η is 

the pump efficiency which is almost 0.95 for water fluid. A smaller proportion ratio of the 

required PP to the recovered heat means a better performance and effectiveness of the PHE. If the 
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ratio of the PP to heat transfer rate in PHE is insignificant, then the surface area of the PHE will 

be the only design factor [53]. 

 
4.2 Disinfection Unit 

The thermal modeling of the disinfection unit involves calculating the required energy consumed 

by an electric heater. The electric heater is used to elevate water temperature in the heater to the 

desired Td. The heat load is then defined as 

  (28) 

Io and Ii are the enthalpies of the water at the outlet and the inlet of the heater respectively. The 

flow rate is the same alongside hot and cold water streams 

Now, taking into account the required energy in the disinfection unit QH and the waste heat 

recovered in the regeneration unit QR the heat regeneration ratio (RR) is then defines by Eq. (29).  

  (10) 

The RR helps to evaluate the ABHE system in term of saving energy entirely. 
 

5. Results and Discussions 

The EES-based model was built to simulate the performance of the ABHE system at any 

working conditions. Table 2 shows the nominal working conditions, which are used as a base 

for the derivations and the corresponding required area of the PHE that is used in the ABHE 

system. In this example, it is shown that for Ts of 10 oC, specific Td of 80 oC and Tuse of 40 oC, 

the required area of the PHE is 11.65 m2. 

Table 2. The nominal assumed working parameters and corresponding required are of PHE 
ṁ̇̇ Ts Tuse Td w L Uc APHE N RR PP 

[kg/s] [oC] [oC] [oC] [m] [m] W/m2.K [m2] [-] [%] [W] 
5 10 40 80 0.192 0.619 2411 11.65 100 57.5 106 

 

Firstly, as previously mentioned, the RR in the ABHE system depends on the size of the PHE, 

which affects the total cost of the ABHE system. Therefore, the following discussions 

illustrate the relationship between different working parameters and the required area of the 

PHE. Indeed, the needed area of the PHE and, consequently, the cost of the ABHE rely on the 

flow rate of the water through the ABHE system as exemplified in Fig. 4, for the working 

conditions specified in Table 2.  
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Fig. 4. The required area of the PHE along with the flow rate to achieve the working 

conditions specified in Table 2. 
 
To investigate the performance of the ABHE system, the EES-based model was run for 

different working parameters including Tuse, Td, and Ts. The effect of Tuse on the required area 

of the PHE, the RR, and the PP is illustrated in Fig. 5. As shown for the specified working 

conditions (see Table 2), increasing the Tuse results in reduced RR value which minimizing the 

benefit of the ABHE system. However, increasing the Tuse results in a reduced area of the 

PHE and pumping power, which reduce the capital and the operating costs of the ABHE 

system. Therefore, the Tuse should be chosen carefully. 

 

 
Fig. 5. The effect of the Tuse on the RR and the required area of the PHE. 

 
The analysis was repeated to investigate the effect of the Td on the performance of the ABHE 

system and the design of the PHE. As shown in Fig. 6, the Td has opposite effect compared to 
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the impact of the Tuse. Increasing the Td leads to an increased benefit of the ABHE system in 

term of increased RR. However, it increases the required area of the PHE and the PP, which 

affects the capital and operation costs of the ABHE system. Consequently, it can be 

concluded that the Td also needs to be selected with care. 

 

 
Fig. 6. The effect of the Td on the pumping power, RR and the required area of the PHE 

 

The effect of Ts on the performance of the ABHE system RR, the required PP and the 

required area of the PHE was shown in Fig. 7. The Ts has similar effects as the Td. Namely, 

increasing Ts will lead to increase the RR, the PP as well as the required area of the PHE 

which leads to increase ABHE system operational costs. 

 
Fig. 7. The effect of the Ts on the PP, RR and the required area of the PHE. 

 

Summary of effect different working parameters such as Ts, Td, and Tuse on the thermal 

performance of the ABHE system including RR, PP, and area of PHE are shown in Fig. 8.
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Fig. 8. Effect of different working parameters on the thermal performance of the ABHE 

system including RR, PP, and area of PHE 
 

Secondly, to investigate the effect of the length and the width of the plate used in the PHE on 

the RR and the required area of the PHE, the simulation by the EES-based model was run for 

different width and length dimensions. In this study, the considered sizes of the PHE vary 

from 150-500 mm for the width and 500 to 800 mm for the length. Fig. 9, shows the relation 

of the RR in the ABHE system along with the required area of the PHE to fulfill the 

conditions that listed earlier in Table 2, for different width and length of the PHE. The 

simulation showed that (with 150 mm width and 500 mm length) the RR of 58% and the 

required area of the PHE of 7.95 m2 are seen to be the optimum design of the PHE under the 

specific conditions that listed in Table 2.  

 

 
Fig. 9. The required area of the PHE versus RR to fulfill the conditions in Table 2 for 

different width and length of the PHE. 
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Then, this simulation enables to select the optimum design of the PHE that provides possible 

higher RR and in same time smaller required area of the PHE at a given PHE dimensions.  

Furthermore, the developed EES-based model can also be used to optimize the design of the 

PHE by defining its optimal dimensions (i.e., the width and the length of the plate) in which 

the RR is maximized, or the required area of the PHE is minimized. For this purpose, 

conjugate directions optimization method was used to solve the unconstrained energy 

optimization problems, with the conversion tolerance of 1.10-4. Table 3, shows the optimal 

dimensions of the PHE in which the area of the PHE is minimized 

 

Table 3. The dimensions of the PHE to minimize the required area of PHE 

Criterion Ts 
[oC] 

Tuse 
[oC] 

Td 
[oC] 

w 
[m] 

L 
[m] 

RR 
[%] 

Optimal APHE 
[m2] 

Minimize area 10 40 80 0,15 0,5 56,8 7,83 
 
While Error! Not a valid bookmark self-reference., shows the dimensions of the PHE in 
which the RR of the ABHE system is maximized. Consequently, high energy recovery and 
low cost of the ABHE system can be achieved. 
 
Table 4. The dimensions of the PHE to optimize the RR of ABHE 

Criterion Ts 
[oC] 

Tuse 
[oC] 

Td 
[oC] 

w 
[m] 

L 
[m] 

APHE 
[m2] 

Optimal RR 
[%] 

Maximize RR 10 40 80 0,18 0,62 11,45 58,3 
 

 

6. Conclusion 

Hot water systems are commonly contaminated with ubiquitous L causing acute human diseases. 

The continuous increase in the reported cases of LD outbreaks makes disinfecting water more 

challenging. Practically the effectiveness of the conventional treatment methods used to control L 

in hot water systems is proven to be inadequate in the eradication of L. The ABHE system is a 

robust and straightforward technique with high energy efficiency since it mimics systems already 

developed by nature with the most top ability and most straightforward integrated process. Heat 

recovery is achieved in the ABHE system using the heat exchanger.  

In the current study, an EES-based model was developed to simulate the ABHE system. This 

requires the consideration of working parameters, including the PHE geometric parameters (i.e., 

the length and the width), the flow rate, the Ts, the Tuse, and the Td. The developed EES-based 

model was also used to optimize the PHE design by maximize the thermal performance of the 
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ABHE system RR and minimize the required area of the PHE at any given conditions. The 

performed simulations showed that: 

● The ABHE system has excellent capability to reduce the energy consumption to achieve L 

disinfection for different Td.  

● The working conditions have a significant effect on the required area of the PHE, which 

consequently affects the capital cost and the thermal performance of the ABHE system.  

● The effect of the working parameters on the pumping power, due to adding the PHE to the 

water cycle, is insignificant.  

● The area of the PHE in the ABHE system strongly affects the RR, namely the benefit of using 

the ABHE system.  

Another important conclusion can be drawn is that selecting the dimensions of the plates (i.e., the 

length and the width) used in the PHE has a significant impact on the performance of the ABHE 

system.  
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