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ABSTRACT 

Due to the increasing demand of freshwater in the shipping industry, desalination is 

seen as an important solution to overcome shortage of freshwater storage on board 

ships. On LNG powered vessels, the released cooling energy through LNG 

regasification process is identified as an effective cooling source for various 

applications, which could maximize utilization of the energy content within the marine 

fuel, in turn, to further decrease the carbon intensity of LNG powered vessels. One 

potential usage is freshwater generation assisted with the cryogenic energy recovery 

from LNG or other emerging liquid marine fuels in a cryogenic state. This thesis 

focuses on the evaluation of the freshwater generator assisted by cryogenic energy for 

marine applications. The following objectives are achieved, including obtaining a 

comprehensive understanding of the effects of the surface treatment and surface 

temperature on condensation enhancement and anti-frosting phenomena, developing 

numerical models of the main components of the freshwater generator for system 

optimisation, and assessing the integration system and its performance on a real-world 

LNG powered case ship.  

To meet these objectives, a test facility to explore the surface characteristics with 

varying cryogenic temperature is developed. The results and phenomena account for 

the mechanisms of condensation and frosting, the frost formation and condensation 

characteristics, and frosting delay with different surface treatment. The hydrophobic 

coatings have significant effects on the condensation intensification with an 

enhancement factor of 2.1 times that of untreated. And for the frosting conditions, the 

tubes with surface treatments help delay droplet freezing for up to 45 seconds 
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compared to plain tubes. A semi-empirical correlation to predict the frost porosity and 

the frost properties on cold surface is proposed from the experimental data with an 

error within ±15%.  

A verified theoretical model in Siemens Simcenter Amesim software was developed to 

predict the performance of the evaporator and condenser in the freshwater generator 

system in terms of the water production and frost characteristics. The impacts of the 

operation parameters of the evaporator and condenser are evaluated, showing that 

the heating capacity, pressure, superheat degree, and flow rate have significant effects 

on the system efficiency. Therefore, the system employs the superheated seawater 

and operates in the vacuum condition. Then, the parametric analysis was explored on 

the geometry of the condenser, where the production increases with the contact area 

and the heat exchanger material. It is seen that the Aluminium alloy 3003-H14 is the 

best material to use with a greater heat and mass transfer rate.  

Finally, regarding the use of the LNG cryogenic energy, the thermodynamics 

performance of freshwater generator is evaluated systematically in real-world 

conditions to satisfy the water demand on board. The feasibility of the integrated 

system of recovering LNG cryogenic energy on the LNG powered case ship with the 

surface treatment was investigated and optimised by maximize the freshwater 

production, exergy efficiency and the economic. The comparison between the bare 

tube, Fluorinated Ethylene Propylene tube, Polytetrafluoroethylene and Fluorine based 

tube, shows that the Polytetrafluoroethylene is preferred on the heat exchanger 

surface with a total water production of 14461 kg and water recovery rate of 67.7%. 
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Compared to the published literature, the proposed technology showed a significant 

increase in the freshwater recovery rate by 3 times.   
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CHAPTER 1 INTRODUCTION 

1.1 Background   

1.1.1 Freshwater generator  

Although 70% of the earth is covered by water, the vast majority contains saline which 

is not suitable for direct human direct consumption. [1] As industry demands grow and 

domestic use increases, the issue of water scarcity has become severe. Desalination 

technologies, removing the salts and minerals from seawater, provide a solution for 

producing fresh water in water scarcity regions. Considering the economic and 

technical factors, a freshwater generator (FWG) is the preferred choice to meet 

freshwater requirements on most deep-sea vessels, rather than storing fresh water in 

big tanks.  

To address climate change, there is a need to reduce emissions from the use of 

conventional fuels. The utilization of marine fossil fuel results in increased emissions 

of SOX and NOX, which is responsible for acid rain [2]. Due to the SOx regulations 

released by international maritime organization in January 2020, liquefied natural gas 

(LNG) has been introduced as an alternative to heavy oil as a marine fuel, and most 

of the vessels in service operating around the world are expected to accelerate the 

shift from heavy fuel oil to LNG or other alternative fuels. Hence, the investigations of 

the LNG cryogenic energy recovery applications have been accelerated in the last 

decades driven by the developments of LNG. 
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Single-stage conventional distillation (SCD) has been used to produce potable water 

on board, however currently SCD technology suffers from lower water recovery rate 

with intensive thermal energy. Due to the on-going imbalance between energy supply 

and demand on board, developing the recovery technology could assist in providing 

solutions and enhancing the feasibilities of the FWG systems. As a result, the SCD 

system could recover the waste heat from the exhaust gas to provide heating resource 

for evaporation. For the condensation process in SCD system, the commonly used 

coolant for condensation is seawater. On LNG powered ships, about 830 kJ/kg 

cryogenic energy will be released LNG during the regasification process, which has 

been unexploited until today. No work has been reported to use this cryogenic energy 

for cooling effect production with no harmful environment impact.  

Significant research has been carried out on the surface treatment to enhance the 

condensation performance which increases the applications in many industries that 

have several demands like food chain, power generation and seawater desalination 

[3]. However, limited work has been investigated to examine the effect of the surface 

characteristics on the condensation and system performance under chilled and 

cryogenic conditions, such as the operation temperature of LNG. Consequently, an in-

depth investigation is needed to test the improvement of the condensation and system 

performance, and the adaptability of the system under cryogenic temperature 

conditions by using hydrophobic surfaces.  

Computation modelling, such as Siemens Simcenter Amesim, has become popular in 

recent years to model and analyse the engineering systems. It is a commercial 

integrated system simulation platform to allow the simulation engineers to assess and 
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optimise the system performance. Thus, the simulation could provide detailed surface 

information about the thermodynamics and fluid mechanisms in the condensation 

process of the system. Therefore, the numerical study on the system performance 

prediction is developed by Siemens Simcenter Amesim. Furthermore, the integration 

of the FWG system and the LNG cryogenic energy recovery system on the LNG 

powered shown in Fig. 1-1 is developed to predict the freshwater recovery 

performance in Siemens Simcenter Amesim and optimised using genetic algorithm.  

 

Fig. 1-1: Schematic of the system on the LNG powered ship. 

1.2 Research objectives  

The purpose of this research is to investigate the potential of FWGs utilising recovered 

LNG cryogenic energy on LNG-powered ships by experimental and numerical study. 

The current study could be used as a guideline for the design of heat exchangers 

operating under frost and condensation conditions. The following specific objectives 

were pursued:  
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(1) To investigate the state-of-art LNG cryogenic energy recovery applications, 

condensation improvements and the surface treatment methods to enable anti-

freezing, as shown in the literature review.  

(2) To create, build and optimise a test facility to investigate the effects of surface 

treatments on the condensation and frosting phenomena and evaluate the 

system’s efficiency potential of a cryogenic energy assisted freshwater 

generator. 

(3) To introduce and validate numerical models in Siemens Simcenter Amesim 

software to predict the effects of the operation parameters and geometry 

parameters on thermodynamic performances of the evaporation and 

condensation processes in the freshwater generator system.  

(4) To assess the performance of the freshwater generator on an LNG-powered 

case-study ship using real-life operational data and examine the economic 

viability of the proposed technology. 

1.3 Thesis layout  

This thesis will be focused on the optimal design of applying LNG cryogenic energy to 

an FWG on LNG-powered ships, to obtain high water generation. The chapters of two 

to seven are organised as follows:  

Chapter 2: Literature review  

This chapter introduces a comprehensive literature review of condensation 

improvement methods. The use of LNG cryogenic energy and surface modification is 

investigated. A thorough study on the background of LNG cryogenic energy and its 

applicability to desalination is specified. Then the effect of the surface characteristic on 
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condensation efficiency is discussed. Due to the low operation temperature of LNG, 

an extensive investigation on the frost deposition phenomenon and thermodynamic 

performance is explored. Finally, the solutions that alleviate the surface frosting are 

introduced.  

Chapter 3: Experimental Methodology  

Chapter three presents the methodology of the experimental study to see how the 

operation conditions affect the condensation and frosting phenomenon on the cold 

surface. The experimental test rig is explained with test rig descriptions, measuring 

devices, materials, measuring methods and calculations.  

Chapter 4: Experimental analysis  

This chapter primarily analyses the experimental results of the effect of the surface 

treatment on condensation and frosting. The effect of the air property, surface 

temperature and surface characteristics are analysed in different mechanism cases.  

Chapter 5: Numerical study  

The feasibility of recovering LNG cryogenic energy for FWGs is investigated in this 

chapter. Validated mathematical models of the evaporation and condensation are 

conducted by Siemens Simcenter Amesim software. The parametric analysis of 

evaporation and condensation to evaluate the performance of system production and 

efficiency is carried out.  
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Chapter 6: Case study  

According to the results from the previous chapters, a case study for the freshwater 

generator and LNG cryogenic energy system is proposed to be employed on an LNG-

powered ship. The water production, exergy analysis and economic analysis of the 

system are analysed and optimised with various LNG flow rates. 

Chapter 7: Conclusions  

This chapter concludes the major results of the research and makes recommendations 

for future work.  

.   
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CHAPTER 2 LITERATURE REVIEW  

This chapter presents a comprehensive literature review and focuses on four areas: 

(a) Available LNG cryogenic energy recovery techniques and applications, (b) 

Condensation fundamental introduction and enhancement methods, and (c) Frosting 

phenomenon on the chilled and cryogenic temperature surface and (d) Anti-frosting 

technologies. Certain content is published in the paper: ‘A waste cryogenic energy 

assisted freshwater generator for marine applications’ by Liu, et al. [4].  

2.1 Fresh water generation  

Driven by climate change, population growth, economic development, and expansion 

of irrigated agriculture, the shortage of freshwater supplies has threatened the 

sustainable development of human societies [5]. And among the 3% of the freshwater 

reserve in the natural water reserve, the largest porportion is frozen in ice caps and 

glaciers (68.7%) [6]. As reported by World Health Organization in 2021, 771 million 

people lack access to safe water [7]. Desalination facilities could help to reduce the 

gap between the supply and demand for fresh water.  

2.1.1 Desalination techniques  

Desalination is defined as a dissolved solids removal process from seawater to obatin 

fresh water [8]. The techniques can generally be divided into two categories: thermal 

distillation and membrane. Thermal distillation includes: single-stage conventional 

distillation (SCD), multi-stage flash distillation (MSF), multi-effect distillation (MED), 

mechanical vapour compression, thermal vapour compression and solar distillation. 
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The membrane type includes: reverse osmosis (RO), electrodialysis, and membrane 

distillation [9]. Apart from these, atmospheric water generation, freeze desalination 

(FD) and humidification-dehumidification (HDH) are also emerging technologies on a 

small scale.  

2.1.2 Freshwater generator on board  

Among the technologies mentioned above, such types of systems are prevalent to be 

used as FWG: SCD, MSF, MED and RO [10]. Detailed performances of these 

desalination technologies are shown in Table 2-1.  

Table 2-1 Detailed information about the desalination technologies. [11] 

Techniques  SCD [12] MSF MED RO 

GOR (kg/kg) * 0-1 8-12 10-16 N/A  

PR (kg/MJ) ** 0.9 3.5-5.25 4.35-6.9 N/A  

Thermal energy consumption (MJ/m3) 214.25 190-282 146-229 N/A 

Electricity consumption of pumps and 

others (kWh/m3) 

- 2.5-5.0 2.0-2.5 3.5-6.0 

Water recovery rate  <10% 10%-15% 20%-35% <55% 

Total Dissolved Solids (ppm) <10 <10 <10 200-500 

Water costs ($/m3) 20 [13] 0.6-1.8 0.5-8.0 0.3-13.0 

*GOR (kg/kg): the gain output ratio, the ratio of the mass of distillate (kg) to the mass of the input steam (kg).  
**PR (kg/MJ): the performance ratio, the ratio of the mass of distillate (kg) and input heat. 
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Although RO is used in more than 60% of installed desalination plants around the world, 

it is easily affected by the quality of the seawater feed; by inherent problems from the 

relatively high level of total dissolved solids in the produced fresh water; by high 

energy/chemical consumption; and high operational and maintenance costs. [14] Due 

to its simple design, lower maintenance costs, improved freshwater quality, potential 

for waste energy recovery, and small size, SCD is seen to be the ideal option for FWG 

maritime applications when compared to other complex systems like MSF and MED. 

[9]  

2.1.3 Single-stage conventional distillation  

As shown in Fig. 2-1, SCD consists of an evaporator, a condenser, filters, demister, 

salinometer, ejector, pumps and other accessories. The seawater pump delivers the 

seawater from the sea chests on the ships to the FWG. Then part of the seawater is 

sent to the evaporator as feed water for evaporation while the other part is used for the 

cooling water in the condenser. The jacket heat or the waste heat of the marine engines 

is operated as the heat source for boiling and evaporation of the seawater to vaporize 

into the water vapour in the evaporator. At the same time, the FWG plant is maintained 

at vacuum conditions to make sure the boiling temperature below 100 °C by the 

vacuum pump. The residual seawater from the evaporation process is drained and 

ejected as brine. The water vapour passes through the demister to clear the mist, then 

the vapour enters the condenser to be condensed by the input seawater for fresh water. 

The distilled water will be taken out by a freshwater pump and then controlled by a 

salinometer to supervise the salinity level.  
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Table 2-2 presents the related SCD technologies in recent studies. And several 

manufacturers, such as Alfa Laval and Wartsila, have directed their attention on how 

to promote the FWG for marine applications. Detailed information about these models 

is illustrated in Table 2-3. SCD has a low freshwater recovery rate, of less than 10%. 

Furthermore, SCD is also hindered by a high input energy consumption, which attracts 

researchers’ interests to focus on energy consumption reduction and freshwater 

recovery rate promotion. [5] 

 

Fig. 2-1: The freshwater generator on board. 
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Table 2-2 Summary of the SCD related desalination technologies. 

Method  Ref.   Description  Maximum 

freshwater 

production  

RR GOR 

SCD Kumar, et al. 

[15] 

Possibility of ocean thermal gradient 

utilisation in SCD, using surface seawater 

as the feed and deep seawater as the 

coolant  

5 kg/h - - 

SCD Chen, et al. 

[16] 

The spray evaporation method is 

intensified by a 7.6 m2 solar collector.  

30 L/day 0.5% 0.80 

SCD-Solar 

distillation  

Mahkamov, 

et al. [17] 

A solar distillation system with a solar 

collector with an area of 2.250 m2.   

1.6 kg/h - - 

SCD-FWG  Yuksel, et al. 

[10] 

The freshwater recovery rate of an FWG 

system was increased by 5.06% through 

an optimization study utilising the Taguchi 

method. 

1069 kg/h 1.82% - 

  Morsy and 

Othman [13] 

The waste heat recovered from 

scavenging air provided heat for the 

evaporator in an FWG is proposed to 

supply 8 t/day freshwater.  

8 t/day 7.78% - 
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Table 2-3 The performance of the FWG from Alfa Laval and Wartsila. 

Manufacture  Alfa Laval  Wartsila 

Model  AQUA series [18] Dolphin series [19] Multi-effect plate 

distiller [20] 

Single-stage 

desalination [21] 

Production 

(m3/day) 

5-60 10-75 200-10000 8-35 

Production salinity 

(ppm) 

<2 <2 <6 <2  

Thermal power 

(kWh/t) 

- - - 740  

GOR 1-1.5 1-3 3-6 - 

 

2.1.4 Improvements on SCD  

According to the above system introduction, the main process of the SCD (evaporation 

and condensation) is based on the principle of heat transfer in thermodynamics, so the 

improvement of SCD is also based on the improvement of heat transfer efficiency. The 

improvements mainly focused on the following aspects: (1) utilization of the free energy; 

(2) Evaporation efficiency; (3) Condensation efficiency.  

Freshwater generation is an energy intensive process, requiring heat and cold source. 

It is sustainable if the energy consumption is free and available in abundance, such as 

solar energy [22], ocean thermal energy [15] and waste heat [23]. Great efforts have 

been spent towards the development of the evaporation process in driving the SCD 

process, among the promising techniques is the utilization of the flash evaporation. It 
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occurs when the water is injected to a depressurized chamber at a pressure lower than 

the saturation pressure that corresponds to the water temperature [24]. The 

researchers found that the superheated liquid in the flash evaporation process absorbs 

the latent heat of the water for vapour generation more efficiently and obtains the 

higher evaporation rate [25]. Vacuum flash evaporation process is mostly applied to 

the FWG system due to its enhancement on separation rate [26]. Based on the 

experimental investigations from Gao’s research team [26-29], the enhancement 

methods on the evaporation process are explored in-depth, including the 

improvements on vacuum degrees, the heating flux and heat source temperature. 

Therefore, the current study focuses on the condensation process.  

Condensation efficiency is equally important to affect energy consumption and 

freshwater production rate in the SCD system. Multiple methods on condensation 

efficiency enhancement have been implemented to improve the system performance. 

Kumar, et al. [15] has indicated that the condensation efficiency and the freshwater 

production increase with the decrease of the coolant temperature, due to the reduction 

in heat removal rate from the condenser. Hence, several research focused on 

economic, environmental-friendly and abundant low temperature cooling sources, 

such as liquid hydrogen, LNG cryogenic energy. Apart from the operation conditions, 

the surface characteristics of the heat exchanger has a significant impact on the 

condensation performance. Generally, the dropwise condensation offers 5-7 times 

higher heat transfer coefficients than the filmwise condensation [30]. And this dropwise 

condensation could be achieved by creating the surface with hydrophobic 

characteristic.  
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2.2 LNG cryogenic energy  

Cryogenics is the science of production and application of artificial cold, that the 

working substances in the cryogenic industry (including helium, hydrogen, nitrogen, air 

and natural gas) operate at very low temperatures below 120 K [31]. Due to the high 

energy density, the applications of the recovered cryogenic energy have inspired 

researchers to investigate, which can be categorized into three: (1) process cooling; 

(2) gas mixture separation and distillation; and (3) liquefaction for transportation and 

storage [32].  

This section introduces the potential cryogenic energy on the LNG powered ships 

during the regasification process and the developments of recovered LNG cryogenic 

energy for various desalination technologies.  

2.2.1 Liquefied natural gas  

Natural gas (NG) is considered as the best substitute for coal and oil to generate 

electricity and has been used as a transportation fuel in recent years because of its 

lower emissions of CO2 compared with other fossil fuels [33]. Instead of transporting 

NG via the costly and risky long-distance pipelines, the liquid phase is preferred, 

transporting it by cooling it to -162ºC and reducing its volume by a factor of 600 with 

non-toxic, non-corrosive and easily stored under atmospheric conditions as a 

cryogenic liquid [34]. 

Although COVID-19 has had related impacts on the supply-and-demand side, the total 

volumes of global LNG trade increased to 372.3 million tonnes in 2021. [35] The 

increased LNG trade volumes have stimulated the demand for LNG transportation. 
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The LNG carriers, as the main transportation method to transport LNG between 

terminals in the current market have reported that there were 641 LNG active tankers 

available for work until the end of April 2022, a 9.9% advance compared to 2021. [35] 

As reported by DNV GL, the numer of LNG-ready fuelled ships is expected to increase 

in 2022, reaching 156, with 251 operating and 266 being on order. [36]  

In the LNG regasification stage, LNG absorbs heat and then converts to gas phase in 

an LNG vaporizer, including Open rack vaporizer (ORV), Submerged combustion 

vaporizer (SCV), Intermediate fluid vaporizer (IFV) and Ambient air vaporizer (AAV) 

[37-39]. The vaporizer selection is based on many parameters such as site conditions 

and energy efficiency. Among these vaporizers, the most common use type is ORV 

which covers 70% market. The characteristics and the schematics of four types are 

shown in Table 2-4 and Fig. 2-2. 
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Table 2-4 The details of four kinds of vaporizers [40-47].  

Method  ORV SCV IFV AAV 

Heat source  Seawater NG or BOG Air heater; reverse 

cooling tower; 

seawater heater; 

waste heat 

recovery system or 

fired heater 

Ambient air 

Shape  Panel shaped tubes Submerged in a 

water bath 

Shell and tube 

exchanger  

Vertical heat 

exchanger 

Advantage  Low operation costs Reliable; safety; 

less stall area; 

quick launch;  

Better adaptability; 

better energy 

efficiency; better 

robustness; no 

icing 

Low costs; energy 

saving 

Disadvantage  Requires clean and 

high seawater 

temperature; thermal 

pollution for sea; ice 

formation  

The emissions of 

NOx and CO2; high 

running cost 

More complex; rely 

on seawater 

nearby; require 

high quality 

seawater  

Low heat transfer 

coefficient; easily 

influenced by 

conditions; ice 

generation  

Major 

application 

Along with terminals  Coupled with ORV 

or IFV during cold 

seasons 

- In hot climate 

equatorial regions 

Plot plan Medium size Medium-large size Small size Large size 
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(a) ORV vaporizer     (b) SCV vaporizer  

 

(c) AAV vaporizer                       (d) IFV vaporizer 

Fig. 2-2: Schematic of four different kinds of vaporizers [42]. 

2.2.2 LNG cryogenic energy recovery for desalination  

Usually, the cryogenic energy around 830 kJ/kg could be recovered from the LNG 

regasification process for other applications such as separation process, seawater 

desalination, cold storage systems, waste incinerator, cryogenic CO2 capture, power 

generation and so on rather than wasting [38].  
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Seawater desalination is a potential application for large amount of LNG cold energy 

reutilization in these years. Its cryogenic energy was widely investigated in several 

desaliantion techniques such as FD. Research on FD starts from 1977, when Cravalho, 

et al. [48] proposed a net-zero work system recovering cryogenic energy for 

desalination. The theoretical maximum freshwater output was 6.75 kg water/kg 

regasified LNG. 

A combined freeze desalination-membrane distillation desalination process utilizing 

LNG cold energy was proposed by Wang and Chung [49]. The feed seawater was 

firstly treated by indirect-contact freeze desalination (ICFD) and then the leftover brine 

was transferred to the direct-contact membrane distillation (DCMD). During this 

process, the required coolant temperature for crystallizer to pre-cooled solution in the 

first stage FD and the distillate cooler of the second stage membrane distillation was 

achieved by LNG cold energy. Concluding from the experimental result, the system 

has recovered 71.5% drinkable water. And large amount of LNG cold energy has been 

effectively used to reduce energy consumption. Cao, et al. [50] designed an indirect 

freeze desalination plant with LNG to lower the temperature of the employed refrigerant 

R410A. The numerical result shows that 1 kg equivalent LNG cryogenic energy 

produced 2 kg of ice. Lin, et al. [51] designed a freeze seawater desalination process 

prototype, with liquid nitrogen as the cold source and R410A as the secondary 

refrigerant to transfer LNG cold energy to seawater. The study experimented the 

refrigerant temperature, seawater flowrates and number of spraying nozzles 

influencing to the system and the prototype performance. The study demonstrated that 

LNG could help the FD process, however with a 50% salt removal rate. In hybrid 

desalination systems, FD is also combined with other technologies, such as the hybrid 
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indirect-contact freeze desalination-direct contact membrane distillation process [49] 

and RO-freeze process [52]. Xia, et al. [53] has simulated a RO desalination system 

with trans critical CO2 Rankine cycle powered by solar energy by using the LNG cold 

energy. In this system, LNG releases cold energy to condense exhaust CO2 to liquid 

form and transfer to NG which works for NG turbine and produces work for RO 

combined with CO2 turbine by absorbing heat from CO2. The commercial and 

technologies advantages developed the utilization of FD in industry. Researchers have 

suggested that FD utilizing LNG cryogenic energy is an applicable way to solve the 

drought problem in Sicily. [54].  

Another desalination method, hydrate-based desalination, might potentially use LNG 

cryogenic energy recovery. The generation of hydrates and crystal separation in this 

process both need cold energy. According to He, et al. [55], clathrate hydrate-based 

desalination processes that use LNG cryogenic energy provide greater water recovery 

rates while using less energy than conventional FD processes. The economic 

assessment report's decreased water cost with LNG use suggests that the hydrate-

based procedure is a feasible way to boost the supply of freshwater in LNG 

regasification infrastructures [56]. Babu, et al. [57] suggested using the technology for 

business purposes and the system could achieve the highest salt rejection rate of 

87.5%. A table of the previous desalination processes that utilize LNG cryogenic 

energy is summarized in Table 2-5.  
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Table 2-5 Summary of previous desalination utilizing LNG cryogenic energy.  

Ref. Method Description Fresh 

water 

production 

Exergy 

efficiency   

RR 

Cravalho, 

et al. [48] 

FD A net-zero work theoretic system 

utilizing cryogenic energy generated 

by a heat engine and a heat pump 

6.7kg/1kg 

LNG 

- - 

Antonelli-

Consultant 

[58] 

FD A desalting plant based on Secondary 

refrigerant freezing process 

3.2kg/1kg 

LNG 

- - 

Wang and 

Chung 

[49] 

ICFD-

DCMD 

A hybrid desalination system 

integrated ICFD and DCMD 

intensified by LNG with the feed water 

of 8 kg, 3.5 wt%. 

5.72 kg - 71.5% 

Xia, et al. 

[53] 

RO A RO desalination system with trans 

critical CO2 Rankine cycle powered by 

solar energy by using the LNG cold 

energy 

2537.33m3/ 

day 

4.90%/day - 

Cao, et al. 

[50] 

FD An LNG-powered indirect freeze 

desalination facility to reduce the 

operating temperature of the 

refrigerant R410A 

2kg/1kg 

LNG 

- - 

Chang, et 

al. [59] 

FD An indirect contact FD that uses R23 

as LNG and ethylene glycol as a 

coolant to reduce the temperature of 

the ethylene glycol. 

0.52-0.55 

kg/h 

- 26% 



21 

 

Lin, et al. 

[51] 

FD An indirect-contact FD method 

technique using LNG as the cryogenic 

fluid and R410A as the intermediate 

fluid 

190.9 kg/h - 42.2% 

He, et al. 

[55] 

Hydrate-

based 

A design of clathrate hydrate-based 

desalination process by utilizing LNG 

cold energy 

1.3 m3/h - 40% 

Babu, et 

al. [57] 

Hydrate-

based 

An innovative HyDesal process 

utilizing LNG cold energy 

- - 34.85% 

 

2.3 Condensation enhancement – Surface modification  

Several strategies have been adopted for condensation enhancement, such as 

enhancing the heat convection between the vapour and the surface, using the high 

thermal conductivity material as the heat exchange surface or changing the surface 

characteristic. In this section, based on the condensation mechanism, the surface 

modifications and its effect on the condensation performance are introduced.  

2.3.1 Condensation  

Compared to evaporation, condensation efficiency is equally important to affect energy 

consumption and freshwater production rate [60].  Enhance the condensation heat 

transfer efficiency could improve the overall heat transfer efficiency, economize on the 

system and optimize the size. A diagram showing three phases of water under different 

pressure and temperature is presented in Fig. 2-3. According to the phase rule [61], 
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the number of freedom degrees F for a system at thermodynamic equilibrium is given 

by following:  

F=C-P+2  (2-1) 

where C is the number of components in the system and P is the number of phases in 

the system. For the pure water, pure water vapour or ice, only one phase is 

thermodynamically stable on its own in certain range of pressures and temperatures 

presenting in one-component system, then single-phase regime is decided by 

F=1-1+2=2. When any two phases in the system coexist, F=1-2+2=1, the pressure is 

not freely variable at a fixed temperature such as freezing and condensation. When 

three phases are in equilibrium in the system with F=1-3+2=0. Then the system is 

invariant which has no degrees of freedom. Only the triple point with temperature of 

273.16 K at 611.657 Pa in Fig. 2-3 could achieve the equilibrium state. When sufficient 

energy is supplied to the system, a phase change occurs from one phase to another. 

Fig. 2-4 summarized the phase change mechanisms between solid, liquid and vapour.  

 

Fig. 2-3: Phase diagram of water in P-T [62]. 
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Fig. 2-4: Phase change mechanism between solid, liquid and vapour. 

When saturated water vapour contacts with a cold surface, the vapour condenses into 

liquid phase. Condensation mode requires nucleation which means that thousands of 

water nucleus form on the substrate. Two types of nucleation modes in nature are 

applied: heterogenous and homogenous. Homogeneous nucleation rarely occurs only 

when the vapour under supersaturated condition and without the presence of a foreign 

phase [63]. Instead, heterogeneous nucleation dominates in any system that impurities 

and roughness may exist [64]. Therefore, the current study is limited in the case of 

heterogeneous nucleation. In this mode, a supersaturation degree or subcooling 

degree is required. The reason is that for the new interface creation between two 

phases, the energy barrier at the surface requires supersaturation degree as an 

additional driving force to overcome. From the psychrometric chart for nucleation 

process in the Fig. 2-5, along the fixed surface temperature, the vapour pressure could 

increase until the nucleation occurs at a supersaturated pressure 𝑝𝑛,𝑤. The nucleation 

process could be expressed by three distinct processes: cool down, supercooling and 

supersaturation. The water vapour in the humid air is firstly cooled down (A→B), then 
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cooled beneath the dew point leading to the heat and mass transfer (B→C) and at last 

proceeds to the supersaturation state to initiate the frost formation (C→D).  

 

Fig. 2-5: Psychrometric chart for nucleation process [65]. 

Otherwise, an alternate method is to reduce the surface temperature while maintaining 

the vapour pressure. Some literatures have proposed new replacements for condenser 

or seawater to reduce energy consumption and increase the system efficiency 

comparing to the conventional condensing methods, such as ocean thermal energy. 

Zhi-jiang Jin et al. [66] introduced the ocean thermal energy to supplement the 

condenser which refers to the temperature difference between the surface seawater 

and the deep seawater, and analysed the system exergy. In this process, the surface 

seawater is utilized for the feed water to evaporation and the lower temperature deep 

seawater is utilized for condensing. From the experiment and ASPEN simulation 

results, the entire system exergy efficiency is promoted to 7.81% and the produced 

freshwater can be up to 100kg/h. Therefore, the utilization of the LNG cryogenic energy 

provides a potential method for enhancing the condensation efficiency.  
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The heat transfer performance is also associated with the surface condition. Generally, 

the condensation occurs in two modes, depending on the characteristic of the surface, 

film condensation and dropwise condensation [67]. For generally clean and 

uncontaminated surfaces with high surface energy and high affinity to the water, the 

entire condensing surface is covered by a liquid film. Conversely, the droplets formed 

and grow to maintain the dropwise condensation on the substrate coated with the low 

energy surface. So far, it has been found that the dropwise condensation transfers the 

heat through the droplets is more than an order of magnitude larger than the film 

condensation. Therefore, in this study, the wasted LNG cryogenic energy with low 

temperature could be an alternative to be applied in the system to enhance the 

condenser heat transfer performance. And modifications on the heat exchange surface 

to maintain the dropwise condensation is expected to achieve greater heat transfer.   

2.3.2 Surface characteristic  

Surface characteristics are categorized into four types distinguished by contact angle 

(CA) range and wetting behaviour: superhydrophilic (0º<CA<10º), hydrophilic 

(10º<CA<90º), hydrophobic (90º<CA<150º) and superhydrophobic (150º<CA<180º) 

[68]. Superhydrophobic and hydrophobic surfaces have higher water repellence to 

form dropwise condensation and promote heat transfer. To obtain the hydrophobic 

characteristic, the surface could be implemented by the methods as the following [69]:  

(1) Coating a surface with a water-repellent material, including coating of fin press 

oil, automobile wax and fluorinated materials.  

(2) Etching, such as laser ablation and micro-machining.  

(3) Hybrid method, the combination of both above.  



26 

 

Table 2-6 below lists some fabrication methods and their performances on wettability.  

Table 2-6 Fabrication methods of hydrophobic and superhydrophobic surfaces. 

Type  Reference  Method Substrate 

material  

Coating material  CA  

Super-

hydrophobic  

Tadanaga, 

et al. [70] 

Sol-gel  Glass  Alumina  165° 

Artus, et 

al. [71] 

Chemical 

vapor 

deposition 

Aluminium Silicone (polysiloxane) 

nanofilaments 

168° 

Qu, et al. 

[72] 

Etching + 

Fluorination 

Steel Nitric acid and hydrogen 

peroxide as etchant 

161° 

Fresnais, 

et al. [73] 

Plasma 

Treatment 

Low density 

polyethylene 

CF4 170° 

Hydrophobic  Hoque, et 

al. [74] 

Fluoride 

coating 

Copper  1H,1H,2H,2H-

perfluorodecyltrichlorosilane 

125° 

Luo, et al. 

[75] 

Laser ablation  Steel  Amorphous carbon 130° 

Na and 

Webb [76] 

Chemical 

coating  

Aluminium Silicone wax 95° 

Min and 

Webb [77] 

Chemical 

coating  

Aluminium Press oil  90° 
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2.3.3 Effect of the surface characteristic  

A few studies were conducted to investigate the effect of the treated surface of the 

heat exchanger (HEX) on condensation heat transfer performance. Rausch, et al. [78] 

explored the dropwise condensation experiments on the Al alloys 3003 treated by ion 

beam implantation technology and concluded that the condensation heat transfer 

coefficient is enhanced by the higher steam pressure and lower subcooling. Ji, et al. 

[79] explored the heat transfer performance on a superhydrophobic surface with a CA 

of 166º fabricated by self-assembled monolayer method and a bare tube with a CA of 

83º. The condensation phenomena and the heat transfer coefficient are compared with 

two variables: coolant Re number and the saturation pressure in the chamber. Based 

on the different conditions, in the whole process, three condensation types are 

observed depending on the droplet size: dropwise condensation, flooded condensation 

and attached condensation. Among these, the overall heat transfer coefficient of the 

dropwise condensation has been improved the most, at 105%. Gu, et al. [80] 

investigated how the 3D-finned tube with three different surface treatments affect the 

condensation heat transfer performance. By comparing the heat transfer coefficient 

and the heat flux change, the hydrophilic treatment surface presents the best heat 

transfer performance and then followed with hydrophobic and superhydrophobic 

surfaces. Compared with the smooth tube, the 3D-finned with a height of 1.5mm 

structure has promoted the heat transfer coefficient by 94%. The reason is that the 3-

D finned tube increases the heat transfer area and broke the flow boundary near the 

wall. Hu, et al. [81] designed a hydrophilic-superhydrophobic hybrid by self-assembled 

monolayer coatings of n-octadecyl mercaptan with oxidation and chemical etching on 

a finned tube with an outside diameter of 14.26mm. This hybrid finned tube intensifies 
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the condensation heat transfer coefficient by maximum 215% compared to the 

hydrophilic plain tube and by maximum 98% compared to the hydrophilic finned tube.  

2.4 Frosting  

The maximum evaporation temperature can be significantly lowered to a low-grade 

heating temperature level (lower than 70 ºC) as condensation occurs at the cryogenic 

temperature of the proposed FWG. This increases the variety of low-temperature 

waste heat sources and lowers the high-grade thermal energy consumption. However, 

the regasification process of LNG may bring issues, e.g. the frosting/freezing occurring 

on the air-wall interface, which will influence heat transfer performance and block the 

vapour flow. In this section, the following are explained: mechanisms of frosting 

formation, frost properties, effects of the frosting in engineering applications and anti-

frosting solutions.  

2.4.1 Frosting introduction   

Frosting formation on a cold surface is a well-observed phenomenon in nature and 

industrial applications, such as refrigeration, air-condition and aerospace. Frost 

generally occurs when humid air contacts a cold surface with its temperature lower 

than the dew point of air. In some cases, although the surface temperature is beneath 

the freezing point, the water vapour condenses into the supercooled droplets and then 

freezes into ice. This two-step process is called condensation frosting. Nath, et al. [82] 

summarized the condensation frosting process into the following five stages:  

a) supercooled condensation 

b) onset of freezing 
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c) frost halos 

d) inter-droplet ice bridging and dry zones  

e) percolation clusters and frost densification  

The first stage of the condensation frosting is supercooled condensation which occurs 

on the surface temperature beneath the dew point. Once the droplets formed on the 

cold substrate, these supercooled droplets absorb the water content from the humid 

air and grow up. The second stage is the droplets freezing process. In general, the 

onset of liquid freezing is when the temperature of the liquid reaching the freezing point. 

However, the supercooled droplets are unstable form of liquid that related with several 

factors, such as subcooling degree, surface characteristic and volume of the droplet. 

As reported by Koop [83], the supercooled droplets could be frozen until -40ºC. After 

the ice nucleation, two stages of freezing are followed: recalescence and freeze front 

propagation. The third stage is defined as frost halos which occurs just after the 

recalescence process. The droplet grows bridges to freeze the surrounding annular 

ring of microdroplets and turns to frost halos. In this process, the temperature of the 

droplet is found to increase from supercooled temperature to 0ºC. As the freezing of 

the supercooled droplets is a probability function of the abovementioned factors, the 

supercooled droplets freeze at different time [84]. Therefore, the unfrozen droplets 

interact with their neighbouring frozen droplets via inter-droplet ice bridging and 

localized dry zones in the fourth stage. Then this interaction reacts as a chain to 

percolate all the condensate on the substrate. Once all the liquid droplets transfer to 

the solid phase completely, the frost densification is the dominant mode through heat 

and mass transfer.  
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Several parameters were proved to affect frost formation process, such as air humidity, 

air temperature, surface temperature, geometry and characteristics. Tahavvor and 

Yaghoubi [85] investigated the effect of air properties on the frost growth on a 

horizontal circular cylinder with surface temperature varying from -10ºC to -4ºC with 

heat transfer by natural convection. The experimental results showed that the greater 

relative humidity and temperature lead to thicker frost and higher heat flux between the 

surface and the air. Similar trends were also observed by Amini, et al. [86], Li, et al. 

[87] and Lai, et al. [88]. Fossa and Tanda [89] found that the lower temperature surface 

had thicker frost, and frost mass increases linearly with time and is affected by relative 

humidity in natural convection experiment with a surface temperature in the range of -

13ºC to -4ºC.  

Compared to the research abovementioned on near ambient low temperature surfaces, 

frost formation phenomena are different on cryogenic temperature surfaces. An 

experimental study of frost deposition on a surface of -165ºC under natural convection 

investigated by Liu, et al. [90] showed an opposite frost growth trend that the frost layer 

thickness diminished with the decrease of surface temperature. The explanation in the 

paper was that the phase change of water vapour already occurred in cooled 

surrounding air before it contacting the cold surface. Li, et al. [87] experimentally 

studied the influence of air humidity, air temperature and surface temperature on frost 

deposition on a copper plate with the surface temperature varying from -190ºC to -

100ºC under free convection conditions. The study found that the frost thickness grows 

with the increased relative humidity and temperature of air. The other influence factors 

on frost properties are presented in Table 2-7 below.  
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Table 2-7 Influences on frost properties. 

Increase 

affecting 

factor 

Study  Year  Geometry  Surface 

temperature  

Frost 

thickness  

Frost 

density  

Frost 

thermal 

conductivity  

Frost 

mass 

Air 

temperature  

Hermes, 

et al. [91] 

2009 Flat plate  -30 to 0 ↓ ↑ - - 

Air relative 

humidity  

[92] 2015 Flat plate  -35 to -4 ↑ - - - 

Air velocity  Hayashi, 

et al. [93] 

1977 Flat plate -25 to 0 - ↑ ↑ ↑ 

Surface 

temperature  

Hayashi, 

et al. [93] 

1977 Flat plate -25 to 0 - ↑ ↑ - 

Şahin 

[94] 

2000 Parallel flat 

plates  

- ↓ No 

effect  

↑ ↑ 

Lüer and 

Beer [95] 

2000 Parallel flat 

plates 

-16 to -2 ↓ - ↑ - 

Surface 

contact 

angle 

Hoke, et 

al. [96] 

2004 Flat plate  -13 ↑ Various  ↓ ↑ 

Boyina, 

et al. [97] 

2019 HEX -10 to -5 - - - ↓ 

Lee, et 

al. [98] 

2020 fin-tube 

HEX 

-20 ↓ - - - 
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2.4.2 Frosting on LNG vaporizers  

As introduced in the previous section, four kinds of LNG vaporizers are widely used in 

the market, ORV, SCV, IFV and AAV. Among these, AAV covers the small and medium 

scale terminals market due to its low operation cost and high environment sustainability. 

The general operation method is that the LNG flows inside the tube while the ambient 

air provides the heat outside to vaporize the LNG to NG. However, the performance of 

AAV is mainly influenced by the environment conditions and operation conditions, such 

as the air temperature and air humidity. Therefore, the AAV should be designed by 

considering the local environment conditions. In addition, the cryogenic temperature 

that LNG operating may cause the frost formation on the surface which will block the 

air flow and weaken the heat transfer performance. Several researchers focused on 

the frost formation mechanism in LNG vaporizer.  

Liu, et al. [99] developed a coupled dynamic heat transfer model to investigate the heat 

transfer performance of AAV using MATLAB considering the frost formation on the 

cryogenic temperature surface and LNG flow boiling inside the tube at the same time. 

The numerical calculations found that the influence factors on heat transfer are relative 

humidity, air temperature and wall temperature. And considering the AAV structure, 

along the length of the exchanger, the frost layer thickness is smaller while the heat 

transfer coefficient is greater. Lee, et al. [100] also proposed a heat and mass transfer 

model to predict the dynamic performance of the AAV including LNG outlet 

temperature, frost thickness and heat flux. The results showed that the AAV 

performance is also related to the air velocity. As the air velocity increases, the amount 

of air flowing increases which enhances the heat transfer coefficient of the HEX. Similar 
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investigations are also concluded by Liu, et al. [101], Kim, et al. [102] and Liu, et al. 

[43]. Besides these factors, the flow rate of the coolant is also considered as an 

important parameter that affecting the frost formation process by Kuang, et al. [103]. 

Ren, et al. [104] employed the LN2 as the coolant fluid to provide cryogenic 

temperature surface to observe the frost morphology and the properties. Based on the 

experimental data, the correlations for frost density and frost thickness prediction are 

modified to include the wall temperature as a function.  

2.4.3 Solutions  

The frosting phenomenon causes many negative effects, especially in heat transfer 

processes. Frost layer blocks air flow contacting the surface directly, thereby forming 

an insulation layer to increase the thermal resistance of the surface, consequently 

causing worse heat transfer performance and system malfunction. Over the years, 

researchers have been working on how to minimize and prevent these negative effects. 

One method is to defrost, e.g. evaporation [105] and ultrasonic vibration [106] while 

another method is to apply specific coatings on surface to delay or totally avoid frost 

formation. Compared to active approaches removing frost with chemical, mechanical 

and thermal methods, surface treatment methods are less time and energy consuming. 

Other than enhancing the condensation performance by maintaining dropwise 

condensation, the hydrophobic coating could affect the frost formation.  

Hydrophobic surface that affects frost formation under near ambient low temperature 

range was investigated by several researchers. Huang, et al. [107] proved treated 

hydrophobic surface strongly affects freezing time after comparing five surfaces with 

contact angles varying from 97.2º to 154.9º experimentally. In this study, 
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superhydrophobic surfaces were treated by rinsing in 1.0 mol/l NaOH solution and 0.05 

mol/l K2S2O8 solution, and then modified by immersing into a pre-hydrolysed ethanol–

fluoroalkyl silane solution. The water droplet was frozen at a later stage on the surface 

with a larger contact angle. Liu, et al. [108] found that a superhydrophobic surface of 

162º CA pre-treated with a rapid fluorinated process of carbon tetrafluoride plasma, 

delayed freezing time for 55 minutes compared to a plain surface without coating. 

Therefore, frost thickness on the superhydrophobic surface was reduced by 52% at 

the end of the experiment. A similar study reported by Dyer, et al. [109] that frost 

thickness grows 13% thicker on a coated hydrophilic surface than on a bare surface or 

hydrophobic surfaces.  

Several researchers also focused on how the surface treatment affects the 

performance of HEXs. Lee, et al. [98] investigated the effect of the surface wettability 

on frost retardation on the fin-tube HEXs with three different coatings of 72º, 117º and 

160º. A new method to evaluate the frost retardation was proposed by comparing the 

time taken for the air flow rate to decrease when reaching the same ratio. The 

experimental results show that compared with the bare tube, the hydrophobic surface 

and superhydrophobic surface has delayed the frost time by 14.4% and 42.0%. And 

the surfaces with higher hydrophobicity delayed the decrease in heat transfer rate and 

the increase in the pressure drop. Kim and Lee [110] also proved that under frost 

conditions, the hydrophobic surface on heat pump louvered-fin HEXs could provide the 

best heat transfer performance compared with the bare surface and the hydrophilic 

surface by experiencing the smallest air side pressure drop and the smallest heat 

transfer rate reduction. Recently, a similar study for investigating the effect of the 

surface treatment on the louvered-fin HEX was explored by Ye, et al. [111]. The study 
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found that the hydrophobic surface help to delay the frost time by 12min, and the air 

pressure drop to the specific pressure by 118min compared to the bare surface. A 

superhydrophobic crossflow HEX treated by chemical vapour deposition method to 

deposit the heptadecaflouro-tetrahydrodecyl trimethoxy silane in a 2.5nm thickness on 

the surface was employed by Boyina, et al. [97] to test how this coating method affect 

the HEX performance. Through the mass change of the HEX, heat transfer rate and 

the image captured, the reduction on the heat transfer rate on the superhydrophobic 

HEX was delayed by around 90min. Defrosting time and defrosting cycle are also an 

important parameter to evaluate the performance, as in the applications, defrost is an 

essential cycle for the HEX to remove all the frost and reuse. In this study, the 

superhydrophobic surface spent the longest defrosting time but retained the least 

water on the surface which reduces the manual frost removal time afterwards by 50%. 

Wang, et al. [105] investigated the effect of surface energy on frosting and defrosting 

behaviour of a fin-tube HEX at -10ºC. Sodium hydroxide solution etching method was 

employed to obtain the surface super hydrophobicity. The treated surface showed 

greater anti-freezing performance which achieved a reduction of 17.1% and 28.8% on 

frost thickness and frost mass respectively compared to bare surface. And the 

superhydrophobic surface performed the lowest pressure drop and the best heat 

transfer. Superhydrophobic treatment also helped to reduce defrosting time and 

energy consumption of the evaporation in the defrost process.  

However, some research showed contradictive observations in frost formation. Kim 

and Lee [112] compared frost and defrost performance on three surfaces in heat pump 

applications: plain, hydrophilic and hydrophobic surfaces with temperature from -18 to 

-10ºC. The hydrophobic surface coated with fluorinated resin and nano-protrusions 
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fabricated led to water droplets formation on the surface. However, the poly-acrylate 

resin coated as hydrophilic surface created a water film at an early stage, thereby the 

lowest frost thickness. Hoke, et al. [96] experimentally compared frost formation 

parameters on flat glass plate (CA<10°) and polytetrafluoroethylene (PTFE) 

(84°<CA<103°). It was concluded that the plain glass surface generates thicker frost 

with a lower density than the PTFE surface at the mature frost growth stage, while 

adverse behaviour was observed at the early frost growth stage.  

According to the above investigation research, the surface temperature in the ordinary 

low temperature range: -30ºC to 0ºC is focused the most. And it has been proved that 

the cryogenic temperature (below -100ºC) surface presents different frosting 

phenomena and performance compared with near ambient low temperature surface. 

However, few papers were found to explore the chilled temperature (-100ºC to -30ºC) 

range surface. This temperature range is widely used in industrial applications, such 

as LNG regasification process.  

As summarized above, the frost mechanism is complicated as it is related to several 

factors. The predictions of the frost properties numerically were explored in recent 

years as an important issue in engineering applications. Hermes, et al. [113] proposed 

a semi-empirical correlation to predict frost density by combining a theoretical model 

and experimental data. The proposed correlation was related to thermodynamic 

conditions of humid air and Jacob number as presented in Table 2-8. Although this 

correlation has a good agreement with the experimental data presented in the paper, 

it is only applicable for surface temperature in the range of -15ºC to -5ºC and room-

temperature humid air. Considering the effect of surface characteristics, Sommers, et 
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al. [114] proposed a new correlation (in Table 2-8) based on Hermes, et al. [113]’s 

work. However, the correlation is restricted for use in the following specific conditions: 

contact angle of 45°<CA<160°, relative humidity of 40%< 𝜑 <80% and surface 

temperature of -13ºC <𝑇𝑤< -5ºC under natural convection. The existed correlations for 

frost density predictions were limited in near ambient surface temperature range and 

high humidity air environment. To extend the applicable range of the correlations, we 

aim to propose a new predictive correlation for treated surfaces of chilled temperature 

in this study.  

Table 2-8 Frost density correlations. 

Study  Correlation  Conditions  

Biguria and 

Wenzel [115] 
𝜌 =

𝜌𝑙 ∫ 𝑓(𝑥)𝑑𝑥
𝑥𝐿
𝑥0

𝐿−𝑥0
= 𝜌𝐿(0.612)  - 

Hayashi, et 

al. [116] 

𝜌 = 650 ∙ exp⁡(0.277 ∙ 𝑇𝑓𝑠)  - 

Hermes, et 

al. [91] 

𝜌 = 207 ∙ exp⁡(0.266 ∙ 𝑇𝑓 − 0.0615 ∙ 𝑇𝑤)  - 

Shin, et al. 

[117] 

𝜌𝑓 = (109.53 − 45.54 ∙ log𝐷𝐶𝐴) ∙

𝑡0.0479∙𝐷𝐶𝐴
0.4357

  

23º<CA<88º 

Hermes, et 

al. [113] 

𝜌𝑓 = 2.2𝐽𝑎−3/2𝑡1/2 * 
16°<𝑇𝑎<22°, 50%<𝜑<80%, -15°< 𝑇𝑤 

<-5° 

Sommers, et 

al. [114] 

𝜌𝑓 = 2.17𝐽𝑎−3/2𝑡1/2(
4.5

ln 𝐶𝐴
)0.95(

0.80

𝜙
)0.61 * 

45°<CA<160°, 40%< 𝜑 <80%, -13°< 

𝑇𝑤 <-5° 

*  Jacob number: 𝐽𝑎 = ⁡
𝑐𝑝

𝐿
∙
𝑇𝑠𝑎𝑡,𝑎−𝑇𝑤

𝜔𝑎−𝜔𝑠𝑎𝑡,𝑤
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2.5 Research motivation  

Due to environmental and economic considerations, sustainable transportation is a 

growing trend in the marine sector. In this regard, waste heat recovery applications 

used in ships have increased its importance in recent years. One of the greatest 

practices of utilizing waste heat is FWG system. Currently, almost all employed FWG 

systems on board are based on SCD, where extensive energy is used, leading to high 

energy consumption and low freshwater recovery rate. Therefore, the evaporation and 

condensation of the SCD process have been continuously developed for the last 

decades, from the applications of the following techniques, flash evaporation, low 

temperature coolant and surface modification. However, limited work was found to 

investigate the utilization of the coolant under cryogenic temperature for condensation 

in freshwater generation systems. The fast-growing LNG trade market around the 

world may further create potential FWG applications co-located with vast LNG 

cryogenic energy source. Therefore, this research makes contribution to propose an 

integration system of LNG cryogenic energy recovery and FWG system for freshwater 

generation on LNG powered ships.  

With the development of various coating materials, different technologies for surface 

coating are applied in recent years for anti-frosting which causes from the ultra-low 

temperature surface. In this study, several types of hydrophobic coatings were 

prepared to explore their effects on the frosting behaviours through an experimental 

setup. Various researchers have experimentally investigated the effect of the 

condensation and frosting performance on subcooled surfaces. The wetting behaviour, 

distribution and growth of water droplets in the condensation process are influenced 
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by the surface wettability, which in turn affects the formation, growth and properties of 

the frost. However, most of the frosting formation studies have been focused on the 

flat plate with a surface temperature range between -25 to -5ºC. The number of 

experimental studies that have focused  on frosting on the flat surfaces with the surface 

temperature lower than -35 ºC is very limited [118]. And this temperature range is 

widely found in industries, such as the LNG outlet temperature of LNG cryogenic 

energy recovery process for power generation. In order to meet the conditions of 

natural gas for internal combustion engines, a two-stage regasification-preheating 

process is normally applied to increase the temperature of LNG which highlights the 

necessity of the investigation on frosting phenomenon in the transition temperature 

range. In the novel LNG cryogenic energy harvest systems for power generation 

proposed in some literatures [119], the outlet temperature of natural gas is around -

50ºC. Hence, it is necessary to investigate the phenomenon and performance of the 

condensation and frosting experimentally around this surface temperature range. One 

of the novelties of this research is to explore the frosting and condensation formation 

process on various treated surfaces by extending the surface temperature to the chilled 

temperature range.  

By conducting the numerical study on the integrated FWG system, it helps to 

understand the water generation process and enables further optimisation using 

advanced simulations. The evaporation and condensation processes are firstly carried 

out by Siemens Simcenter Amesim and validated by the experimental studies. The 

parametric study including the operation conditions and geometry conditions is 

explored. Then a case LNG powered ship is used to assess the feasibility of this FWG 
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system that on board. The optimisation analysis based on the thermodynamic and 

economic requirements was developed on the operation conditions in the FWG.  

2.6 Summary  

SCD, primarily extracting freshwater from seawater through the evaporation and 

condensation processes, is now commonly used on board ships as desalination 

devices. An in-depth literature review was conducted on the main stages ‘evaporation’ 

and ‘condensation’ processes involved in SCD, while explained and highlighted the 

advantages and disadvantages. Compared to other techniques, SCD benefits from the 

less complex design and less maintenance cost. However, there is still potential to 

improve the comparatively low freshwater recovery rate and the system energy 

efficiency. Hence, this chapter focuses on the condensation improvement methods to 

improve the efficiency of FWG system by utilizing recovered LNG cryogenic energy 

and the surface modifications. LNG cryogenic energy recovery methods were 

thoroughly explained firstly. Desalinating seawater as one of the important industrial 

applications that can benefit from cryogenic energy is investigated whilst 

acknowledging the advantages and disadvantages of these processes. Secondly, an 

in-depth literature review was conducted on the surface modifications mechanisms and 

its effect on the condensation performance. During the LNG regasification process, the 

temperature would be in a wide temperature range including cryogenic temperature, 

chilled temperature and ordinary temperature which causes different phenomena. It is 

expected that the hydrophobic surface treatment technologies on the HEX surface 

provides an enhancement effect on heat transfer and suspends the frosting formation 

on the cold surface. However, the exploration of the effect of the surface temperature 
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range in these literatures is limited in the ordinary temperature range of the surface 

temperature. Therefore, the experimental investigations on the condensation and 

frosting phenomena under various surface temperature and various surface materials 

are discussed in ‘Chapter 3 – Experimental methodology’ and ‘Chapter 4 – 

Experimental results and discussion’. Then the numerical study of the use of the 

cryogenics for freshwater generation and the optimisation study on an LNG powered 

ship was investigated and discussed in ‘Chapter 5 – Numerical analysis’ and ‘Chapter 

6 – Case study’.   
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CHAPTER 3 EXPERIMENTAL METHODOLOGY  

As discussed in Chapter 2, the utilisation of LNG cryogenic energy and the surface 

modification are developed for the condensation process to enhance the output of the 

FWG system. Various researchers have experimentally and numerically explored the 

formation of the water droplets and the frost layer on subcooled surface in terms of 

frost growth rate, heat transfer performance and temperature distribution. However, 

limited work investigated the effect of the surface characteristics when the surface 

temperature is at the chilled temperature range experimentally.  

This chapter describes the test facility that used to investigate the thermodynamic 

performance and phenomena on the tubes with different surface characteristics under 

such mechanisms as: condensation, condensation frosting and desublimation. The 

visualisation method is introduced to detect and monitor the phenomena on the surface 

and evaluate the system performance at different operating conditions.  

3.1 Experiment description  

This section introduces the experimental facility setup, preparation, procedures and 

data analysis methods.  

3.1.1 Experimental apparatus  

An experimental platform was established as shown in Fig. 3-1. The platform included 

a condenser chamber, a humidity section, a cooling section and a vision system. The 

condenser chamber was designed in stainless-steel material in a cube shape, with a 

size of 300 x 300 x 300 mm. The test section is the part where the frosting experiments 
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are performed. A few stainless-steel rectangle tubes with a 30 mm width x 30 mm 

height x 150 mm length and a thickness of 1.5 mm were employed in this study. The 

humidity section was designed as a humidifier to satisfy the experimental humidity 

conditions in the test section chamber. The cooling section consisted of several valves, 

a volumetric flow meter and a thermostat. The coolant pumped from the thermostat 

flowed through the test section to cool the test surface to the designed temperature. 

The thermostat has the ability to maintain the coolant temperature in the range of -80 

to 10 ºC and to flow the coolant at a maximum flow rate of 10 l/min. An ultrasonic flow 

meter (UFD5500) scaled from 0.03 to 12 m/s was used to measure the coolant flow 

rate during the experimental measurements. Visualisation windows made of acrylic 

were installed on the front and back views of the condenser chamber to observe and 

record the phenomena that took place on the surface. A high-speed camera, Phantom 

v710 with an AF Micro Nikkor 105 mm 1:2.8 D lens was used to record from the front 

of the front view window. The specification details of the camera are presented in Table 

3-1. The camera was mounted parallel to the test section surfaces to capture the live 

process. The connection pipes and the inside walls of the condenser chamber were 

insulated by polyethylene foam sheets to avoid heat losses. 
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Table 3-1 Camera specification details. 

Parameter  Specifications 

Camera  v710 

Lens  AF Micro Nikkor 105mm 1:2.8 D 

Speed  100 µs  

Colour  Monochrome 8 bits or 12 bits  

Resolution  1280 x 800 
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Fig. 3-1: (a) Experiment setup diagram. (b) Photo of the test rig. 

The thermocouples measuring the coolant operational temperatures were K type 

stainless-steel 304 sheathed thermocouples (KMQSS-IM100U-300). The two surface 

thermocouples used in the test section were K type thermocouples with silicone-based 

and self-adhesive backing. The humidifier in use was HX94BV1W with a temperature 

range of 0-100 ºC and relative humidity of 0-100%. The details of the instruments in 

the experiment are shown in Table 3-2. The data acquisition system ‘Data Taker’ was 

employed to record the surface temperature, the temperature in the chamber, inlet and 

outlet temperature of the coolant and the humidity in the chamber every second for 

further analysis. The uncertainties and the accuracies of the parameters in the 

experiment are summarised in Table 3-3. 
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Table 3-2 Instrumentation and propagated uncertainties of the experiment 

Instrument   Manufacture  Range  Accuracy  

Temperature/relative 

humidity transmitter  

Omega 

Engineering  

0 to 100% ±3.5% (5 to 20%); ±2.5% (20 to 80%); 

±3.5% (80 to 95%) 

Temperature/relative 

humidity transmitter 

Omega 

Engineering 

0 to 100ºC ±0.6ºC (0 to 50ºC); ±1.25ºC (50 to 

100ºC) 

Thermocouple  Omega 

Engineering 

<220ºC ±0.75% 

Thermostat  Thermo scientific  -80 to 10ºC ±0.03ºC 

Surface 

thermocouple  

Omega 

Engineering 

-73 to 

260ºC 

 

 

Table 3-3 Uncertainties of the parameters. 

 Parameters  Accuracy  

Measured  Temperature  0.75% 

 Relative humidity  ±4% (0 to 5% and 95 to 100%) 

±3.5% (5 to 20%) 

±2.5% (20 to 80%) 

±3.5% (80 to 95%) 

 Parameters  Uncertainty  

Calculated  Frost thickness  ±0.3% 

 Frost accumulation  ±5.4% 

 Frost density ±5.7% 
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3.1.2 Preparation of the surfaces 

Two methods of fabrication were applied on the test tubes to achieve different coatings: 

plasma polymerisation and spray coating. The stainless-steel sample tubes were firstly 

cleaned in isopropanol and plasma. Then the plasma polymerisation was applied to 

form polymers directly to bond on the surface to achieve the hydrophobic coating layer: 

a fluorine-based coating (manufactured by Diener electronic GmbH + Co. KG). The 

details and working conditions of plasma system were described in the study of Tur, et 

al. [120]. For the spray method, the sample tube was firstly degreased and then 

sandblasted with aluminium oxide powder to remove any surface scale and rust, and 

to also increase the surface roughness. Two chemical coatings: PTFE and fluorinated 

ethylene propylene (FEP), were then sprayed with a thickness of 20-50 μm as 

described in Leivo, et al. [121]. Thereafter, the tubes were cured in an oven for an hour 

with the peak temperature at 390 °C.  

The static, advancing and receding contact angles were measured to demonstrate the 

surface characteristics. An OCA 15EC contact angle measurement goniometer system 

was employed using the sessile drop method. Deionised (DI) water as the probe liquid 

was used for each measurement, to create the drop on the sample surfaces through a 

syringe. A 5 µL liquid droplet at a dosing rate of 1 µL/s was dropped on the surfaces 

from a gastight 500 µL precision syringe. The static CA was measured when the droplet 

was in the equilibrium state. The advancing CA and receding CA were made to 

advance (or recede) by slowly feeding (or withdrawing) a small amount of water. The 

goniometer captured a cross-sectional image of the drop on a screen and measured 

the angles which are presented below in Fig. 3-2. The reported CA values are the 
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average of five measurements of the CA of droplets at five different locations on each 

surface. The five measurements for calculating the average contact angle are typically 

agreed within ±3°.  

 

Fig. 3-2: Contact angle measurement shortcut. (a) static CA (b) advancing CA (c) receding CA. 

3.1.3 Experimental procedure  

Before each experiment case, the test section surfaces were firstly washed thoroughly 

with ethanol to eliminate oil contamination and then rinsed with deionised water. The 

camera was adjusted to the correct focus, and then the LED light was turned on and 

adjusted until the surface could be seen clearly. To initiate the experiment, the 

thermostat chiller was switched on to allow the coolant to reach the designed 

temperature. Then the water vapour from the humidifier entered the condenser 

chamber to reach the designed humidity and turned off all the valves to achieve a 

closed environment. After the absolute humidity inside the chamber reached 0.019 

kg/kg of dry air and was stable for 10 minutes, the coolant was pumped from the 

thermostat and circulated in the system to start the experiment. The experiment ended 

at the time when the relative humidity in the condenser chamber did not change for 5 

minutes. The experimental data were recorded by the data logger DT85 every second, 

and the images were captured by the camera in a fixed time period. Each experiment 

(a) (b) (c) 
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was repeated more than three times per experimental condition to prevent the 

unreliability factors affecting the results.  

The experimental operation conditions in Table 3-4 are designed to investigate how 

these different coating materials on the test section surfaces affect the frosting process 

and heat transfer performance under natural convection. The experiments were 

divided into four cases considering the different coolant temperatures: Case 1 at -36ºC, 

Case 2 at -22 ºC, Case 3 at -8 ºC and Case 4 at 6 ºC. Each case was operated with 

different procedures, the mechanism and a few parameters were evaluated. Apart from 

the operation mechanism being verified as condensation in Case 4, as the coolant 

operates at an ordinary temperature, the mechanisms in the other three cases were 

unsettled. Therefore, the mechanism of each case was firstly analysed. Then, different 

parameters were measured and analysed based on the specific mechanism for each 

case. 

Table 3-4 Experiment operation conditions. 

Experimental conditions  Unit  Value  

Air temperature  ºC 25 ± 1 

Air absolute humidity  kg/kg 0.019 – 0.020 

Pressure  bar 1 

Coolant temperature  ºC 6, -8, -22, -36 
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Fig. 3-3: Schematic of the experiment process. 

3.2 Mechanism introduction   

Generally, the mechanisms are defined as the following:  

• Condensation  

• Condensation frosting  

• Direct freezing  

However, the boundaries between each process are related to several factors, such 

as surface temperature, humidity conditions and surface characteristics. Thus, the 

performance analysis for each mechanism will be detailed in the following section 

consisting of the methodology and evaluation parameters. The current chapter 

describes the experimental methodology to explore the effect of the surface 

temperature and surface material on condensation and frosting. The mechanisms and 



51 

 

performances are introduced and analysed, including the condensate, frost 

accumulation, frost properties and heat transfer performance during the actual 

operation time of the condensation and frosting process. The image analysis method 

is also introduced to analyse the frost thickness in the frosting cases.  

To determine the mechanism, the nucleation mechanism with different surface 

characteristics is introduced in the current section. The occurrence of the nucleation 

process requires the vapour embryo to overcome the Gibbs energy barrier. The water 

vapour has to be in a supersaturated state to achieve nucleation on the cold surface. 

When the embryo contacts the cold surface, the Gibbs energy changes as follows [122]:  

∆𝐺 = 𝑉𝑒𝑚∆𝑔̃𝑣 + 𝐴𝑗𝑘𝜎𝑗𝑘 + 𝐴𝑘𝑤(𝜎𝑘𝑤 − 𝜎𝑗𝑤)  (3-1) 

where 𝐴𝑗𝑘 ⁡and 𝜎𝑗𝑘  represent the contact area and interfacial energy, respectively, 

between the parent phase, 𝑗 and the new phase, 𝑘, which can take the values of ice 

(𝑖), water (𝑙) and vapour (𝑣) and finally, the subscript 𝑤⁡denotes the substrate. It is 

noted that 𝜎𝑗𝑘  is a function of temperature as described in Table 3-5. The 𝑉𝑒𝑚 

represents the volume of the new phase, while ∆𝑔̃𝑣 is the specific Gibbs free energy 

change between the phase per unit volume as follows [122]: 

⁡∆𝑔̃𝑣 = −
𝑅𝑣𝑇𝑤

𝑣𝑚
ln

𝑝𝑛,𝑤

𝑝𝑠𝑎𝑡,𝑤
⁡  (3-2) 
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Table 3-5 Equations for interfacial energy calculations in phase change [122]. 

Phase change State of 𝑖 State of 𝑗 Interfacial energy 𝜎𝑖𝑗 (J/m2) 

Condensation  Vapour  Water  𝜎𝑣,𝑙 = (75.7 − 0.1775 ∙ (𝑇 − 273.15)) × 10−3  

Desublimation  Vapour  Ice  𝜎𝑣,𝑖𝑐𝑒 = (99.5 − 0.075 ∙ (𝑇 − 273.15)) × 10−3  

Freezing  Water  Ice  𝜎𝑙,𝑖𝑐𝑒 = (23.8 + 0.1025 ∙ (𝑇 − 273.15)) × 10−3  

 

According to Eq. (3-1), Gibbs energy change is related to the interfacial energy 

between the phase and the substrate. The surface energy is an important parameter 

that affects the nucleation. Assuming that the nucleating embryo is a uniform spherical-

cap shape, by differentiating Eq. (3-1), the critical Gibbs free energy change could be 

calculated by the following:  

∆𝐺𝑐 =
16𝜋

3
⁡
𝜎𝑖𝑗
3

∆𝑔̃𝑣
2 ⁡
(2+𝑐𝑜𝑠𝐶𝐴)(1−𝑐𝑜𝑠𝐶𝐴)2

4
  (3-3) 

where 𝑐𝑜𝑠𝐶𝐴 is the characteristics of the surface wettability.  

cos 𝐶𝐴 =
𝜎𝑗𝑠−𝜎𝑖𝑠

𝜎𝑖𝑗
  (3-4) 

As described above, the water vapour for phase change should overcome the 

nucleation energy barrier. As shown in Eq. (3-3), the critical Gibbs free energy is 

related to the interfacial energy, surface wettability and specific Gibbs free energy 

change. To change the specific Gibbs free energy, two methods are applied: (1) 

surface temperature lower than saturation temperature at a fixed water vapour 

pressure; (2) the water vapour pressure should be higher than the saturation pressure 

at a fixed surface temperature, this is called supersaturation pressure [82]. Therefore, 
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by combining Eqs.(3-1), (3-2), (3-3) and (3-4), the critical supersaturation for embryo 

formation could be calculated as below[123]:  

𝑝𝑛,𝑤 = 𝑝𝑠𝑎𝑡,𝑤 ∙ 𝑒𝑥𝑝⁡(
𝑣

𝑅𝑣𝑇𝑤
√
4𝜋

3
∙

𝜎𝑖𝑗
3

𝐵𝑐𝑇𝑤 ln(
𝐼0
𝐼𝑐
)
∙ (2 + cos 𝐶𝐴) ∙ (1 − cos 𝐶𝐴)2)  (3-5) 

where 𝑝𝑠𝑎𝑡,𝑤  represents the saturation vapour pressure of water 𝑝𝑠𝑎𝑡,𝑙,𝑤  and ice 

𝑝𝑠𝑎𝑡,𝑖𝑐𝑒,𝑤 as a function of surface temperature as follows [124],  

𝑝𝑠𝑎𝑡,𝑙,𝑤 = 𝑒𝑥𝑝⁡(54.842763 −
6763.22

𝑇𝑤
− 4.210 𝑙𝑛(𝑇𝑤) + 0.000367𝑇𝑤 +

𝑡𝑎𝑛ℎ(0.0415(𝑇𝑤 − 218.8)) × (53.878 −
1331.22

𝑇𝑤
) − 9.44523 𝑙𝑛(𝑇𝑤) + 0.014025𝑇𝑤))   

(3-6) 

𝑝𝑠𝑎𝑡,𝑖𝑐𝑒,𝑤 = 𝑒𝑥𝑝⁡(9.550426 −
5723.265

𝑇𝑤
+ 3.53068 ln 𝑇𝑤 − 0.00728332𝑇𝑤)  (3-7) 

and 𝐼0 is the kinetic constant at 1029 m-2s-1 while 𝐼𝑐 is the minimum embryo formation 

rate at 104 m-2s-1 for both condensation and desublimation modes. 𝐵𝑐 represents the 

Boltzmann constant at 1.38 x 10-23 J/K.  

According to these definitions of the mechanisms, the critical condition for the embryo 

formation on the substrate was explored as a function of the surface energy and the 

surface temperature. The preferred mode of the embryo nucleation with varying 

operation parameters is defined and investigated experimentally in the following 

chapter.  
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3.3 Performance analysis – Condensation  

For condensation mechanism cases, the heat transfer performance such as the heat 

transfer rate and the production rate are evaluated. The total amount of water formed 

on the substrates during the experiment period was calculated from the absolute 

humidity difference in the condenser chamber between the start of the experiment and 

the end of the experiment, which is presented as follows,  

𝑚 = 𝑚𝑚𝑎(𝜔𝑚𝑎,𝑖𝑛𝑖 − 𝜔𝑚𝑎,𝑓𝑖𝑛𝑎𝑙)  (3-8) 

The amount of total heat transfer of the tube was calculated based on the temperature 

difference and mass flow rate of the coolant as the following,  

𝑄𝑐𝑜 = 𝑚𝑐𝑜𝑐𝑝,𝑐𝑜(𝑇𝑐𝑜,𝑜 − 𝑇𝑐𝑜,𝑖𝑛)  (3-9) 

where 𝑚𝑐𝑜 is the mass flow rate of the coolant; 𝑐𝑝,𝑐𝑜 denotes the specific heat of the 

coolant, and 𝑇𝑐𝑜,𝑜 and 𝑇𝑐𝑜,𝑖𝑛 represent the outlet and inlet temperature, respectively.  

Based on the energy conservation law, the heat transfer from the water vapour in the 

humid air to the surface is equal to the heat conduction through the wall. However, the 

experiments were performed at an unsteady state at the beginning with a variable 

temperature. Therefore, the lumped capacitance method was applied to achieve the 

conductive heat transfer, which is defined as,   

where 𝐴 is the surface area; 𝑙 is the length of the tube; and 𝑡 is the experiment time.  

𝑄𝑤 = (𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑐𝑜) ∙ 𝜌𝑐𝑜 ∙ 𝑐𝑝,𝑐𝑜 ∙ 𝐴 ∙ 𝑙 ∙ [1 − exp⁡(−
𝑘𝑐𝑜𝐴

𝜌𝑐𝑜∙𝑐𝑝,𝑐𝑜∙𝐴∙𝑙
∙ 𝑡)]  (3-10) 
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In this process, the heat transfer between the moist air and the surface consists of two 

parts: sensible heat 𝑄𝑠𝑒𝑛 [kJ] and latent heat 𝑄𝑙𝑎𝑡  [kJ]. The energy released by the 

water vapour condensed on the tube surface is defined as the latent heat transfer rate 

as the following,  

𝑄𝑙𝑎𝑡 = 𝑚𝑐𝑜𝑛𝑑 ∙ 𝐿  (3-11) 

As in the experiment, the inner walls of the chamber were covered by the insulation 

layer to minimise heat loss, and the sensible heat transfer is equal to the subtraction 

of the conductive heat transfer and the latent heat transfer and the radiation heat 

transfer as follows:  

𝑄𝑠𝑒𝑛 = 𝑄𝑤 − 𝑄𝑙𝑎𝑡  (3-12) 

During the condensation process, the liquid wets the surface as a thin film layer along 

the tube, which is known as filmwise condensation or as droplets on the surface 

defined as dropwise condensation. In this study, the condensation heat transfer 

coefficient was applied as follows [67]: 

𝑘𝑐𝑜𝑛𝑑 = 0.725[
𝜌𝑙(𝜌𝑙−𝜌𝑣)𝑔𝐿𝜆𝑙

3

𝜇𝑙𝐷ℎ(𝑇𝑚𝑎−𝑇𝑠𝑢𝑟𝑓)
]1/4  (3-13) 

In this equation, 𝜌𝑙  and 𝜌𝑣  are defined as liquid density and vapour density, 

respectively; 𝑔  is the gravity acceleration, defined as 9.81 m2/s; 𝜇𝑙  and 𝜆𝑓  are the 

dynamic viscosity and thermal conductivity of liquid at 𝑇𝑙.  
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3.4 Performance analysis - Frosting 

For frosting mechanism cases, the frost properties such as the frost accumulation, frost 

porosity and frost density were compared by the captured images from high-speed 

camera firstly. Then the heat transfer performance, such as the heat transfer rate and 

the production rate were evaluated. The methodologies are detailed in the following 

sections.  

3.4.1 Frost properties  

The frost accumulation is expressed in Eq. (3-8). As the distribution of the frost 

thickness on the surface was uneven, the frost thickness was obtained by averaging 

the captured section. Two types of frost thickness measurement were explored in the 

previous literature: direct measurement and indirect measurement. The direct method 

employs measurement facilities such as the digital micrometre, the scanning probe 

microscope and a Vernier gauge to measure the frost thickness directly. The indirect 

method includes the laser displacement gauge, photo analysis from the side-view, and 

optical signal and neutron radiography conversion measurement. [118] In this study, 

the image analysis method is employed for the frost thickness measurement. As the 

frost formation on the surface is uneven, the averaged frost thickness on the surface 

could present an accurate result. Two averaged measurement methods have been 

proposed. Wang, et al. [125] defined the frost thickness as the average value of the 

minimum value and maximum value. Kandula [126] obtained the averaged thickness 

by averaging the values at five locations on the surface. In the current study, the 

averaged thickness on the surface was obtained by a new indirect measurement 

method: image analysis in Image J and MATLAB, as follows. 
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As shown in Fig. 3-4(a), the front view of the frost layer is captured at t = 0 min and t = 

20 min. These captured images are operated threshold in Image J software to decide 

the boundary of the baseline and the frost layer, as presented in Fig. 3-4(b). Then, the 

frost layer image overlaid on the baseline image in MATLAB presents the different 

pixels value in Fig. 3-4(c). The pink area above the baseline is the frost layer deposition 

on the surface (Appendix A). The average number of the different pixels occupying 

each point of the baseline is calculated as the averaged frost thickness. Therefore, the 

frost thickness 𝛿𝑓 was calculated as follows:  

𝛿𝑓 =
𝑛𝑓

𝑛𝑙
⁡ ∙ 𝑙   (3-14) 

 

(a) Original image    (b) Threshold processed image 
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(c) Overlay processed image 

Fig. 3-4: Illustration of the image processing. 

Based on the previously measured frost mass and frost thickness, the frost density is 

obtained by the following equation:  

𝜌𝑓 =⁡
𝑚𝑓

𝑉
=

𝑚𝑓

𝐴𝛿𝑓
  (3-15) 

As the frost is assumed as a mixture of humid air and ice, the frost density is calculated 

based on the porosity and density of each component as follows,  

𝜌𝑓 = 𝜒 ∙ 𝜌𝑖𝑐𝑒 + (1 − 𝜒) ∙ 𝜌𝑚𝑎  (3-16) 

where 𝜌𝑖𝑐𝑒 and 𝜌𝑚𝑎 are the densities of ice and humid air, respectively. Similarly, the 

thermal conductivity of the frost layer is calculated based on the porosity and thermal 

conductivity of each component:  

𝜆𝑓 = 𝜒 ∙ 𝜆𝑖𝑐𝑒 + (1 − 𝜒) ∙ 𝜆𝑚𝑎  (3-17) 
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3.4.2 Heat transfer analysis  

As the frost surface temperature is hard to achieve from the thermocouples, the 

conservation laws of heat and mass transfer are applied to calculate. And a few 

assumptions are made in the calculation:  

1) Heat and mass diffusion within the frost layer is assumed quasi-steady and one-

dimensional. 

2) The frost layer grows in a direction normal to the cold plate surface with uniform 

frost thickness along the plate length. 

3) The air pressure is uniform in the airstream and within the frost layer. 

4) Conduction is the dominant heat transfer mechanism within the frost layer.  

The total convective heat transfer from the air to the surface or the frost layer consists 

of the sensible heat and the latent heat as follows: 

𝑄

𝑡
= 𝑞𝑠𝑒𝑛 + 𝑞𝑙𝑎𝑡  (3-18) 

The sensible heat 𝑞𝑠𝑒𝑛 [W] is transferred from the humid air to the cold surfaces while 

the latent heat 𝑞𝑙𝑎𝑡 [W] is released from the condensation or desublimation process 

[67].  

𝑞𝑠𝑒𝑛 = 𝑘 · 𝐴 · (𝑇𝑚𝑎 − 𝑇𝑓𝑠)  (3-19) 

where 𝑇𝑎 is the air temperature,⁡𝑇𝑓𝑠 is the frost surface temperature and 𝑘𝑛 denotes the 

heat transfer coefficient.  

𝑞𝑙𝑎𝑡 =
𝑚𝑓𝐿

𝑡
  (3-20) 
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where 𝐿 is the latent heat of sublimation which is calculated by the following equation:  

𝐿 = 2.88 × 106 − 195 × 𝑇𝑓  (3-21) 

Therefore, the energy conservation is described as:  

𝜆𝑓(𝑇𝑓𝑠−𝑇𝑤)

𝛿𝑓
= 𝑘(𝑇𝑚𝑎 − 𝑇𝑓𝑠) +

𝑚𝑓𝐿

𝐴𝑡
  (3-22) 

3.5 Summary  

This chapter provides a detailed description of the test rig for condensation and frosting 

by introducing all the test components, measuring devices, the preparation work, and 

the procedures. The performance of the condensation and frosting has been 

experimentally explored in terms of the mass transfer and heat transfer. A parametric 

analysis has been carried out to investigate the effect of the surface characteristics 

and surface temperature on the production and heat transfer rate. Using the 

visualisation method and the image processing programming in MATLAB, the 

morphology results have been recorded, including the frost mechanism and 

characteristics, e.g., the frost layer growth rate, frost density and thermal conductivity. 

The detailed experimental results are discussed in ‘Chapter 4 – experimental results 

and discussion’.  
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CHAPTER 4 EXPERIMENTAL RESULTS AND 

DISCUSSION 

4.1 Introduction  

In this chapter, the experimental data of the moist air condensation and frosting on the 

treated cold surfaces are presented by measuring from the facilities and calculating 

from the theory. Four cases of the experiments are classified according to the coolant 

temperature, and each case has a specific mechanism, phenomenon and performance. 

The experimental results of condensation and frosting vary significantly. Many factors 

influence heat transfer, such as contact angles, mass fluxes and surface temperature. 

Therefore, the mechanism for boundary determination is introduced and analysed for 

each case. Then, to evaluate the effect of the surface temperature and the coating 

material on the system performance, the droplet distribution, frost properties, heat 

transfer performance and the production level are compared. In addition, the air 

properties and the coolant temperature are also investigated to explore the influences 

on moist air condensation and frosting.  

4.2 Mechanism analysis  

As introduced in Chapter 2 and Chapter 3, the frosting process could be categorised 

into two mechanisms: condensation frosting and desublimation. When the surface 

temperature is below 0ºC, the condensed liquid water droplets freeze into ice. The two-

step phase change consisting of the condensation and freezing process is described 

as condensation frosting. The critical conditions for these two mechanisms are 
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determined by the phase boundaries, including the melting point and saturation vapour 

pressure of ice and water. With the measurements of the OCA 15EC contact angle 

measurement goniometer system, the details about these four different tubes and their 

properties are presented below in Table 4-1. Fig. 4-1 illustrates the vapour saturation 

pressure of water and ice and the critical nucleation pressure for desublimation and 

condensation mode as a continuous function of the surface temperature from -40ºC to 

0ºC on four sample tubes. When the water vapour partial pressure is lower than both 

nucleation pressures, there is no nucleation occurred on the surface. When the water 

vapour partial pressure is higher than the nucleation pressure for condensation (𝑝𝑛,𝑙𝑤), 

the condensation is the preferred mode. And when the water vapour partial pressure 

is higher than the nucleation pressure for desublimation (𝑝𝑛,𝑖𝑤), the desublimation will 

happen. It could be seen that among these four tubes, the Fluorine-based sample tube 

has the highest nucleation pressure. The reason is that at a fixed surface temperature, 

the surface with higher hydrophobicity has a higher energy barrier to overcome. The 

corresponding detailed mechanisms and performances for the four temperature cases 

on each tube are explored in the next section: Case 1 at -36°C, Case 2 at -22°C, Case 

3 at -8°C and Case 4 at 6°C.  

Table 4-1 Properties of the text section surface material. 

Tube Bare PTFE FEP Fluorine based 

Modification method  - Spray  Spray  Plasma polymerization 

Static contact angle (º) 82.00 98.32 99.28 117.65 

Contact angle hysteresis (º) 31.06 31.63 27.46 29.74 

Food compatibility No Food  Food No 
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Fig. 4-1: The comparison of theoretical critical supersaturation pressure for condensation and 

desublimation on each tube (a) bare tube, (b) FEP tube, (c) Fluorine based tube and (d) PTFE tube. 

4.2.1 Condensation mechanism analysis  

In Case 4, the coolant temperature is fixed at 6ºC, and as the experiment processes, 

the surface temperature decreases from the environment to the designed temperature. 

Then in this process, the critical nucleation pressure, the saturation pressure and the 

vapour pressure are compared in Fig. 4-2. It can be seen that at the beginning of the 

experiment, the water vapour partial pressure (𝑝𝑤𝑣 ) is lower than both nucleation 

pressures for all the tubes. Therefore, there is no condensation or desublimation 
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occurring on the surface at that time. Then when the coolant starts circulating in the 

pipe as the time goes, the coolant absorbs the heat to cool down the tube surface 

temperature. when the surface temperature reaches 11.8 ºC, 𝑝𝑤𝑣 becomes bigger than 

𝑝𝑛,𝑙𝑤  but smaller than 𝑝𝑛,𝑖𝑤  only on the bare tube, which concludes that the 

condensation nucleation mode occurs on the surface. Although the water vapour 

pressure is always beneath the critical nucleation pressure for condensation for the 

other coated tubes, the condensation still appears on the surface. The reason is that 

there are impurities such as dust and condensation nuclei in the moist air, which easily 

promote nucleation on the surface [127]. Therefore, condensation is the dominant 

mechanism on all the tubes in this case.  

The morphology photos on each surface are recorded by the high-speed camera to 

track the growth of the droplets. As shown in Fig. 4-3, the morphology photos of the 

whole condensation process on the bare tube are recorded from the beginning to the 

end. It could be seen that the droplets formed on the surface and grew up by absorbing 

the water content from the humid air. As the water vapour concentration decreases, 

the formed droplets' growth stops.  



65 

 

 

Fig. 4-2: Comparison of water vapour partial pressure and critical supersaturation pressure with the 

coolant temperature at 6 ºC in Case 4 (a) Bare tube, (b) FEP tube, (c) Fluorine based tube and (d) 

PTFE tube. 
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Fig. 4-3: Morphology photos of condensation on the bare tube with a coolant temperature of 6ºC. 

4.2.2 Condensation frosting mechanism  

The coolant temperature in Case 3 is fixed at -8 ºC. Fig. 4-4 illustrates the water vapour 

and nucleation pressure comparison. The water vapour pressure and the condensation 

nucleation pressure on treated surfaces obtained the transition point when the surface 

temperature reaches 6.81 ºC, 4.54 ºC and 6.74 ºC on the FEP tube, Fluorine based 
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tube and PTFE tube, respectively. These transition points represent the time when 

condensation nucleation occurs on the surface. However, two transition points are 

presented at the bare tube with the surface temperature of 10.1 ºC and 1.27 ºC. This 

phenomenon describes that when the surface temperature reaches 10.1 ºC, the water 

vapour partial pressure is greater than the condensation nucleation pressure. Then the 

condensation mode occurs. When the surface temperature decreases to 1.27 ºC, 𝑝𝑤𝑣 

is greater than the desublimation nucleation pressure, then the desublimation mode is 

preferred.  

 

Fig. 4-4: Comparison of water vapour partial pressure and critical supersaturation pressure with a 

coolant temperature of -8ºC in Case 3 (a) Bare tube, (b) FEP tube, (c) Fluorine based tube and (d) 

PTFE tube. 
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However, the morphologies photos show a conflicting result on the FEP tube as shown 

in Fig. 4-5. Recall from the nucleation analysis in Fig. 4-4, the condensation nucleation 

occurs at 𝑇𝑤=6.81 °C at 𝑡 = 40s, and the water condensed on the supercooled surface 

as droplet shapes. Then as the droplet temperature decreases below the freezing point, 

the mechanism comes to the onset of the freezing stage. As shown in Fig. 4-5 (c), the 

droplets start to freeze and then interact with the neighbouring droplets to enlarge the 

frozen area. This phenomenon presents that the onset of the droplet frosting depends 

on the droplet temperature, not the comparison between the nucleation pressure and 

the vapour partial pressure. Therefore, in the current case, the onset point of the 

droplet freezing is decided by the first frost halo that appears on the surface as 

recorded by the high-speed camera. Furthermore, different phenomena are observed 

according to the different surface characteristics in this case. Compared with the bare, 

FEP and PTFE tubes, the Fluorine tube only has the condensation mechanism on the 

surface. This phenomenon proves that the higher hydrophobicity surface helps to delay 

the freezing time at the same condition compared to the high surface energy tube.  
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Fig. 4-5: Morphology photos of condensation frosting process on FEP tube with a coolant temperature 

of -8 ºC. 

Fig. 4-6 compares the water vapour partial pressure and critical nucleation pressure in 

Case 2 with the coolant temperature of -22 ºC. In this case, all of the tubes have two 

transition points. The corresponding nucleation temperature for condensation and 

desublimation is the lowest on the Fluorine-based tube due to the lowest surface 
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energy. Similar morphology performance is presented in Fig. 4-7 during the experiment 

time from 0s to 1200s. It is clear that at 𝑡 = 420s, the tube is covered by supercooled 

and frozen droplets at the same time. Then these frozen droplets start to freeze the 

surrounding unfrozen droplets as the third phase of condensation frosting. As shown 

in Fig. 4-7 (c), the frozen area gets bigger than in the previous stage. Until 𝑡 = 780s, 

the frozen droplets cover the whole surface of the tube, and then the frost layer grows 

in densification. Therefore, the mechanisms for all the four tubes are also condensation 

frosting.  

 

Fig. 4-6: Comparison of water vapour partial pressure and critical supersaturation pressure with a 

coolant temperature of -22 ºC in Case 2 (a) Bare tube, (b) FEP tube, (c) Fluorine based tube and (d) 

PTFE tube. 
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Fig. 4-7: Morphology photos of condensation frosting on Fluorine based tube with a coolant 

temperature of -22ºC. 

Fig. 4-8 compares the partial pressure of water vapour in the chamber with the critical 

nucleation pressure for condensation and desublimation with the coolant temperature 

of -36°C in Case 1. At the early stage, supercooled droplets occur on the small section 

of surface originate from the humid air condensation. Then when the subcooling of the 
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surface temperature reaches a specific degree, the frost halos are discovered by 

frozen supercooled droplets, while desublimation initiates on the surface at the same 

time as 𝑝𝑤𝑣  is greater than the 𝑝𝑛,𝑖𝑤 . After the frost fully covers the tubes, 

desublimation drives the frost formation on the pre-existing ice surface. As the surface 

temperature becomes stable, the frost crystals start to grow. In the final stage, the frost 

crystals begin to interact with each other. It could also be seen that with the fixed humid 

air environment, the subcooling degree (𝑇𝑤 − 𝑇𝑠𝑎𝑡) required for nucleation increases 

as the increased hydrophobicity.  

 

Fig. 4-8: Comparison of water vapour partial pressure and critical supersaturation pressure with a 

coolant temperature of -36ºC in Case 1 (a) Bare tube, (b) FEP tube, (c) Fluorine based tube and (d) 

PTFE tube. 
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The captured phenomena could prove the mechanism of the whole process analysis 

above. The morphologies of the whole frost formation process are presented in Fig. 

4-9. The FEP tube is selected as an example of a typical frost crystal growth process 

on the hydrophobic coating surface. At the initial stage, as shown in Fig. 4-9 (b), several 

supercooled droplets are condensed on the surface. Then as shown in Fig. 4-9 (c), 

these water droplets turn into frost crystals, and the rest are desublimated into frost 

crystals directly from the water vapour in the humid air. As the surface temperature 

becomes stable, the frost crystals' growth presents a linear trend while maintaining 

their feather shapes and covering the whole surface in the image of Fig. 4-9 (d) [128]. 

At last, as the water vapour in the chamber reduces to a quite low level, the frost 

crystals interact. The water vapour diffuses inside the existing frost layer, which 

decreases the porosity and increases the frost density. Therefore, according to the 

frost formation mechanisms and morphologies, the experiments are defined in four 

stages: supercooled condensation, water droplet freezing/frost crystals formation, frost 

crystals growth and frost crystals interaction.  
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Fig. 4-9: Process of frost formation on the sample section with a coolant temperature of -36ºC. 

4.2.3 Nucleation on ice  

When the tube is fully covered by the ice droplets and frost layer, the nucleation has a 

different mechanism as the frosted surface is superhydrophilic at 1º [129]. As shown 

in Fig. 4-10, the critical nucleation pressure for desublimation is lower than that for 

condensation at all temperature ranges. Consequently, the favoured nucleation mode 

on the existing frost layer surface below 0ºC is always desublimation.  
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Fig. 4-10: Comparison of theoretical critical supersaturation pressure on the ice surface. 

4.3 Parametric study  

According to the mechanism discussion above, the preferred mode for each case has 

been decided, and the corresponding performances are explored as follows in Table 

4-2.The parametric study of the condensation and frosting performance is explored in 

this section, including the effect of the air property, the surface temperature and the 

surface treatment.  
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Table 4-2 Summarise table of the performance for each case.  

Case  Coolant 

temperature  

Mechanism  Performance  

Case 1 -36 ºC Direct frosting Frost properties 

Mass transfer performance 

Heat transfer performance 

Case 2 -22ºC Condensation frosting Delay time 

Frost coverage area ratio 

Mass transfer performance 

Heat transfer performance 

Case 3 -8ºC Condensation frosting & 

Condensation 

Delay time 

Mass transfer performance  

Heat transfer performance 

Case 4 6ºC Condensation Mass transfer performance  

Heat transfer performance 

4.3.1 Effect of air property  

The moist air property plays a vital role in investigating the moist air condensation 

process. In this case, the comparison of the air property on frosting performance on 

the uncoating tube is explored. The temperature of the coolant is kept constant at 6ºC 

with a flow rate of 2.6 l/min. The initial environment temperature is controlled at 25ºC 

and relative humidity of 90%. The performance of the mass growth, the frost thickness 

formed on the surface and the total heat transfer rate are analysed.  
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As shown in Fig. 4-11, the frost mass accumulation and frost thickness are compared 

between two different air temperature environments: 25.9 ºC and 22.9 ºC. The total 

production decreases with the decreased air temperature. The moist air maintained at 

the higher temperature in the chamber contains more water vapour at a fixed relative 

humidity. The water vapour mass concentration is greater at higher air temperature, 

leading to a more significant difference between the water vapour mass concentration 

at air and frost temperatures. Then more water will be extracted from the higher 

temperature moist air than its lower temperature counterpart, resulting in higher frost 

deposition. The total heat transfer rate as a function of the moist air temperature 

illustrated in Fig. 4-12 could also prove this phenomenon. With the increase of the 

moist air temperature, the driving force of the condensation increases, and more water 

vapour content is available to accumulate on the surface.  
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Fig. 4-11: Variation of mass growth rate and thickness of frost on the bare tube with the moist air 

temperature. 

 

Fig. 4-12: Experimental data of heat transfer comparison with different air temperatures. 
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4.3.2 Effect of surface temperature 

Apart from the air properties, the condensation performance also depends on the 

surface temperature. This investigation explores four different coolant temperatures: -

36 ºC, -22 ºC, -8 ºC and 6 ºC operated on the bare tube to understand its influences 

on production and heat transfer performance. The coolant flow rate is fixed at 2.6 l/min. 

And the initial environment temperature remains constant at 25ºC and relative humidity 

of 90%. The mass transfer and the heat transfer performance on the bare tube are 

explored.  

The total production accumulations with four coolant temperatures from -40 ºC to 6 ºC 

are shown in Fig. 4-13. The production measured after the experiment increases with 

the decreased coolant inlet temperature. Supersaturation degree (𝑝𝑛 − 𝑝𝑠𝑎𝑡) was the 

factor that affected the mass transfer on the surface in the phase change process. As 

the surface temperature decreases, the increased supersaturation degree leads to the 

increased production between the water vapour in the humid air and the tube surface. 

In the first 5 minutes, the coolant provides the cooling capacity to decrease the surface 

temperature to the designed and set up the supersaturation condition between the 

environmental air and the surface. After supersaturation is created, water vapour is 

extracted from the moist air and deposited on the surface in condensation and 

desublimation modes in the next 10 minutes. Therefore, the productions of ice and 

water are the greatest. The effect of the surface temperature on the total heat capacity 

of bare samples in four cases is shown in Fig. 4-14. The heat transfer rate increases 

with the wall subcooling. With an increase in the wall subcooling, the driving force of 

the condensation and frosting increased due to the greater temperature difference. 
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More condensate and frost halos are retained on the tube wall. It is clear that different 

performances are demonstrated in the different surface subcooling cases. Therefore, 

the detailed performance and characteristics of these four cases will be introduced and 

explored separately in the following sections.  

 

Fig. 4-13: Experimental data of production with different coolant temperature on bare tube. 
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Fig. 4-14: Experimental data of total heat transfer performance in different cases on the bare tube. 

4.3.3 Effect of surface characteristics on condensation  

In this section, the condensation phenomenon and the performance of all the sample 

tubes are explored for Case 4. The coolant temperature is fixed at 6ºC with a flow rate 

of 6.4 l/min. And the initial environment temperature is controlled at 25ºC and relative 

humidity of 90%. The performance of the mass transfer and heat transfer of the 

condensation process are compared on different tubes.  

Fig. 4-15 presents the water accumulation trend with the wall temperature on four 

different tubes during the 20-minute experiment time. As the surface temperature 

decreases, the production increases rapidly and subsequently becomes stable. This 

makes a small influence of the conductive thermal resistance of the coating thickness. 

According to the condensation mechanism, higher CA surfaces require higher 



82 

 

supersaturation to nucleate for phase change, the water vapour on the Fluorine based 

tube condenses at a later stage, leading to the worst production.  

Fig. 4-16 compares the specific heat transfer amount of 4 tubes, including the sensible 

heat transfer and the latent heat transfer between the moist air and the substrate 

surface during the experiment time. The trend is similar to the production analysis. The 

sensible heat transfer is related to the heat transfer coefficient and the temperature 

difference between the moist air and the droplet while the latent heat is related to the 

droplet formation and growth rate. Therefore, latent heat as a leading role affects the 

heat transfer performance, which is more efficient than sensible heat transfer leading 

to lower air temperature conditions. The heat transfer for the FEP is the highest among 

the four tubes. The reason is that the FEP coating creates dropwise condensation on 

the surface, leading to the highest heat transfer coefficient. For the hydrophobic 

surfaces, the condensate droplets form spherical shapes and cover a smaller surface 

area, thereby leading to more free surfaces contacting with the moist air directly [80]. 

And the presence of the droplets roughens the condensation surface and changes the 

temperature gradient near the surface, accelerating the latent heat transfer [130].  

The comparison in the averaged condensation heat transfer coefficient on each tube 

during the experimental period is also analysed, as shown in Fig. 4-17. The 

condensation heat transfer coefficient illustrates the condensation performance on the 

uncoated and coated tubes, following the decreased tendency as FEP, PTFE, Bare 

and Fluorine based, same as the water accumulation results shown in Fig. 4-15. 

Although the thermal resistance of the condensate increases with condensate amount, 

the increase in the condensation heat transfer on FEP tube is much larger, which 
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represents that the thermal resistance of the condensation convection is lower [80]. 

Therefore, the condensation process is intensified by FEP and PTFE tubes while 

weakened by the Fluorine based tube. As a result, an effectiveness enhancement 

factor to express the heat transfer performance for each tube is defined as:  

And based on the measurement, the enhancement factors for the coated tube are 

defined as: 𝑓𝑚,𝐹𝑙= 0.8, 𝑓𝑚,𝐹𝐸𝑃= 2.1 and 𝑓𝑚,𝑃𝑇𝐹𝐸 = 1.5.  

 

Fig. 4-15: Experimental data of water accumulation and wall temperature with different sample tube. 

𝑓𝑚 =
𝑘

𝑘𝑏𝑎𝑟𝑒
  (4-1) 
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Fig. 4-16: Experimental data of heat transfer performance comparison. 

 

Fig. 4-17: Averaged condensation heat transfer coefficient on different tubes.  



85 

 

4.3.4 Condensation frosting mechanism case  

In this case, the condensation frosting phenomenon and the performance on all the 

sample tubes in Case 2 are explored. The coolant temperature is fixed at -22ºC with a 

flow rate of 4.2 l/min. And the initial environment is controlled at the temperature of 

25ºC and relative humidity of 90%. The performance of the mass transfer and heat 

transfer of the condensation frosting process are analysed. And based on the specific 

phenomena on the surface obtained from the captured morphology images, the start 

time of the freezing and the frost coverage area ratio (the ratio of the frost-covered 

area to the total surface area) on all the sample substrates are also compared.  

The frost accumulation measured after the experiment including the condensate and 

frost on four tubes is shown in Fig. 4-18. The frost on all the tubes presents the similar 

deposition trend in the same period. FEP and PTFE show the best production and then 

the Fluorine based tube. The water/ice extraction trends on these four tubes follow the 

supersaturation theory as mentioned in Section 3. As the coolant temperature 

decreases, the increased supersaturation helps to promote the condensation ability on 

the higher CA surface.  

The onset of freezing start time and increasing trend of the frost coverage area can be 

detected by visualisation results on different surfaces. The ratio of the frost area to the 

total surface area defined as frost covered percentage of surface on each surface is 

detected as shown in Fig. 4-19. The freeze delay time is defined as the supercooling 

period between the freeze start time and freezing point (0ºC) [131]. Fig. 4-20 shows 

the variations of surface temperature versus time on the bare and the treated surfaces. 

The plots could be divided into three stages. At the beginning of the experiment, water 
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vapour first condenses on the substrate to form nanoscale droplets. Continuous vapour 

condensation then leads to the droplets’ growth and coalescence. Preferred 

heterogeneous ice nucleation occurs at the interface between the droplets and the 

substrate when the supercooled droplet stays on the sub-zero degree substrate for a 

long enough period of time. The comparison of the delay time between these tubes 

proved the anti-freezing characteristic of the hydrophobic surfaces. The diagrams 

show that the bare tube is the first tube to start to freeze at the time around 43s with 

the surface temperature at -2.6ºC. As the experiment continues, the frost coverage 

area increases slowly until fully covered at 𝑡 = 1800s. Then the first frost halo occurs 

on the FEP tube from 63s with the surface temperature at -1ºC. At the same time, the 

PTFE tube starts to freeze at 65s when the surface temperature reaches -1.7ºC. Then 

the frost area increases as the decrease of the surface temperature due to the ice 

bridge built between the frost halos and the water halos. From 𝑡 = 780s, the tube 

surface is fully covered by the frost. The Fluorine based tube with the highest 

hydrophobicity is the last one to start freezing on the tube at 94s when the surface 

temperature reaches -10ºC. In the current case, it is clear that the lower surface energy 

helps extend the supercool period and then delay the freeze time. Although compared 

to the bare tube, FEP and PTFE tubes present the characteristic of frosting delay, the 

freeze happens at higher surface temperatures. On one hand, the surface energy 

provides an extension of time. On the other hand, according to the mechanism 

mentioned earlier, freezing only happens when the temperature of the droplets 

declines below 0ºC [82]. The extra thermal resistances resulting from the coating 

thickness and the worse thermal conductivity drive less heat transfer between the 

coolant and the surface. The surface temperature decreases at a slower speed but 
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generates more water droplets covering the surface. Then these droplets absorb the 

heat from the surface and motivate the decrease of the inside temperature with a 

slower speed to 0ºC with the constant heat transfer.  

 

 (a) Production variation with different tubes. 
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(b) Heat transfer performance comparison on different tubes.  

Fig. 4-18: Experimental data of production and heat transfer performance with a coolant temperature 

of -22ºC.  

 

Fig. 4-19: Frost covered area percentage of the surface with a coolant temperature of -22ºC. 
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Fig. 4-20: The temperature profile with time on four surfaces with a coolant temperature of -22ºC. 

4.3.5 Direct frosting  

In this case, the frosting phenomenon and the performance on all the sample tubes in 

Case 1 are studied. The temperature of the coolant is constantly processed at -36ºC 

with a flow rate of 2.6 l/min. And the initial environment temperature is controlled at 

25ºC and relative humidity of 90%. The performance consisting of frost accumulation, 

heat transfer and morphology of the frosting process are analysed. And based on the 

experimental data of the frost properties, the empirical correlation of the frost porosity 

is proposed.  
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The production results for these four different coating samples: bare, FEP, PTFE, 

Fluorine based tubes are shown in Fig. 4-21. The frost accumulation increases with 

the increase of the static CA. As the surface temperature decreases at the beginning, 

the Fluorine based tube with higher hydrophobicity required a higher supersaturation 

degree and extended the condensation period compared with the other three tubes. 

Water droplets formed on the surface have higher temperatures, leading to extra 

condensation to increase the embryo sizes. Therefore, more frost is accumulated on 

the Fluorine based tube. Although the coolant temperature is the same in all the 

experiments, the surface temperature on FEP and PTFE surfaces is higher than the 

other two. The reason is the thickness of the FEP and PTFE coating of 20-50µm and 

the lower thermal conductivity resulting in the extra thermal resistance and worse heat 

transfer which was introduced in the later section.  

Fig. 4-22 compares the frost thickness on the different treatment sample tubes. The 

frost thickness grows the fastest at the early stage of the experiment because the 

supersaturation degree is one of the factors affecting the mass transfer on the surface 

in the phase change process. It is defined as the difference between the water vapour 

pressure of the humid air (𝑝𝑣,𝑎) and the saturation pressure of the surface temperature 

(𝑝𝑣,𝑠). When the experiment starts, the surface temperature drops immediately which 

lowers the saturation pressure and then increases the supersaturation degree. Then 

the frost thickness grows slowly from around 13 minutes of the experiment. On one 

hand, the formed frost layer on the surface increased the thermal resistance and 

decreased heat transfer [110]. On the other hand, as time goes by, the reduced water 

vapour content in the chamber leads to less water vapour in the humid air contributing 

to the frost layer growth but to the frost density. After 16 min, the frost thickness is 
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reduced due to the frost crystal's interaction. At this stage, the frost density is the 

highest. 

 

Fig. 4-21: Experimental data of frost accumulation comparison with different coatings with a coolant 

temperature of -36ºC. 

As indicated in the diagram, the thickness of the frost layer is the highest on the bare 

tube, and then FEP, PTFE, Fluorine based. The reason is that these hydrophobic 

coatings could retard frost formation. At the early stages of the experiments, the water 

vapour in the humid air condensed into water droplets on the surface and then solidified. 

Then after all the surfaces are covered with a frost layer, there is no direct contact 

between the humid air and the surfaces, the frost growth rate becomes similar. The 

thermal resistance of the frost related to the frost thickness is lower than the uncoated 

tube, resulting in a better heat transfer performance. During the total 100 min 
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experimental study Huang, et al. [107], the frost thickness presents the same trend as 

the current study.  

 

Fig. 4-22: Experimental data of frost thickness comparison with different coatings with a coolant 

temperature of -36ºC. 

The comparison of the averaged frost density at 8.35 min and 20 min is presented in 

Fig. 4-23. Under the same conditions, the frost density was the highest on the Fluorine 

based tube and the lowest on the bare tube. As presented earlier, the lowest frost 

thickness and the highest frost accumulation resulted in the highest frost density on 

the Fluorine based tube.  
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Fig. 4-23: Experimental data of frost density comparison with different coatings with a coolant 

temperature of -36ºC.  

The total heat flux and the frost surface temperature with the different coatings are 

shown in Fig. 4-24. In general, the trend of the total heat flux to the surface is similar 

on each coating. The heat flux increased rapidly at the beginning and decreased 

steadily at the final stage, the same as the frost layer growth trend. Before the frost 

layer covers the surface, a significant temperature difference between the wall 

temperature and the humid air helps to increase the heat transfer coefficient. And the 

formation of the small droplets and crystals, as the fins, enhanced the heat transfer. 

After the frost layer covers all of the surface, the frost layer, as an extra thermal 

resistance, weakens the heat transfer ability. The Fluorine based coating presents 16% 

and 19.5% greater heat transfer performance than the other two coatings. Due to the 
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worse thermal conductivity and the extra thickness of the FEP and the PTFE coating, 

the same heat transfer performance with the bare tube is indicated. 

 

Fig. 4-24: Experimental data of heat transfer rate comparison on different coatings with a coolant 

temperature of -36ºC.  

The theoretical model for predicting the frosting properties mainly relies on two 

assumptions: (a) the frost is a uniform porous media consisting of column-shaped ice 

crystals [132, 133]; and (b) the temperature difference between the ice crystal tips and 

the surface is constant. In the current study, the frost layer is defined as a porous 

medium comprised of moist air and ice crystals, and the frost density could be 

calculated from the porosity of the frost as follows:  

𝜌𝑓 = 𝜌𝑎 ∙ 𝜒 + 𝜌𝑖𝑐𝑒(1 − 𝜒)  (4-2) 
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where 𝜌𝑎 and 𝜌𝑖𝑐𝑒 are the densities of the air and ice, respectively. And 𝜒 is the frost 

porosity. 

A few theories to predict the frost density were investigated in the modern days. From 

the theory of Fletcher [122], Şahin [132] and Hermes, et al. [113], the frost could be 

modelled as an array of ice columns, as shown in Fig. 4-25. As Hermes, et al. [113] 

defined, the porosity of the frost layer on the surface could be calculated as the 

following,  

 

Fig. 4-25: Schematic of the frost column growth. 

Experimental data of Case 1 has been summarised in Table 4-3, which are applied to 

determine the 𝐶-coefficient in Eq. (4-3). The dataset of Case 1 on all the sample tubes, 

which span the relative humidity from 10% to 90%, surface temperature from -30 to -

10ºC and air temperature from 24 to 25ºC, was applied to the system. Based on the 

curve fitting shown in Fig. 4-26, the porosity has fitted the calculation presented in Eq. 

(4-3). A Jacob number, the sensible-to-latent-heat ratio, defined by Hermes [134], is 

introduced in Eq. (4-4). As the frost property is related to properties of the air, surface 

𝜒 = 1 − 𝐶√𝑡  (4-3) 
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temperature and surface material, the coefficient 𝐶 could be expressed as a function 

of these parameters, as shown in Eq. (4-5). Therefore, the porosity and the frost 

density are expressed in Eq. (4-6) and Eq. (4-7).  

Where 𝑅𝐻 is the relative humidity in the system, 𝜌𝑖𝑐𝑒 and 𝜌𝑎 are the densities of the ice 

and air, respectively.  

Table 4-3 C-values fitted to the experimental data in Case 1. 

𝑇𝑎 (ºC) 𝑅𝐻  𝑇𝑤 (ºC) 𝐶𝐴 (º) 𝑡 (s) 𝜒  

25.0 51.0 -28.0 82 480 0.981 

25.0 46.6 -28.3 82 520 0.978 

24.9 44.2 -28.5 82 561 0.965 

24.9 37.9 -28.9 82 660 0.962 

24.8 36.1 -29.0 82 700 0.960 

24.9 34.6 -29.1 82 741 0.951 

24.7 33.0 -29.2 82 780 0.949 

24.7 31.5 -29.2 82 820 0.946 

24.7 30.6 -29.3 82 861 0.939 

𝐽𝑎 =
𝑐𝑝

𝐿
∙
𝑇𝑠𝑎𝑡,𝑎−𝑇𝑤

𝜔𝑎−𝜔𝑠𝑎𝑡,𝑤
  (4-4) 

𝐶 = 0.009 ∙ 𝐽𝑎−0.4 ∙ (
100

𝑅𝐻
)0.04 ∙ |𝑐𝑜𝑠𝐶𝐴|  (4-5) 

𝜀 = 1 − 0.009 ∙ 𝐽𝑎−0.4 ∙ (
100

𝑅𝐻
)0.04 ∙ |𝑐𝑜𝑠𝐶𝐴| ∙ √𝑡  (4-6) 

𝜌𝑓 = 𝜌𝑖𝑐𝑒 − (1 − 0.009 ∙ 𝐽𝑎−0.4 ∙ (
100

𝑅𝐻
)
0.04

∙ |𝑐𝑜𝑠𝐶𝐴| ∙ √𝑡) ∙ (𝜌𝑖𝑐𝑒 − 𝜌𝑎)  (4-7) 
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24.7 28.6 -29.4 82 960 0.936 

24.6 27.8 -29.4 82 1000 0.934 

24.6 27.1 -29.4 82 1041 0.929 

24.8 24.5 -29.5 82 1200 0.925 

24.5 24.5 -29.5 82 1241 0.924 

24.5 23.9 -29.6 82 1281 0.913 

24.6 54.4 -27.2 99 420 0.971 

24.6 51.1 -27.6 99 460 0.971 

24.6 46.9 -27.9 99 501 0.970 

24.3 28.8 -29.0 99 780 0.969 

24.3 27.1 -29.1 99 820 0.969 

24.3 26.1 -29.2 99 861 0.969 

24.1 20.0 -29.5 99 1200 0.968 

24.1 19.4 -29.5 99 1241 0.968 

24.1 19.0 -29.5 99 1281 0.968 

25.6 35.8 -29.3 118 420 0.927 

25.6 30.3 -29.9 118 501 0.923 

25.3 20.7 -30.7 118 780 0.932 

25.2 19.0 -30.8 118 820 0.932 

25.0 13.5 -31.1 118 1200 0.922 

25.0 12.5 -31.0 118 1241 0.917 

25.5 50.3 -25.8 98.32 420 0.977 

25.5 43. 6 -27.1 98.32 501 0.975 
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25.3 32.5 -28.8 98.32 780 0.973 

25.2 30.5 -28.8 98.32 861 0.972 

25.0 26.0 -29.3 98.32 1200 0.972 

22.2 57.2 -14.9 82 420 0.958 

22.1 51.1 -15.96 82 501 0.9663 

21.9 34.3 -17.8 82 780 0.974 

21.9 31.6 -18.1 82 861 0.973 

21.7 22.7 -18.6 82 1200 0.970 

21.7 21.8 -18.6 82 1280 0.968 

 

 

Fig. 4-26: Fitting of experimental data with the porosity and coefficient C.   
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Fig. 4-27 illustrated the validation analysis of the frost porosity and the frost density 

from the experimental data and the proposed correlation. The new correlation has a 

good agreement with the experimental data which the error varied from 0.07% to 7% 

on bare tube, 6.5% to 14.7% on FEP tube, 0.8% to 15.3% on Fluorine based tube and 

3.1% to 10.8% on PTFE tube. The Fluorine based coating has the highest error at the 

beginning time. The reason is that at an early stage, the frost thickness on the surface 

is uneven, which results in the measurements differences. Similarly, as defined by 

Hayashi, et al. [116], the thermal conductivity is also related to the porosity, and thermal 

conductivity of ice and air as follows, 

𝜆𝑓 = 𝜆𝑎 ∙ 𝜒 + 𝜆𝑖𝑐𝑒(1 − 𝜒)  (4-8) 

Therefore, recall from Eq. (4-6), the thermal conductivity of the frost could be calculated 

as follows, 

𝜆𝑓 = 𝜆𝑖𝑐𝑒 − (𝜆𝑖𝑐𝑒 − 𝜆𝑚𝑎) ∙ (1 − 0.009𝐽𝑎−0.4 ∙ | 𝑐𝑜𝑠 𝐶𝐴 | ∙ (
1

𝑅𝐻
)
0.04

√𝑡)  (4-9) 

The new proposed correlation is intended for use on heat transfer surfaces under 

natural convection conditions with contact angles between 82° < 𝐶𝐴 < 120°, relative 

humidity 0.15 < 𝑅𝐻  < 0.95, surface temperatures −40 °C < 𝑇𝑤  < −20 °C, and air 

temperatures 20 °C < 𝑇𝑎 < 27 °C. 
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(a) Frost porosity 

 

(b) Frost density 

Fig. 4-27: Comparison analysis on frost porosity and density between the experimental and the 
correlation. 
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According to the investigations above, the effect of the surface characteristics on frost 

properties are summarized in Table 4-4. The frost thickness and the heat transfer 

results exhibit the same trend in most of the studies. As the hydrophobic treatment 

extends the condensation process, the frost production presents an increasing trend, 

therefore increasing the frost density. 

Table 4-4 Comparison of the frost properties change trend with the CA. 

Substrate 

type  
Study  

Surface 

temperature (ºC) 
CA 

Frost 

thickness  

Frost 

accumulation  

Frost 

density  

Heat 

transfer  

Plate  [108] -10 ↑ ↓ - - - 

 [117] -22 ↑ → → ↓ - 

 [107] -26 to 0 ↑ ↑ - - - 

Heat 

exchanger 
[112] -18 to -10  ↑ ↓ - ↓ - 

 [105] -10 ↑ ↓ ↓ - ↑ 

 [135] -9 to -4 ↑ ↓ → - - 

Tube  Current  -36 ↑ ↓ ↑ ↑ ↑ 

↑: increase, ↓: decrease, →: no change detected, -: data not given  

4.3.6 Hybrid case  

In this case, the temperature of the coolant is fixed at -8 ºC with a flow rate of 4.8 l/min. 

The initial environment is controlled at the temperature of 25 ºC and relative humidity 

of 90%. The performance of the mass transfer and the transition point of freezing are 

analysed. According to the images captured by the high-speed camera, the frozen 

transition time is recorded and compared as shown in Fig. 4-28. The freezing transition 

point for bare tube starts from the surface temperature of around -2.6 °C, while FEP 
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and PTFE tubes start from -3.3 °C and -4 °C. And from the morphology photos 

comparison on the four tubes, the formed droplets are more spherical on the PTFE 

and FEP tubes than on the bare tube due to the lower surface energy [111].  

Fig. 4-29 compares the water and frost accumulation on four different tubes from the 

experimental data. As the surface temperature decreases, the production increases 

rapidly and then becomes stable. According to the condensation mechanism, the 

embryo nucleation on the surface requires supersaturation. Therefore, the production 

generated from Fluorine based has been promoted. Different production performance 

is measured as the surface temperature presents different changing trends due to the 

different mechanisms.  

 

Fig. 4-28: Experimental data of transition point of the sample tubes with a coolant temperature of -8ºC.  
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Fig. 4-29: Experimental data of production on four tubes with a coolant temperature of -8ºC. 

4.4 Summary  

In this chapter, the influence factors of the condensation process in water harvesting 

from the moist air, including the air property, surface wettability and surface 

temperature, have been studied experimentally. The experiments are operated on four 

tubes with different surface characteristics with four cases of different coolant 

temperatures at -36°C, -22°C, -8°C and 6°C to explore the performance in a wide 

temperature range. By exploring the mechanism and morphology photos, the 

characteristics of condensation, condensation frosting and desublimation has been 

classified by the surface temperature and the surface wettability. Subsequently, the 

corresponding mass transfer and heat transfer performance and properties are 
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analysed. The experimental results show that the water production and the heat 

transfer are promoted by the greater subcooling degree and water vapour content.  

The effect of the surface characteristic is investigated by the four different coolant 

temperatures. For the condensation case, the enhancement factor of the coating 

material on heat transfer coefficient has been concluded. The hydrophobic coatings 

have significant effects on the condensation intensification with an enhancement factor 

of 2.1 times that of untreated. For the condensation frosting case, it is concluded that 

the FEP and PTFE tube could provide the anti-freezing characteristic in the surface 

temperature of -4°C to 0°C while the Fluorine based tube extends the temperature 

range to -8°C. For the frosting case, the Fluorine based tube with the highest CA 

provides the best anti-freezing characteristic by reducing the frost thickness and a 

highest freezing delay characteristics for up to 45 seconds compared to plain tubes. 

Furthermore, a new semi-empirical correlation summarized from the 41 groups of 

experimental data and obtained from the exhibited frost characteristics on four sample 

tubes is proposed with an error within ±15%. The correlation provides an alternative 

method for frost porosity prediction when the experiments are unavailable due to the 

facilities' limitations. Therefore, the reduced frost deposition conditions resulting from 

the novel hydrophobic coatings can be leveraged to optimise the geometry of heat 

exchangers to achieve thermal efficiency that may have been sacrificed from the frost 

formation.  

From the investigations, surface modification provides a potential method for a wide 

range of applications, including condensation heat exchangers, thermal desalination, 

food storage and micro fluids. The experimental work in this chapter explored the 
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performance under all regimes’ conditions: condensation, condensation frosting and 

desublimation. These experimental results with all these regimes could be extended to 

the full temperature range for industrial applications. Therefore, the work in Chapter 5 

focuses on analysing the performance of heat exchangers exposed to a broader range 

of ambient conditions numerically.  
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CHAPTER 5 NUMERICAL ANALYSIS 

5.1 Introduction  

Based on the literature review and experimental results presented in Chapter 2 and 

Chapter 4, the experimental approach has investigated the performance under various 

operating conditions in a heat exchanger with all the mechanisms. Therefore, in order 

to explore the performance under the full temperature range, the numerical study is 

developed. Firstly, a thorough description and experimental literature validation of the 

analytical model of the proposed novel FWG are presented. And a further parametric 

analysis is carried out to maximise the freshwater generation, including the operation 

parameters of the evaporator and condenser and the geometry design of the 

condenser. Furthermore, it is necessary to take the frosting and vaporisation of the 

numerical model of the vaporiser into consideration comprehensively. This chapter 

proposes a numerical model prediction that accounts for the frosting on the vaporiser 

surface.  

5.2 System description  

Fig. 5-1 illustrates an innovative freshwater generator system assisted by LNG 

cryogenic energy. The system mainly consists of five parts: feed water part, 

evaporation part, condensation part, freshwater part and accessories. Seawater is 

injected into a vacuum-pressure evaporator chamber maintained by a vacuum pump. 

During the evaporation process, the unsalted portion of water is evaporated into the 

vapour phase, and the rest with a high concentration of salt is drained off from the 

bottom as brine. Then the pure vapour enters the condenser to be condensed by the 
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cold energy provided by LNG regasification into freshwater. At the same time, the 

regasified LNG from the LNG storage tank flows through the condenser pipes and 

turns into NG that provides fuel for the main engine while supporting the cold energy 

to the condenser.  

 

Fig. 5-1: Schematic diagram of the FWG system. 

The flash evaporation chamber and the condenser in the system are developed and 

optimised using numerical method. Two sub-models of the evaporation chamber and 

the condenser are built in Siemens Simcenter Amesim and validated by the 

experimental results from the references articles and experimental data in Chapter 4. 

Both operation and geometry parameters are simulated and analysed. The water 

production, heat transfer performance and frost effects are evaluated.  
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5.3 Methodology  

In the current study, the model developed in the Siemens Simcenter Amesim focuses 

on the parametric analysis of each component without surface treatment. As 

introduced in the earlier section, the surface temperature is the key that determines 

the mechanism of the condensation and frosting process. The experimental 

investigations proved that the surface temperature beneath 0ºC on the bare tube only 

has one mechanism: desublimation. Therefore, the condensation performance is 

applied and analysed for the cases of the surface temperature above this critical 

temperature. And for the cases that the surface temperature is beneath the critical 

temperature, the frosting model is employed.  

In general, the heat and mass transfer processes could be obtained by two main 

methods: numerical study and experimental investigation. Although the experimental 

measuring method provides the most reliable results, it is limited in extreme conditions. 

The numerical approach has the advantages of a lower price, variable conditions, 

complete information throughout the whole domain of analysis and the ability to 

simulate ideal conditions. However, there are also some restrictions, such as the 

thorough understanding of requirements and the credibility of the models. Therefore, 

it is essential to validate the models with the physical data.  

The basis of the numerical analysis in this study is designed to fit with the principle of 

heat and mass transfer. The modelling, analysis and prediction of the system is 

performed in a commercial simulation software, Simcenter Amesim, which could create 

models rapidly, virtually assess and optimise designs, boost overall systems 
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engineering and access application and industry-oriented solutions. It is an integrated 

system simulation platform using nonlinear time-dependent analytical equations in the 

advanced 1D simulation environment. Amesim combines multi-physics libraries with 

application- and industry-oriented solutions supported to create models and perform 

analysis. To develop a model for a system, a set of libraries is used which contain pre-

defined components for different physical domains, e.g., mechanical, electrical, 

electronic, hydraulic, thermal, control, electric power or process-oriented 

subcomponents. Based on the Bond graph theory, the component must be connected, 

and each component contains a variety of inputs and outputs for this purpose. The 

causality is established by connecting one component’s inputs to another component’s 

outputs, (and vice versa). The libraries are written in C language and support Modelica, 

which is a non-proprietary, object-oriented, equation-based language to model 

complex physical systems, including thermal management system, electrical system, 

fluid system, mechanical system, propulsion system, ROM builder and system 

integration.  

The modelling of a flash evaporation chamber and a compact condenser in the 

proposed FWG is based on the following assumptions:  

(1) The evaporator is developed in a controlled volume. 

(2) The generated water vapour is salt-free.  

(3) The consumption of pump and valves and the heat loss between the 

evaporator/the condenser and the environment are negligible. 

(4) The vacuum condition in the evaporation chamber and the condenser can be 

maintained throughout.  
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(5) The mixture of the vapour and minor quantity of air in the system are considered 

moist air. 

5.3.1 Air property  

The environmental air properties are modelled as a mixture of dry air (subscript as da), 

which consists of several gases such as nitrogen, oxygen and argon, and water vapour 

(subscript as 𝑤𝑣 below). Each component has a partial pressure according to Dalton’s 

Law as follows [136],  

𝑝𝑚𝑎 = 𝑝𝑑𝑎 + 𝑝𝑤𝑣  (5-1) 

The perfect gas equation could be applied to achieve the partial pressure of each 

component as follows, 

𝑝𝑑𝑎 = 𝑚𝑑𝑎 ∙ 𝑅𝑣 ∙
𝑇

𝑉
  (5-2) 

𝑝𝑤𝑣 = 𝑚𝑤𝑣 ∙ 𝑅𝑣 ∙
𝑇

𝑉
  (5-3) 

The absolute humidity is defined as the ratio of the water vapour mass to the dry air 

mass,  

𝜔 =
𝑚𝑤𝑣

𝑚𝑑𝑎
  (5-4) 

Another humidity parameter is relative humidity, defined as the water vapour partial 

pressure to the saturated vapour pressure,  

And the specific enthalpy of the moist air is related to the absolute humidity,  

𝑅𝐻 =
𝑝𝑤𝑣

𝑝𝑤𝑣,𝑠𝑎𝑡
× 100%  (5-5) 
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where ℎ𝑑𝑎  and ℎ𝑤𝑣  are the specific enthalpy of the water vapour and dry air, 

respectively which could be obtained by the follows,  

Similarly, the specific heat at constant pressure could be expressed as follows:  

Both viscosity and thermal conductivity of the moist air are evaluated with the Wilke 

relation based on kinetic theory as follows [137]: 

where 𝜑𝑖𝑗 is the diffusion coefficient calculated from the following,   

5.3.2 Coolant property calculations  

In the current simulation, pure methane (CH4), as the main component of natural gas 

is applied. The properties of calculating the properties of methane follow the Helmholtz 

ℎ𝑚𝑎 =
ℎ𝑑𝑎+𝜔∙ℎ𝑤𝑣

1+𝜔
  (5-6) 

ℎ𝑑𝑎 = ∫ 𝑐𝑝,𝑑𝑎 ∙ (𝑝, 𝑇) ∙ 𝑑𝑇
𝑇

273.15
  (5-7) 

ℎ𝑤𝑣 = ∫ 𝑐𝑝,𝑤𝑣 ∙ (𝑝, 𝑇) ∙ 𝑑𝑇
𝑇

273.15
+ 𝐿  (5-8) 

𝑐𝑝,𝑚𝑎 =
𝑐𝑝,𝑑𝑎ℎ𝑑𝑎+𝜔∙𝑐𝑝,𝑤𝑣

1+𝜔
 . (5-9) 

𝜇𝑚𝑎 = ∑ (
𝑥𝑖∙𝜇𝑖

∑ 𝑥𝑖∙𝜑𝑖𝑗
2
𝑗=1

)2
𝑖=1  , (5-10) 

𝜆𝑚𝑎 = ∑ (
𝑥𝑖∙𝜆𝑖

∑ 𝑥𝑖∙𝜑𝑖𝑗
2
𝑗=1

)2
𝑖=1  . (5-11) 

𝜑𝑖𝑗 =
[1+(

𝜇𝑖
𝜇𝑗
)1/2∙(

𝑀𝑗

𝑀𝑖
)1/4]2

2√2∙[1+(
𝑀𝑖
𝑀𝑗

)]1/2
  (5-12) 
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free energy theory, which is a function of the density and the temperature as follows 

[138],  

𝐻𝑒

𝑅𝑣𝑇
= 𝛼(𝜏, 𝛿) = 𝑓(𝜌, 𝑇)  (5-13) 

where 𝐻𝑒 is the molar Helmholtz energy. The pressure could be calculated as:  

𝑝 = ⁡−(
𝛿𝛼

𝛿𝑣
)𝑇  (5-14) 

Then based on the theory in Eq. (5-13), the specific enthalpy could be expressed by,  

ℎ(𝜌, 𝑇) =
𝑃−𝜌𝑟𝑇

𝜌
+ ∫ {𝑝 − 𝑇(

𝜕𝑃

𝜕𝑇
)𝜌}

𝑝

0

𝜕𝜌

𝜌2
+ ∫ 𝑐𝑝

0𝑑𝑇
𝑇

𝑇𝑎
  (5-15) 

where 𝑇𝑎  is an arbitrary temperature. As the transport characteristic of the coolant 

properties, the viscosity and the thermal conductivity are modelled using the residual 

concept as follows,  

𝜈 = 𝜈0(𝑇) + 𝜌𝜈𝑙(𝑇) + (𝜈𝑐 + 𝜈𝑟) ∙ (𝜌, 𝑇)  (5-16) 

𝜆(𝜌, 𝑇) = 𝜆0(𝑇) + 𝜌𝜆𝑙(𝑇) + (𝜆𝑐 + 𝜆𝑟) ∙ (𝜌, 𝑇)  (5-17) 

where 𝜆0 is a dilute gas term function of temperature, 𝜆𝑙 accounts for the behaviour at 

low densities, 𝜆𝑐 is the critical contribution and 𝜆𝑟 represents the residual term for the 

behaviour at higher densities, including liquid densities.  

5.3.3 Coolant flow boiling in the tube  

As the wall temperature is greater than the coolant temperature inside the sample tube, 

convective boiling is the primary heat transfer mechanism inside the tube. Several 

correlations were proposed previously to predict the heat transfer coefficient [139], 
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such as Chen [140], Zou, et al. [141] and Steiner and Taborek [142]. Considering the 

phase condition of the coolant, two types of boiling correlation are studied: single phase 

and two phase.  

(a) single phase  

In the case of the turbulent single phase flow, the heat transfer coefficient could be 

expressed from Gnielinski correlation in the following [143], 

where 𝜁 is the friction coefficient which is computed from the Churchill expression as 

follows [144],  

𝜁 = 8 ∙ [(
8

𝑅𝑒
)12 + ([2.457 ∙ ln (

1

(
7

𝑅𝑒
)
0.9

+0.27∙𝑟𝑟
)]

16

+ [
37530

𝑅𝑒
]
16

)−3/2]

1/12

  (5-19) 

where 𝑅𝑒 is the Reynolds number of the fluid inside the tube, and 𝑟𝑟 is the relative 

roughness of the tube material.  

In the case of the laminar regime, the laminar convective exchange coefficient could 

be used in the following:  

The laminar Nusselt number is defined as constant and related to the geometry of the 

exchanger, as shown in Table 5-1.  

𝑘𝑡𝑢𝑟𝑏 =
(
𝜁

8
)∙(𝑅𝑒−1000)∙𝑃𝑟

1+12.7√
𝜁

8
∙(𝑃𝑟

2
3−1)

∙
𝜆

𝐷ℎ
  (5-18) 

𝑘𝑙𝑎𝑚 = 𝑁𝑢𝑙𝑎𝑚 ∙
𝜆

𝐷ℎ
  (5-20) 
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Table 5-1 Nusselt number for fully developed laminar flow in the tubes [67].  

Cross section  b/a (length and width) 
Nu number 

Uniform heat flux Uniform surface temperature  

Circular  - 4.36 3.66 

Square  1.0 3.61 2.98 

Rectangular  

1.43 3.73 3.08 

2.0 4.12 3.39 

3.0 4.79 3.96 

4.0 5.33 4.44 

8.0 6.49 5.60 

 

Between the laminar regime and turbulent regime, there is a transition condition for the 

Nusselt number, which is defined as, 

And then, the heat transfer coefficient could be defined as,  

(b) Two phase  

The correlation of heat transfer coefficient on a horizontal tube proposed by Steiner 

and Taborek [142] is expressed by the following, 

𝑘𝑐𝑜 = √𝑘𝑐𝑣
3 + 𝑘𝑁𝐵

33   (5-23) 

𝑁𝑢𝑡𝑟𝑎𝑛𝑠 = 𝑁𝑢𝑙𝑎𝑚 ∙ [1 + ln⁡(1 + exp⁡(10 ∙ ln⁡(2) ∙
𝑁𝑢𝑡𝑢𝑟𝑏−𝑁𝑢𝑙𝑎𝑚

𝑁𝑢𝑙𝑎𝑚
)) ∙

1

10∙ln⁡(2)
]  (5-21) 

𝑘𝑡𝑟𝑎𝑛𝑠 = 𝑁𝑢𝑡𝑟𝑎𝑛𝑠 ∙
𝜆

𝐷ℎ
  (5-22) 
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where 𝑘𝑐𝑣 corresponds to the convective boiling in Eq. (5-24) while 𝑘𝑁𝐵 corresponds 

to the nucleate boiling in Eq. (5-28). For the convective boiling mechanism, the heat 

transfer coefficient could be expressed by the following,  

Where 𝑘𝑙𝑜 refers to the local heat transfer coefficient as defined in Eq.(5-18) and 𝐹𝑇𝑃 

is the two-phase flow enhancement factor which is derived as a function of the vapour 

fraction 𝑥 and the density ratio as the following,  

The nucleate boiling mechanism in this process is corrected by the correction factor 

𝐹𝑁𝐵 as follows,  

𝑘𝑁𝐵 = 𝑘𝑁𝐵0 ∙ 𝐹𝑁𝐵  (5-28) 

Where 𝑘𝑁𝐵0 is a constant parameter that depends on the fluid.  

5.3.4 Evaporator modelled in Siemens Simcenter Amesim software 

In the evaporator model, the evaporated water vapour amount is the evaluation of the 

system performance, which is related to these parameters: pressure, seawater flow 

velocity, flow cross-section area, seawater inlet temperature and the heating resource. 

𝑘𝑐𝑣 = 𝑘𝑙𝑜 ∙ 𝐹𝑇𝑃  (5-24) 

𝐹𝑇𝑃 =
1

(𝐶1+𝐶2)0.5
  (5-25) 

𝐶1 = (1 − 𝑥)0.01 ∙ ((1 − 𝑥) + 1.2𝑥0.4(
𝜌𝑙

𝜌𝑔
)0.37)−2.2  (5-26) 

𝐶2 = 𝑥0.01 ∙ [
ℎ𝑣𝑜

ℎ𝑙𝑜
(1 + 8 ∙ (1 − 𝑥)0.7 ∙ (

𝜌𝑙

𝜌𝑔
)0.67)]

−2

  (5-27) 
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According to the above assumptions, the mass balance and the energy balance in the 

evaporator are expressed as:  

𝑚̇𝑠 = 𝑚̇𝑏 + 𝑚̇𝑣  
(5-29) 

𝑚̇𝑏ℎ𝑏 + 𝑚̇𝑣ℎ𝑣 = 𝑚̇𝑠ℎ𝑠 + 𝑄̇  (5-30) 

The time derivative of the density of the feed-in seawater is given by the mass 

conservation law in the evaporator as follows:  

𝑑𝜌

𝑑𝑡
=

1

𝑉
∙ ∑ 𝑚̇  

(5-31) 

The internal energy based on the first law of thermodynamics is expressed as [145]: 

𝑑𝑈

𝑑𝑡
= ∑𝑚̇ ∙ ℎ + 𝑄̇  (5-32) 

After simplification of Eq. (5-31) and Eq. (5-32), the feed-in seawater temperature is 

expressed as the following:  

𝑑𝑇

𝑑𝑡
=

1

𝑚∙𝑐𝑣
∙ (∑ 𝑚̇ ∙ ℎ + 𝑄̇ − ℎ ∙ ∑ 𝑚̇ − 𝑚 ∙ (𝑃 +

𝜕𝑢

𝜕𝑣
|𝑇) ∙

𝑑𝑣

𝑑𝑡
)  (5-33) 

where 𝑃 is the evaporator pressure, the value is determined using the Maxwell relation 

[145]:  

𝑑𝑃

𝑑𝑡
=

𝜕𝑃

𝜕𝑣
|𝑇 ∙

𝑑𝑣

𝑑𝑡
+

𝜕𝑃

𝜕𝑇
|𝑣 ∙

𝑑𝑇

𝑑𝑡
  (5-34) 

The numerical process in the evaporator is presented as shown in Fig. 5-2.  
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Fig. 5-2: Flow chart of the modelling in the evaporator. 

5.3.5 Condenser modelled in Siemens Simcenter Amesim software  

In the condensation process, the condensate is the key indicator to evaluate the 

performance of the system through the varied operational and geometry parameters. 

Operational variables consist of the air properties, initial pressure in the condenser, 

coolant temperature and coolant flow rate operating in the condensation process. And 

different geometry parameters such as the exchange area and the material are also 

considered in the parametric analysis in the following section to identify the maximum 

freshwater production. In this numerical modelling procedure, the direct-contact 

vaporiser is considered. For this type of vaporiser, the ambient air surrounds the 

vaporiser and transfers heat directly to the flowing coolant in the tubes. To perform the 

numerical analysis, all the bends and junctions are not considered. To simplify the NG 
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components in the model, methane is employed as the working fluid. The coolant 

receives heat through two mechanisms: sensible heat from the ambient air and latent 

heat from the vaporisation of water vapour through the wall. Both single- and two-

phase convection heat transfers occur during this process. The condensation process 

is simulated in three sections: (a) coolant convection in the tube, (b) heat convection 

between the outer surface and the vapour, and (c) heat conduction between the inner 

surface and outer surface.  

 

Fig. 5-3: Flow chart of the condenser model. 

According to the assumptions, the mass balance and the energy balance in the 

compact condenser are given as follows:  
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𝑚̇𝑚𝑎 = 𝑚̇𝑣 + 𝑚̇𝑑𝑎 + 𝑚̇𝑎𝑤  (5-35) 

𝑚̇𝑓𝑤 = 𝑚̇𝑣 + 𝑚̇𝑎𝑤  (5-36) 

𝑚̇𝑣ℎ𝑣(𝑠𝑎𝑡) + 𝑚̇𝐿𝑁𝐺,𝑖𝑛ℎ𝐿𝑁𝐺,𝑖𝑛 = 𝑚̇𝑓𝑤ℎ𝑓𝑤(𝑠𝑎𝑡) + 𝑚̇𝐿𝑁𝐺,𝑜ℎ𝐿𝑁𝐺,𝑜  (5-37) 

For the ordinary coolant temperature, only condensation occurs in the system. The 

heat transfer between the air and the surface consists of the latent heat of phase 

change and the sensible heat of temperature reduction, which is given as:  

𝑞 = 𝑘𝑚𝑎 ∙ 𝐴 ∙ (𝑇𝑚𝑎,𝑖𝑛 − 𝑇𝑤) + 𝑚̇𝑓𝑤 ∙ 𝐿  (5-38) 

where 𝑇𝑚𝑎,𝑖 is the air temperature, and 𝑘𝑚𝑎 is the convective heat transfer coefficient 

of the moist air side, which is determined by the Nusselt Number (𝑁𝑢), the thermal 

conductivity of the air and the characteristic length of the heat exchanger as follows:  

𝑘𝑚𝑎 =
𝜆∙𝑁𝑢

𝑙
  (5-39) 

The quantity of 𝑁𝑢 depends on the type of moist air flow [67]: 

𝑁𝑢 = ⁡𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡; (Laminar flow) (5-40) 

𝑁𝑢 = ⁡0.023𝑅𝑒0.8𝑃𝑟0.4; (Turbulent flow; 𝑅𝑒≥10,000,0.7≤𝑃𝑟≤160) (5-41) 

𝑁𝑢 = ⁡𝑁𝑢𝑙𝑎𝑚 ∙ (1 +
1

10∙𝑙𝑛(2)
∙ 𝑙𝑛 (1 + 𝑒𝑥𝑝 (10 ∙ 𝑙𝑛(2) ∙

𝑁𝑢𝑡𝑢𝑟𝑏−𝑁𝑢𝑙𝑎𝑚

𝑁𝑢𝑙𝑎𝑚
))); 

(Transition flow) 

(5-42) 

The condensate generated in the condenser during this process is gauged based on 

the inlet and outlet absolute humidity:  
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𝑚̇𝑓𝑤 = 𝑚̇𝑑𝑎 ∙ (𝜔𝑖𝑛 −𝜔𝑜)  (5-43) 

The outlet temperature of the moist air after condensation is determined by the inlet 

moist air conditions and the heat transfer between the moist air and the surface:  

𝑇𝑚𝑎,𝑜 = 𝑇𝑚𝑎,𝑖𝑛 +
𝑞

𝑞𝑚𝑎𝑥
(𝑇𝑤 − 𝑇𝑚𝑎,𝑖𝑛)  (5-44) 

Similar to the outlet temperature of the moist air, the outlet absolute humidity after 

condensation is expressed as:  

𝜔𝑜 = 𝜔𝑖𝑛 +
𝑞

𝑞𝑚𝑎𝑥
(𝜔𝑤 − 𝜔𝑖𝑛)  

(5-45) 

where 𝑞𝑚𝑎𝑥  is the maximum heat transfer between the wall and the moist air. It is 

expressed as:  

𝑞𝑚𝑎𝑥 =
𝑚̇𝑚𝑎

1+𝜔𝑖𝑛
∙ ((1 + 𝜔𝑠𝑎𝑡) ∙ (ℎ𝑚𝑎,𝑖𝑛 − ℎ𝑚𝑎,𝑤,𝑠𝑎𝑡) + (𝜔𝑚𝑎,𝑖𝑛 − 𝜔𝑤,𝑠𝑎𝑡) ∙ (ℎ𝑚𝑎,𝑖𝑛 −

ℎ𝑙𝑤,𝑤,𝑠𝑎𝑡))  
(5-46) 

where ℎ𝑚𝑎,𝑤,𝑠𝑎𝑡  is the moist air specific enthalpy at wall saturation conditions and 

ℎ𝑙𝑤,𝑤,𝑠𝑎𝑡 is the liquid water specific enthalpy at wall saturation conditions.  

With the coolant entering the tubes, the convective heat exchange occurs between the 

inside surface and the coolant. The heat transfer between the coolant and the inside 

surface is expressed as:  

𝑞 = 𝑘𝑐𝑜 ∙ 𝐴 ∙ (𝑇𝑐𝑜 − 𝑇𝑤,𝑐𝑜)  (5-47) 

where 𝑘𝑐𝑜 is the convective heat transfer coefficient between the coolant and the wall, 

𝑇𝑤,𝑐𝑜 is the temperature of the internal tube.  
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In addition, the heat transfer rate by conduction between the internal and external 

surface should be taken into consideration due to the temperature difference between 

both sides and the material. Therefore, the heat transfer rate of conduction is referred 

as:  

𝑞 =
𝜆𝑤𝐴𝑤

𝛿
(𝑇𝑤,𝑚𝑎 − 𝑇𝑤,co)  (5-48) 

where 𝛿 is the thickness of the wall and 𝜆𝑤  is the thermal conductivity of the tube 

material.  

5.3.6 Frosting phenomena modelled in Siemens Simcenter Amesim software  

The mathematical model of the frost formation on the chilled and cryogenic surface is 

based on the conservation laws of mass and energy. As shown in Fig. 5-4, the frosting 

process could be expressed as the freezing of water vapour into crystals which moving 

from the ambient air into the frost layer by convective mass transfer through diffusion 

and desublimation. The following assumptions are proposed to simplify the model:  

(1) The thermodynamic parameters of the frost layer are uniform.  

(2) The frost growth is one-dimensional.  

(3) The temperature of the surface and the atmospheric conditions are constant.   

(4) The melting of the frost layer is neglected. 
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Fig. 5-4: Heat and mass transfer during frosting. 

The total heat transfer rate from the moist air to the surface (including the frost surface) 

𝑞 could be expressed as the sum of the convection, phase change and radiation.  

where 𝑘𝑚𝑎  is the convective heat transfer coefficient, 𝑇𝑓𝑠  is the frost surface 

temperature and 𝑚𝑓  represents the mass of the frost on the surface from the 

convective heat transfer. The entry of the water molecules into the frost layer from the 

moist air through the gas-solid interface, leads to an increase in both thickness and 

density of the frost layer. The mass growth rate of the frost layer equals to the 

convective mass transfer rate of the water vapour, which is related to the mass transfer 

coefficient 𝑘𝑚 as follows,  

where 𝜌𝑣,𝑚𝑎 and 𝜌𝑣,𝑓 represent the concentration of water vapour of the ambient air 

and frost surface, respectively, which are expressed as  

𝑞 = 𝑘𝑚𝑎(𝑇𝑚𝑎 − 𝑇𝑓𝑠) + 𝑚𝑓𝐿 + 𝜀𝜎(𝑇𝑚𝑎
4 − 𝑇𝑓𝑠

4 )  (5-49) 

𝑚𝑓 =
𝑑𝑀𝑓

𝑑𝑡
= 𝑘𝑚(𝜌𝑣,𝑚𝑎 − 𝜌𝑣,𝑓)  (5-50) 
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𝑝𝑠𝑎𝑡,𝑓 and 𝑝𝑠𝑎𝑡,𝑚𝑎 denote the saturation pressure of water vapour on frost surface and 

air, respectively. Based on the Chilton-Colburn analogy, the mass transfer coefficient 

𝑘𝑚 could be obtained as follows [146],  

where 𝐿𝑒 is the Lewis number, the ratio of the thermal diffusivity and mass diffusivity 

of the moist air. When the moist air on the frost surface is natural convection, the air 

natural convective heat transfer coefficient could be calculated by the following 

equations:  

Where 𝑓1 is the empirical enhanced factor from 1.20 to 1.25 as Yavnel' [147] proposed, 

as the frost layer surface is a rough surface that strengthens the heat transfer. And 𝑓𝑚 

is the enhancement factor for the surface material obtained by experimental data from 

the previous chapter. When the moist air flows above the surface by forced convection, 

the air convective heat transfer coefficient could be given by [67]:  

𝜌𝑣,𝑚𝑎 =
𝑅𝐻∙𝑝𝑠𝑎𝑡,𝑚𝑎

𝑅𝑣𝑇𝑚𝑎
  (5-51) 

𝜌𝑣,𝑓 =
𝑝𝑠𝑎𝑡,𝑓

𝑅𝑣𝑇𝑓
  (5-52) 

𝑘𝑚 =
𝑘𝑚𝑎

𝜌𝑚𝑎𝑐𝑝,𝑚𝑎𝐿𝑒2/3
  (5-53) 

𝑁𝑢 = 0.27 ∙ 𝑅𝑎0.25 (for top surface)  (5-54) 

𝑁𝑢 = 0.54 ∙ 𝑅𝑎0.25 (for bottom surface)  (5-55) 

𝑁𝑢 = (0.825 +
0.387∙𝑅𝑎1/6

(1+(
0.492

𝑃𝑟
)9/16)8/27

)2 (for sides surfaces) (5-56) 

𝑘𝑚𝑎 = 𝑓1𝑓𝑚𝑁𝑢 ∙
𝜆

𝑙
  (5-57) 
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The latent heat of desublimation is described as the following,  

The total heat transfer rate could also be expressed as the thermal conduction between 

the wall and the frosted surface as the following, 

Heat is transferred to the wall through the frost layer during the vaporisation process, 

which includes sensible heat from air free convection and forced convection outside 

the vaporiser, as well as latent heat from vapour desublimation. The heat in all forms 

is subsequently then transferred to the cryogenic coolant in the tube. As illustrated in 

Fig. 5-5, the air convection, frost conduction, wall conduction and cryogenic coolant 

convection are considered in the model.  

 

Fig. 5-5: Thermal resistance schematic of the vaporiser. 

𝑁𝑢 = 0.023 ∙ 𝑅𝑒0.8 ∙ 𝑃𝑟0.4  (Turbulent flow; Re≥10,000,0.7≤Pr≤160) (5-58) 

𝑁𝑢 = 𝑁𝑢𝑙𝑎𝑚 ∙ (1 +
1

10∙𝑙𝑛(2)
∙ 𝑙𝑛 (1 + 𝑒𝑥𝑝 (10 ∙ 𝑙𝑛(2) ∙

𝑁𝑢𝑡𝑢𝑟𝑏−𝑁𝑢𝑙𝑎𝑚

𝑁𝑢𝑙𝑎𝑚
))) (transition 

flow) 

(5-59) 

𝑁𝑢 = Constant; (laminar flow with constant surface temperature or heat flow) (5-60) 

𝐿 = 1000 ∗ (2834.1 − 0.29 ∗ (273.15 + 𝑇𝑎) − 0.004 ∗ (273.15 + 𝑇𝑎) ∗ (273.15 +

𝑇𝑎))  

(5-61) 

𝑞 =
𝜆𝑓

𝛿𝑓
∙ (𝑇𝑓𝑠 − 𝑇𝑤)  (5-62) 
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The frost formation model for cryogenic application is complicated and the frost surface 

temperature is an unknown parameter, so the iteration method is required. As 

illustrated in Fig. 5-6, the flowchart of the numerical calculation is applied in Siemens 

Simcenter software to process the frost properties and heat transfer performance. After 

assuming the frost surface temperature, the frost properties are calculated from semi-

empirical correlations and the heat transfer coefficient is derived using an Eq.(5-57). 

Then the overall heat transfer rate between the surface and moist air was calculated 

through a series of calculation processes described in Eq. (5-49) and Eq. (5-62). Then 

the iteration stops until the error between these two heat transfer rates is less than 

0.1%, and frost surface temperature is obtained.  
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Fig. 5-6: Flowchart of calculation program for the frost formation. 

5.4 Validation  

The experimental data from the literature [148] and the experimental data in Chapter 

4 are used to validate the accuracy of the evaporator model and the condenser model 

developed in Siemens Simcenter Amesim, respectively. The relative error between the 

experimental value and simulation value is used to evaluate the operation performance 

by follows:  
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𝐸 =
𝑉𝑎𝑙𝑢𝑒𝑒−𝑉𝑎𝑙𝑢𝑒𝑠

𝑉𝑎𝑙𝑢𝑒𝑠
× 100%  (5-63) 

5.4.1 Evaporator  

Rahman, et al. [148] proposed a submerged vertical tube heat exchanger as the 

evaporation part of the single-effect desalination unit, as shown in Fig. 5-7. Seawater 

flows upwards from the feedwater tank through a vertical tube while being heated by 

the hot water outside the tubes. A series of experiments are designed to investigate 

the effect of the temperature, pressure, and flow rates of both feed-in and hot water on 

the evaporation process, e.g. in the evaporator chamber. The output vapour production 

rate at the upper outlet is the key indicator of the evaporator performance.  

 

Fig. 5-7: The evaporator diagram in Rahman, et al. [148]. 

The operation parameters of the evaporator are presented in Table 5-2. Fig. 5-8 

compares the simulated and experimental results for the freshwater vapour production 

rate in the evaporator at four different superheat degrees. The simulated production 

trends are in good agreement with the experimental data.  
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Table 5-2 Input parameters of the evaporator chamber for validation [148]. 

Parameter  Unit   Quantity  

Volume of the chamber  L 31.416 

Height of the chamber  mm 500 

Initial percentage of liquid volume - 0% 

Temperature of inlet feed-in seawater  ºC 41.5, 46.5, 56.5, 61.5 

Mass flow rate of feed-in seawater kg/s 0.0694 

External heating medium capacity  W 12156 

Initial pressure of the chamber bar 0.08 

 

 
Fig. 5-8: Comparison between the measured and predicted in the evaporator model. 
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5.4.2 Condenser  

By analysing several indications in four different scenarios, the validation for the 

condenser model is produced. The developed condenser model in the Siemens 

Simcenter Amesim was firstly compared with the experimental data conducted by Wu 

and Vierow [149] and Cheng and Geld [150] for validation. Wu and Vierow [149] 

investigated at the heat transfer performance of the condensation process on 

horizontal tubes. The experiment was conducted using a double pipe heat exchanger 

manufactured of SS304 with a length of 3.0 m and an outer pipe diameter of 31.7 mm 

as illustrated in Fig. 5-9. While the coolant flowed outward in the opposite direction, the 

steam was flowing within the inner tube. The input parameters for validation presented 

in Table 5-3 are applied as two conditions, Condition 1 and Condition 2. The simulated 

steam temperature was compared in Fig. 5-10 at four different locations of tube: 0m, 

0.5, 1.5m and 3m. The numerical data shows a good agreement with the experimental 

data with the error within 7%.  
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Fig. 5-9: Schematic of the test facility. [149] 

Table 5-3 Input operation parameters of the condenser for validation. [149]  

Parameter  Unit   Condition 1 Condition 2 

Inlet temperature of air steam  ºC 99 118 

Air mass fraction   - 15% 15% 

Absolute humidity  g/kg 5667 5667 

Inlet steam flow rate  kg/s 0.007 0.012 

Inlet temperature of the cooling water  ºC 45 45 

Flow rate of cooling water  kg/s 1.48 1.48 

Pressure  Bar 1 2 
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Fig. 5-10 Comparison between the measured and predicted in the condenser model. 

The quantity of condensate from the secondary condenser model is tested to see if it 

matches with the experimental findings in the study of Cheng and Geld [150]. A 

compact polymer heat exchanger made of Poly-Vinyli-Dene-Fluoride (PVDF) for air 

steam-to-water heat exchange was conducted. The heat exchanger, as shown in Fig. 

5-11, is made up of 48 parallel plates with 42 small cooling water channels in each 

plate. The mixture of water steam and the air are introduced into the condenser. The 

properties of PVDF are presented in Table 5-4The input parameters are introduced in 

Table 5-5. 
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Fig. 5-11 Schematic of the polymer compact heat exchanger [150]. 

 

Table 5-4 Properties of PVDF.[151]. 

Parameter Unit Quantity 

Density kg/m3 1780 

Minimum temperature ºC -62 

Maximum temperature ºC 149 

Specific heat J/(kg·K) 1400 

Thermal conductivity W/(m·K) 0.2 
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Table 5-5 The condenser input parameters for validation.[150] 

Parameter  Unit   Quantity  

Inlet temperature of air steam  ºC 80, 90 

Mass flow rate of air stream  kg/s 0.25 – 0.38 

Relative humidity of air steam - 20%, 24%, 32%, 40% 

Inlet temperature of the cooling water  ºC 25 

Flow rate of cooling water m3/h 1.5, 2.5 

Heat exchange area m2 1.4 

Cross-sectional area of air stream side mm2 37600 

Cross-sectional area of cooling water side mm2 2030 

Pressure  bar 1 

Duration time s 1800 

 

As shown in Fig. 5-12, the predictions of the model agreed with the experimental data 

within -17.3% to +10%. However, when the condensate mass flow rate exceeds 0.009 

kg/s, the computed condensate exhibits a progressively growing discrepancy. One of 

the reasons mentioned in the literature [150] was that it was challenging to set the 

actual testing parameters exactly the same as those in the test plan, leading to 

inaccuracy. The freshwater produced in the same duration in the experiments also 

required time to collect in total. The assumptions might overlook several elements that 

affect trial outcomes, such as the presence of non-condensable gases in the 

condenser, the inadequacy of the sealed testing system, heat loss, etc. 



134 

 

 
Fig. 5-12 Comparison between the measured and predicted in the condenser model. 

The third condenser model is validated by the same parameters operated in the Case 

4 of the experimental investigation with the surface temperature of 6 °C. As shown in 

Fig. 5-13, the error between the production measured in the experiments and the 

numerical study is -2.3% on bare tube, -1.9% on FEP tube, -1.8% on Fluorine based 

tube and 2.6% for PTFE tube.  

Similarly, for frosting phenomenon cases, the production rate is also the indicator to 

evaluate the simulation results. The experimental data on sample tubes with the 

operation parameters in Case 1 with the surface temperature of -36 °C are used to 

validate the numerical method as shown in Fig. 5-14. The correlation errors for the 

production, frost thickness, density and the porosity show good agreement with the 

experimental data at -9.3% to 2.2%, -8.1% to 3%, -7% to 7.3% and -0.25% to 0.25%.  
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Fig. 5-13: Comparison between the measured and predicted for condensation cases.  

 

Fig. 5-14: Validation result by the Nusselt theory of frosting conditions. 
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The fourth condenser model is developed to validate the model application to a 

cryogenic temperature surface with the operational conditions and geometrical 

parameters following the data in the related literature [152]. As shown in Fig. 5-15, the 

ambient air is cooled by the LN2 flowing from the bottom in a finned tube in the natural 

convection method. The operation and geometry parameters of the experiment for 

validation is presented in Table 5-6. Fig. 5-16 displays the comparison results of the 

frost thickness between the experimental and the simulation data. It can be seen that 

the simulation results follow the same trend as the experimental results in the literature 

with the difference within 15%. As a result, the developed model could be used as an 

effective tool for the frosting analysis on the cryogenic surface. 

 

Fig. 5-15: Schematic of the experimental apparatus [152]. 
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Fig. 5-16: Comparison of frost thickness between the experiment and simulation. 

Table 5-6 Operation and geometry parameters of the experiment for validation. 

Parameter  Unit   Quantity  

Inlet temperature of air ºC 25 

Relative humidity  % 62 

Inlet temperature of the nitrogen  ºC -196 

Flow rate of cooling water  kg/h 17.5 

Pressure  bar 2 

Inner diameter of the tube  mm 24 

No of fins  - 8 

Height of fin  mm 80 

Thickness of fin mm 2 
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5.5 Parametric study – Evaporator 

The superheat and inlet seawater temperature have an obvious impact on the 

evaporated mass, as was stated in the previous validation section. Additionally, the 

effects of additional parameters such as heating input, temperature, initial chamber 

pressure, and inlet seawater mass flow rate are investigated. The parameters used to 

simulate are presented in Table 5-7.  

Table 5-7 Operational parameters of the evaporator.  

No Pressure (bar) Heating input (W) Temperature of feed-
in seawater (°C) 

Mass flow rate of feed-in 
seawater (kg/s) 

1 0.08 12156 31.5, 41.5, 51.5, 61.5  0 - 0.16 

2 0 - 0.20 0, 4052, 8104, 
12156, 16208 

61.5 0.0694 

 

Fig. 5-17 presents the effect of the inlet seawater temperature on the mass of the water 

vapour with different mass flow rates and seawater inlet temperature. The initial 

pressure in the chamber and heating input from the waste heat are fixed at 0.08 bar 

and 12156 W. Table 5-7 indicates the detailed operating inlet temperature and mass 

flow rate conditions. It can be noticed that the water vapour generation rate increases 

with the increase of the inlet seawater temperature, which implies that the flash 

evaporation is enhanced due to the higher superheat degrees. According to the 

previous section, the superheat degree is related to the temperature difference 

between the inlet seawater temperature and the saturation temperature at the same 

chamber pressure. With higher superheat degrees, the liquid remaining in the chamber 
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absorbs more heat of vaporisation, which leads to a faster evaporation rate and lower 

its own temperature to the saturation temperature.  

When the inlet seawater temperature is pre-heated above 41.5°C (saturation 

temperature at 0.08 bar), the water vapour generation rate tends to increase. A greater 

mass flow rate of feed-in seawater corresponds to a greater flow velocity through the 

fixed size of the inlet section, which results in a larger evaporative mass with the same 

heating input. The water vapour generation remains constant over all inlet seawater 

flow rates when the inlet seawater temperature is pre-heated to 41.5°C. The reason 

for this is that the heating capacity of the flash evaporation roughly balances the 

required latent heat for feed evaporation in the chamber at the saturation conditions. 

Although the feed seawater remains sufficient when the feed seawater is increased, 

there is no more waste heat available for the remaining seawater evaporation to 

promote the production. And when the input seawater temperature is below the vapour 

saturation temperature, the water vapour production rate is reduced because most of 

the input heating is used to increase the subcooled seawater temperature to the 

saturation temperature. The temperature level of the inlet seawater is determined 

based on the presence of a residual heat temperature grade. Therefore, adjusting the 

initial evaporator chamber pressure accordingly helps to increase the inlet seawater 

temperature until it is greater than the saturation temperature at the chamber pressure.  
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Fig. 5-17: Variation of water vapour mass with different feed-in seawater temperature. 

Fig. 5-18 presents the generated water vapour production rate versus five different 

heating inputs of 0 W, 4052 W, 8104 W, 12156 W and 16208 W. The operation 

parameters are depicted in Table 5-7. It is clear that the water vapour production rate 

increases with increasing heating input. The heating capacity drives the flash 

evaporation of the feed seawater and increases the evaporation rate. It is also clear to 

conclude from Fig. 5-18 that the water vapour tends to decrease as the initial pressure 

in the evaporation chamber increases. Lower pressure conditions are associated with 

lower vapour saturation temperature which augments temperature difference with the 

inlet seawater temperature. Consequently, there is excess thermal energy for 

generating more vapour in the flashing evaporation.  
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Fig. 5-18: Variation of freshwater mass with the heating input. 

5.6 Parametric study – condenser geometry parameters  

The condensation performance and the cost are related to the heat exchanger 

structure and configuration. Therefore, it is of crucial importance to investigate the 

effect of the geometry parameters of the condenser on condensate production and 

heat transfer which are the essential indicators for heat exchanger selection. In current 

section, the main focus is to optimise the geometrical parameters for maximum 

condensate production and heat transfer. The condenser, which consists of arrays of 

plates with flat tubes in three passes, utilizes the compact heat exchanger to obtain a 

large heat transfer surface area. From the first pass until the third pass, moist air flows 

across the plates and exchanges heat with the coolant CH4. The schematic of the 
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condenser is shown in Fig. 5-19. In this section, the moist air is simulated at the 

pressure of 1 bar, temperature of 41.5ºC, relative humidity of 90%, and the coolant 

provides the cooling capacity at the temperature of 5ºC as shown in Table 5-8. 

 

Fig. 5-19: Details of the proposed condenser. 
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Table 5-8 Operational parameters of the moist air and coolant in the condenser 

Parameter Unit Quantity 

Pressure of the condenser bar 0.08 

Temperature of the moist air ºC 41.5 

Relative humidity of the moist air % 90 

Pressure of coolant bar 1 

Temperature of coolant ºC 5 

Mass flow rate of coolant kg/s 0.875 

 

5.6.1 Condensation  

The most influential geometry parameters are analysed to evaluate their impact on the 

performance of the proposed system in three cases as defined in Table 5-9. 

Table 5-9 Geometry parameters of the condenser. 

No   Heat exchange area of the plate 

(m2) 

Material of the condenser  Number of the 

channels  

1 1.4 Aluminium Alloy 3003-H14, 

Stainless Steel AISI316, PTFE 

42 

2 1.4 Aluminium Alloy 3003-H14 10 - 50 

3 0 - 1.84 Aluminium Alloy 3003-H14 10 

 

As described in Eq. (5-48), the conduction heat transfer is related to the thickness of 

heat exchanger material and its thermal conductivity. Fig. 5-20 shows the condensate 
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production, heat transfer performance and pressure loss affected by different materials: 

i.e., PTFE, Stainless Steel AISI304 and Aluminium Alloy 3003-H14 at the same 

operational conditions. The properties of these three materials are presented in Table 

5-10. It is clear to see that the performances on Stainless steel 316 with thermal 

conductivity of 16.2 W/ (m · K) and Al alloy 3003-H14 with thermal conductivity of 159 

W/ (m · K) are almost the same, while the PTFE has the worst. When the thermal 

conductivity of the material is lower, the heat transfer flux over the same time is lower, 

resulting in less cooling capacity entering the condenser from the coolant. And the heat 

exchange area is sufficient for Stainless Steel AISI316 to transfer the applicable 

cooling capacity for condensation although its lower thermal conductivity. Therefore, 

due to the better performance and inexpensive cost, Aluminium Alloy 3003-H14 is 

considered as the best material of the condenser for this application, among the 

materials considered.  

Table 5-10 Properties of heat exchanger materials at 20ºC. 

Properties  Unit PTFE [153]  
Aluminium Alloy 

3003-H14 [154-156] 

Stainless Steel 

AISI316 [154-156] 

Density kg/m3 2130 2730 8000 

Thermal conductivity W/ (m · K) 0.25 159 16.3 

Specific heat capacity J/ (kg · K) 1000 8930 500 

Coefficient of thermal 

expansion  
K-1 2.7-5.4×10-4 2.3×10-5 1.73×10-5 

Maximum temperature  ºC 260 654 1370 

Minimum temperature  ºC -200 - - 

Price  $/kg 15.0 31.2 69.1 
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Fig. 5-20: Variation of condensation performance with different material.  

Fig. 5-21 depicts the condensation characteristics with varying number of the channels 

in each plate. The number of channels in each plate is decreased from 50 to 10, which 

changes the convective heat exchange area of the channel. Based on steady-state 

data obtained after the simulation has run for 30 minutes, the results shown in Fig. 

5-21 are presented. Under the same circumstances, when the number of channels 

grows, the heat transfer rate shows a rising trend. With the same volume of condenser, 

the increasing heat exchange area of the channels provides a more efficient area for 

heat transfer. Additionally, in order to improve the generation of condensate, more 

coolant is further transported and consumed between the coolant and the surface. 
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Fig. 5-21: Variation of performance with the number of channels. 

Fig. 5-22 shows the impact of the plate heat exchange area on the condensation 

performance. The width of the condenser varies from 20 mm to 100 mm which results 

in the plate heat exchange area varying from 0.368 m2 to 1.84 m2. The other 

parameters are fixed. The condensate presents an increase trend with an increasing 

plate heat exchange area at the beginning and then decreases. The reason is that with 

an increasing plate heat exchange area, the heat transfer between the outer surface 

and the moist air is enhanced by the transfer of more cooling capacity. However, as 

the width of the condenser increases, part of the moist air has already been condensed 

by the coolant in the first few passes and the temperature drops. This lower 

temperature moist air will be condensed by the coolant of the same temperature in the 

latter pass, which is less efficient and thus reduces the condensation rate.  
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Fig. 5-22: Variation of condensation performance with convective exchange area of the plate. 

5.6.2 Frosting  

The geometry parameters affect the heat transfer process in the condenser, resultant 

frost properties when the surface temperature is beneath a certain limit. The wall 

thickness, configuration of the channel and the plate of the condenser are discussed. 

As a result, in this section, the impacts of the geometry parameters on the frosting 

performance are analysed as shown in Table 5-11. The moist air is simulated at the 

pressure of 1 bar, temperature of 25ºC, relative humidity of 90%. The coolant CH4 is 

examined at -60ºC of 1 bar. The frost properties including frost thickness and frost 

accumulation are the main indicators of the system performance.  
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Table 5-11 Geometry parameters of the condenser 

No Parameters  Unit  Quantity  

1 Material of the condenser - Aluminium Alloy 3003-H14; PTFE; AISI316 

2 Thickness of the plate  mm 0 - 0.45 

3 Heat exchange area of the channel  m2 1 - 5.5 

4 Heat exchange area of plate  m2 0 - 1.84 

 

As described in the previous chapter, the conduction heat transfer is related to the 

thickness of heat exchanger material and its thermal conductivity. Fig. 5-23 shows the 

frost thickness and frost accumulation affected by different materials: i.e., PTFE, 

Stainless Steel AISI316 and Aluminium Alloy 3003-H14 at the same operational 

conditions. It is clear to see that the performances are almost the same with all the 

three materials. The reason for this is that with the same duration time and the same 

condenser configuration, the thermal conductivity only affects the starting wall 

temperature. When the sample substrate is covered by the frost and the enough size 

of the heat exchange area, the wall temperature has limit effect on the frosting 

performance.  



149 

 

  

Fig. 5-23: Variation of frost properties with different material. 

Fig. 5-24 shows the influence of the wall thickness of a AISI 316 substrate on the frost 

deposition with frost accumulation and frost thickness. It is observed that the wall 

thickness varying from 0.265mm to 0.515mm has little influence due to the good 

performance of AISI316 which reduces the influence of the wall thickness on the heat 

conduction process over the same duration time. Fig. 5-25 depicts the frost thickness 

and frost accumulation with varying convective exchange areas of the channels inside 

the plate. By raising the A and B of the channel from 483 mm2 to 2416 mm2 and 

reducing the number of channels in each plate from 50 to 10, the convective heat 

exchange area of the channel is changed. After the simulation has run for 30 minutes, 

the findings are based on the steady-state data. The frost characteristics exhibit a rising 

trend under the same circumstances as the heat exchange area of channels rises. The 

larger heat exchange area of the channels creates a more effective area for heat 
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transfer with the same volume of condenser. Additionally, significantly more capacity 

of coolant is transferred and consumed between the cooling medium and the surface 

to increase the frost accumulation.  

 

Fig. 5-24: Variation of frost properties with the thickness of the material. 

Fig. 5-26 shows the impact of the plate heat exchange area on the frost characteristics. 

The plate heat exchange area varies from 0.368 m2 to 1.84 m2 depending on the 

condenser's width, which ranges from 20 mm to 100 mm. The other parameters are 

fixed. With a growing plate heat exchange area, the frost mass shows an upward trend. 

Because as the surface area of the plate increases, more cooling capacity is 

transferred, improving the heat transfer between the outside surface and the moist air. 

However, the frost thickness gets smaller. The reason is that the frost is uniformly 
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distributed on the whole substrate. Consequently, the optimal heat exchange area of 

the plate is the precondition of the higher efficiency and lower cost.  

 
Fig. 5-25: Variation of frost properties with convective exchange area of the channel. 
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Fig. 5-26: Variation of frost behaviours with convective exchange area of the plate. 

5.7 Parametric study - condensation  

In this section, a parametric study was carried out to investigate how air properties and 

the coolant properties affect the condensation performance in the condenser. The 

operational parameters with a varied coolant temperature from 0ºC to 25ºC are 

described in Table 5-12. Condensate is the evaluation parameter to evaluate the 

condensation performance.  
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Table 5-12 Operational parameters of the condenser in condensation. 

No Air  Coolant  

Pressure 

(bar) 

Temperature 

(ºC) 

Relative 

humidity  

Mass flow rate 

(kg/s) 

Temperature 

(ºC) 

Mass flow rate 

(kg/s) 

1 1 90 40% 0.25 0, 5, 15, 25 0 - 1.3 

2 0.05 - 0.20 30, 40, 50 40% 0.25 5 0.694 

3 0.05 - 0.20 40 20%, 30%, 

40%, 50%, 60% 

0.25 5 0.694 

4 0.05, 0.08, 

0.15, 0.20 

30 40% 0 - 1.3 5 0.694 

 

Fig. 5-27 depicts the condensate produced by varied flow rate of coolant at different 

temperatures: 0 ºC, 5 ºC, 15 ºC, 25 ºC with other parameters fixed in Error! Reference s

ource not found.. The condensate first rises with the rising coolant flow rate at a given 

coolant temperature and eventually moves closer to its maximum value. Beyond a 

certain point of the coolant flow rate, the increasing trend reaches its limit. The 

explanation is that a higher coolant flow rate coolant flow rate offers more condensation 

cooling capacity, enhancing condenser efficiency. However, a constant moist air flow 

rate is not sufficient to allow a higher coolant flow rate with additional cooling capacity 

to be condensed, which directly impacts the heat recovery from condensation. It is also 

noteworthy that greater amount of condensate is generated with a lower coolant 

temperature. There is a tremendous potential to lower the moisture content in wet air 

with a given relative humidity by using a lower coolant temperature as the lower dew 

point of the condensation process. Consequently, the optimal coolant operating 
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conditions can be selected according to the economic flow rate and a practically 

achievable low temperature. Furthermore, this phenomenon also applies to the future 

section where the imported LNG temperature is cryogenic.   

 

Fig. 5-27: Variation of condensate with coolant temperature and flow rate. 

In Fig. 5-28, the moist air with a relative humidity of 40% and the mass flow rate of 0.25 

kg/s is condensed by the cooling water of 0.694 kg/s under 5ºC. And Fig. 5-29 shows 

the cooling water with the same conditions providing the cooling capacity to the air 

under a temperature of 40 ºC and the mass flow rate of 0.25 kg/s. It can be observed 

that the production increases with an increase of the temperature and the humidity of 

moist air which has a higher water vapour partial pressure. The condensate increases 

by 73% from the 10.8 kg/h generated by 30 ºC, 40% moist air to the 39.6 kg/h created 

by 50 ºC, 40% moist air in Fig. 5-28 when the pressure in the condenser chamber is 
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fixed at 0.05 bar. The condensate produced by 40 ºC, 60% moist air increases by 87% 

from 5.11 kg/h when 40 ºC, 20% moist air is used to 5.11 kg/h when 40 ºC, 20% moist 

air is used. As a result, condensate begins to be generated at a significantly higher 

condensing temperature, which increases the pace at which condensate is produced. 

In Fig. 5-28 and Fig. 5-29, it is also observed that the condensate drops by around 50% 

when the pressure increases from 0.05 bar to 0.20 bar at the temperature of 30 ºC and 

the lower relative humidity level of moist air. Because of this, dew point, saturation 

temperature, and water vapour partial pressure all decrease as pressure decreases. 

The geometry of the condenser remains same for the sake of this comparative analysis. 

Therefore, a lower dew point will result in a lower moisture content after condensation. 

As a result, with reduced pressure in the chamber, moisture loss, or in other words, 

condensate generation, is higher.  
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Fig. 5-28: Variation of condensate with moist air temperature and pressure. 

 

Fig. 5-29: Variation of condensate with moist air relative humidity. 
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Fig. 5-30 shows the condensate under a varying mass flow rate of moist air and 

pressure with the operational parameters shown in Error! Reference source not f

ound.. Condensate production rate increases with greater moist air flow rate under a 

given pressure until it hits its limit, at which point it gradually drops. It is obvious that 

increased moist air flow rates result in higher condensation moisture content and 

require more cooling power to counteract condensation heat. Furthermore, an 

excessively high mass flow rate of moist air might negatively impact the condenser's 

heat exchanger's efficiency and the direct transfer of cooling energy, which is 

necessary for the condensation process. When determining the ideal moist air flow 

rate, conflicting impacts should be taken into account.  

 

Fig. 5-30: Variation of condensate with a moist air flow rate. 
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5.8 Parametric study – frosting  

Numerical calculations of the parametric study on the cryogenic coolant temperature 

cases were carried out to investigate the change of the frost properties and the heat 

transfer performance. The varied operational parameters are described in Table 5-13.  

Table 5-13 Parametric study cases on frosting. 

No Air  Coolant  

Pressure 

(bar) 

Temperature 

(ºC) 

Relative 

humidity  

Velocity  Temperature 

(ºC) 

Mass flow rate 

(kg/s) 

1 1 15, 20, 25, 

30 

90% 0 -100 0.2 

2 1 25 90% 0, 0.1, 0.2 -100 0.2 

3 1 25 90% 0 -100, -130, -160 0.2 

 

5.8.1 Effect of air properties – air temperature 

Fig. 5-31 shows the relationship between frost thickness and frost accumulation at 

various environment air temperatures of 15ºC, 20ºC, 25ºC and 30ºC. The frost 

accumulation increases with the increased air temperature. At constant relative 

humidity, the humid air contains more water vapour at higher air temperatures, 

resulting in a higher water vapour mass concentration. This phenomenon could be 

demonstrated by the results shown in Fig. 5-32. Since the frost accumulation is related 

to the difference between the water vapour mass concentration in the air and the frost, 
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the increase in the air temperature drives an increase in the mass concentration 

difference and the frost accumulation.  

The effect of the air temperature on the porosity is shown in Fig. 5-32. The frost density 

and the frost thermal conductivity is dependent on the porosity and the air properties. 

As the time goes, the frost grows in two directions: horizontal for densification and 

vertical for thickness. Part of the vapor is deposited directly onto the frost surface, 

thickening the frost layer. The remaining vapor diffuses into the frost layer, causing a 

difference in concentration and leading to a phase change. This ultimately results ina 

an increase in both the thickness and density of the frost layer. In addition, with the 

fixed coolant temperature, the temperature difference between the air and the surface 

becomes greater with the higher air temperature, which enlarges the air side heat 

transfer coefficient. The total heat transfer between the air and the frost consists of two 

parts: sensible heat that contributes to the temperature decreasing and latent heat 

which contributes to the frost growth.  

As the time goes, the frost deposits and grows on the surface leading to an extra 

thermal resistance as shown in Fig. 5-33. Initially, during the early stages of frost 

formation, the thermal resistance experiences a rapid increase within 25min due to the 

simultaneous increase in the frost thickness and the decrease in surface temperature. 

Then the growth of the thermal resistance slow down as the time goes due to the 

reduction of the porosity, leading to the increase in the frost thermal conductivity. 

Eventually, the thermal resistance of the frost layer becomes stable over time due to 

the balance between the back-melting and the regrowth. This phenomenon indicates 
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that after the specific period, the densification is the main mechanism in the frost 

deposition process.  

 

Fig. 5-31: Frost thickness and frost accumulation with different air temperature. 
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Fig. 5-32: Effect of air temperature on porosity, frost density and thermal conductivity. 

 

Fig. 5-33: Frost surface temperature with time. 
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5.8.2 Effect of air properties – air velocity  

The third influence factor is the air velocity. As indicated in Table 5-13, the velocity is 

decided as 0m/s, 1m/s and 2m/s. The air property is fixed at 25ºC with a relative 

humidity of 90%, while the coolant flows at 0.2kg/s with a temperature of -100ºC. In 

current case, the air flows above the surface, the mechanism turns to forced convection 

with a mixed heat transfer between the air and the outer surface. Therefore, the 𝑁𝑢 

number in this case is defined as the mixture of the free convection and forced 

convection. Similarly, the frost accumulation on the surface is compared with varied 

velocity as shown in Fig. 5-34. It could be seen that the air with higher velocity has 

more frost deposition with higher concentration on the surface. And the heat between 

the surface and the air transfers more with the velocity. The reason is that the air flow 

enhances the heat transfer coefficient through the extra forced convection which 

results in a greater heat transfer ability.  
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Fig. 5-34: Frost deposition performance with different velocity of air. 

5.8.3 Effect of coolant temperature 

Different coolant inlet temperature provides different surface temperature which is the 

main influence factor as proved by the experiments mentioned earlier in the previous 

chapter because the subcooling affects the heat and mass transfer performance. Fig. 

5-35 and Fig. 5-36 show the frost properties changes with the coolant temperature of 

-100ºC, -130ºC and -160ºC. It could be seen that on the colder surface, the frost 

accumulated the most only in growth. Fig. 5-36 presents that with lower surface 

temperature, the porosity is higher. The reason is that with the colder inlet temperature 

of the coolant, the tube surface has a lower temperature which leads to a colder frost 

surface as shown in Fig. 5-37. On the colder frost surface, the water vapour nucleates 

quickly as small nucleus and then the new nucleus deposit on the existing ones that 
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increase the thickness of the frost. However, the interaction between the nucleus 

presents a slower speed than the new nuclei formation. Therefore, the frost layer is full 

of pores which results in a higher porosity and smaller density.   

 

Fig. 5-35: Frost thickness and frost accumulation with different coolant temperature. 
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Fig. 5-36: Effect of coolant temperature on porosity, frost density and thermal conductivity.  

 

Fig. 5-37: Frost surface temperature comparison with coolant temperature. 
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In summary of the above results, the effect of these operation parameters on the 

frosting properties could be summarised in Table 5-14 below:  

Table 5-14 Summarised effect factors on frost properties. 

Increase of 

parameter 

Thickness Accumulation Density Porosity Thermal 

conductivity 

Frost surface 

temperature  

Air temperature  ↑ ↑ ↑ ↓ ↑ ↑ 

Air velocity  ↑ ↑ ↑ ↓ ↑ ↑ 

Coolant 

temperature  

↓ ↓ ↑ ↓ ↑ ↑ 

↑: increase trend, ↓: decrease trend 

5.9 Summary  

In this chapter, the numerical study on each component of the FWG system has been 

investigated. The parametric study of the evaporator shows that the pressure of the 

chamber, the superheat of the feed water and the heating input determine the 

performance of the water vapour production. For the condenser, under both 

mechanisms (condensation and frosting), the production (water & ice) is related with 

the water vapour content and coolant temperature and flow rate. In addition, the 

geometry design of the heat exchanger also affects the system performance, such as 

convective heat exchanger area and the material. Therefore, these parameters are 

primary to optimise in the case ship study in the next chapter.  
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CHAPTER 6 CASE STUDY 

6.1 Introduction  

In Chapter 4 and Chapter 5, the experimental and numerical studies were carried out 

and predicted in detail the evaporation, condensation and frosting behaviours under 

varying operation conditions. However, the varying LNG flow rate during the voyage 

on the ship performs differently. Furthermore, the space limitation is not considered. In 

fact, a ship’s engine room is constrained by limited space, which makes it challenging 

to implement the system. Thus, the primary objectives of the current chapter are 

summarised as:  

(1) To propose a novel LNG cryogenic energy recovery system for freshwater 

generation and LNG production 

(2) To design the operation parameters for the FWG system’s optimisation 

(3) To analyse the proposed system from the thermodynamics and economics fields.  

Therefore, this chapter introduces the detailed freshwater generator arrangement of 

the design system and optimises it through simulation analysis in Siemens Simcenter 

Amesim. A genetic algorithm was used to optimise the parameters of the optimised 

plan. It is expected to provide an innovative technology path for the novel FWG to 

construct an efficient and compact comprehensive utilisation system of LNG 

vaporisation and cold energy on LNG powered ships. 
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6.2 Case-study ship introduction  

In this section, the proposed optimised system is employed on an LNG powered cruise 

ferry utilising a DF-Electric power plant. This ferry operates a 48-hour route from 

Stockholm to Finland (including five hours harbour time), including a two-way voyage 

and one intermediate stop. The detailed information about this case-study ship is 

presented in Table 6-1. The LNG on this ferry is stored in the tank at a temperature of 

-138 ºC and 5 bar pressures. During the 48 hours, the NG consumption varies from 

350 kg/h to 3161 kg/h. The feed-in seawater enters the vacuum evaporator of the FWG, 

the evaporated water vapour is condensed by the LNG cryogenic energy released from 

the LNG vaporisation. Based on the voyage records, the NG consumption for 48 hours 

is presented in Fig. 6-1.  

 

Fig. 6-1: Diagram of NG consumption in 48 hours. 
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Table 6-1 Detailed information about the case-study ship. 

Parameters  Quantity  

Ship type  Passenger ship  

Built year  2013 

Length  218m 

Beam  32m 

Draught  6.8m 

Gross ton  57.565 GT 

Net ton  47.600 GT 

Speed  22.0 knots 

Capacity  2,800 passengers;  

Crew  200 

Main engines  4 x Wartsila 8L50DF, 7600 kW per unit  

LNG fuel tanks  2 x Type C cylindrical cryogenic tanks, 2 x 200 m3 

Boiler  2 dual fuel boilers from SAACKE  

Propulsion motor  2 x electrical propulsion motors ABBAMZ1600, 10500kW per unit 

Thruster  2 bow thrusters of 2300 kW and one stern thruster if 1200 kW 

 

6.3 System description  

Considering the existing design of the LNG regasification system on the case-study 

ship, the novel LNG cryogenic energy recovery system with the FWG system is 

designed as indicated in Fig. 6-2, consisting of three parts: LNG tank, dual fuel engines 

and LNG cryogenic energy recovery system. The recovery system integrates the three 

vaporisers and two applications:  
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• Vaporisers: pressure built-up evaporator (PBE), main gas evaporator (MGE) 

and main gas heater (MGH);  

• Applications: FWG system and low temperature (LT) water system.  

LNG is stored in the tank at -138 ºC and 5 bar pressure. Since the pressure and 

temperature are closely correlated in the tank, each change in temperature level also 

results in a change in pressure. As a result, the PBE builds up and maintains an 

operational pressure of 5 bars in the tank. The MGE and MGH are designed to increase 

the temperature of regasified NG up to 27 °C, which is the NG operational temperature 

to enter the gas valve unit (to maintain the NG inlet pressure to the engines at 3 bars 

and provides a prompt and reliable gas supply shutdown). During the regasification 

process, MGE recovers the LNG cryogenic energy in the FWG for freshwater 

generation; while MGH recovers the remaining cryogenic energy in the LT water 

system for cooling the low-temperature water to supply the main engine generators, 

the auxiliary coolers, and other auxiliary systems.  The schematic of energy recovery 

is presented in Fig. 6-3. 

It is noticed that the inlet temperature of the LNG in the MGE starts at -133 ºC. At this 

temperature, the LNG has already been vaporised, which means that the existing 

recovery system only recovers the sensible heat of the LNG. The cold energy between 

-138 ºC and -133 ºC is dissipated through the pipes directly after the storage tank, 

before the MGE. Therefore, the latent heat of the vaporisation of the LNG is wasted 

through the pipes to the ambience. The amount of the enthalpy change during this 

process is 470 kJ/kg, resulting in more than 50% losses in the current LNG cold-energy 

recovery process.  
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The FWG system consists of five components: the evaporator, solenoid valve, steam 

accumulator, condenser (MGE) and freshwater tank. It is efficient in creating a lower 

pressure in the evaporator chamber for flash evaporation by a vacuum pump. [157] 

The steam generated from the evaporator is stored in the steam accumulator. The flow 

controlled by the electromagnetic valve enters the MGE and is condensed by LNG 

cryogenic energy into freshwater. The system consumes the waste heat from the 

engine as the heat source and the LNG cold energy as the heat sink. To minimise the 

heat loss to the environment, the insulation layers are placed on the outside of all the 

components and connection pipes.  

 

Fig. 6-2: Schematic diagram of the LNG cold energy recovery system on the case-study ship. 
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Fig. 6-3: LNG cold energy recovery process.  

6.4 Methodology  

In this section, the proposed novel recovery system is modelled by Siemens Simcenter 

Amesim software based on the numerical thermodynamics study in Chapter 5 and the 

economic viewpoints. The analysis starts by presenting the mathematical models for 

energy and exergy analysis, considering the thermodynamic assumptions. Following 

this, both single objective and multi objective optimisations are implemented to 

enhance the performance of the FWG system under various operation conditions on 

the case-study ship. Eventually, the overall performance criteria for the proposed FWG 

system are developed from an economics viewpoint.   

6.4.1 Energy and exergy analysis  

Both energy and exergy analysis are the key indicators in the thermodynamics 

optimisation with the following assumptions:  

(1) All system components are assumed to be static and isothermal.  

(2) Pressure losses in the piping are considered to be negligible.  
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(3) The temperature losses in the pipe between the components are negligible.  

The first and second laws of thermodynamics are utilised to evaluate the energy and 

exergy efficiencies of the LNG cryogenic energy recovery system. The general energy 

balance equation is written as follows,  

∑ 𝑚̇𝑖 = ∑𝑚̇𝑜  (6-1) 

∑ 𝑚̇𝑖ℎ̇𝑖 − ∑𝑚̇𝑜ℎ̇𝑜 + 𝑄̇ − 𝑊̇ = 0  (6-2) 

where 𝑄̇  and 𝑊̇  represent the heat capacity input and work to the surroundings, 

respectively.  

One of the key indicators to evaluate the system, LNG cold energy recovery efficiency 

of the condenser, could be calculated as follows,  

𝜂𝐿𝑁𝐺 =
𝑞𝐿𝑁𝐺,𝑢𝑠𝑒

𝑞𝐿𝑁𝐺,𝑡𝑜𝑡𝑎𝑙
  (6-3) 

The useful LNG heat transfer rate 𝑞𝐿𝑁𝐺,𝑢𝑠𝑒  could be calculated by the enthalpy 

difference between the inlet and the outlet LNG as follows:  

𝑞𝐿𝑁𝐺,𝑢𝑠𝑒 = 𝑚𝐿𝑁𝐺̇ (ℎ𝐿𝑁𝐺,𝑖 − ℎ𝐿𝑁𝐺,𝑜)  (6-4) 

Exergy, defined as the maximum obtainable work that a system is able to achieve, is 

essential to improve the energy efficiency of the system. The specific exergy of a unit 

mass basis is given by [145]:  

𝑒 = (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) +
𝑣2

2
+ 𝑔𝑧  (6-5) 
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Then the specific exergy changes of the unit from state 1 to state 2 without the kinetic 

and potential energy are [145],  

∆𝑒 = (ℎ1 − ℎ2) − 𝑇0(𝑠1 − 𝑠2)  (6-6) 

To meet the design principles, the amount of the maximum usable work stored in LNG 

during the FWG process could be calculated as follows,  

∆𝑊𝑚𝑎𝑥 = ∆𝑞 − ∆ℎ = 𝑇0𝑑𝑠 − 𝑑ℎ  (6-7) 

In the current case, LNG is stored in the tank at -138°C with 5bar and is vaporised into 

27°C before entering the engine cell.  

State 1: Enthalpy of CH4 at -133°C, 5bar is: h1 = 555.06 kJ/kg, s1 = 4.15425 kJ/(kg · K); 

State 2: Enthalpy of CH4 at 27°C, 5bar is: h2 = 910.146 kJ/kg, s2 = 5.8504 kJ/(kg · K); 

The exergy released at states 1-2 per kg of LNG is:  

ex = ex1 - ex2 = [(h1-h0)+T0(s0-s1)]- [(h2-h0)+T0(s0-s2)] = 133.4052 kJ/kg 

Then the cold energy of 1kg of LNG is  

∆h = 910.146-555.06 = 355.086 kJ/kg 

Equivalent power output per ton of LNG is: (355.086ˣ1000)/3600 = 98.635 kWh 

Exergy output per ton of LNG is: (133.4052ˣ1000)/3600 = 37.057 kWh 

The exergy equation for the system is expressed as:  
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∑ 𝐸𝑥𝑖𝑖 = ∑ 𝐸𝑥𝑜𝑖 +𝑊𝑒 + 𝐸𝑥𝑑  (6-8) 

Where 𝐸𝑥𝑑 is the exergy destruction rate, 𝑊𝑒 is the electricity power.  

The performance of the proposed FWG-LNG system is evaluated by the parameters 

including water recovery rate (RR), gained output ratio (GOR) and exergy efficiency. 

The water RR represents the recovery ability of the desalination unit, which is the ratio 

of the recovery of freshwater to the inlet seawater [1], as shown below:  

𝑅𝑅 =
𝑚̇𝑓

𝑚̇𝑠𝑤
× 100%  

(6-9) 

The Gained output ratio (GOR) indicates ratio of the equivalent evaporative energy of 

the distillate to the external heating input to the evaporator chamber as follows [158]: 

𝐺𝑂𝑅 = ⁡
𝑚𝑓𝐻𝑣

𝑄
  

(6-10) 

The exergy efficiency could be achieved by,  

𝜂𝑒𝑥 = 1 −
𝐸𝑥𝑑

∑ 𝐸𝑥𝑖𝑖
  (6-11) 

6.4.2 Economic analysis  

To determine the financial viability of the optimised energy systems, an economic study 

of the proposed system is also required, in addition to the energy savings perspective. 

In the current study, the capital, maintenance and operational costs are calculated for 

the numerical model. The total cost of this system is calculated by the following [159],  

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑓𝑖𝑥 + 𝐶𝑚𝑐 + 𝐶𝑜𝑐  (6-12) 
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Where 𝐶𝑓𝑖𝑥 is the fixed cost, 𝐶𝑚𝑐 is the total maintenance costs and 𝐶𝑜𝑐 represents the 

operational costs in total. The detailed calculation methods are shown in the following 

section. The total fixed cost of the system is obtained by [159],   

Where 𝐶𝑖 is the capital cost for each component in the system, and⁡𝐶𝑅𝐹 is the capital 

recovery factor defined as the followings [159],  

In this equation, 𝑖 is the interest rate, and 𝑛 is the lifetime of the system.  

The total maintenance and operational costs are then defined as,  

Where⁡𝑀𝐹 is the maintenance factor and 𝐶𝑐𝑐 is the capital cost.  

The payback period (𝑃𝑃) is defined as the ratio of the total cost (𝐶𝑡𝑜𝑡𝑎𝑙) to the net 

earnings (𝐶𝑁𝐸). [160] The net earning is calculated as the cost of the produced water 

(𝐶𝑓) minus the cost of maintenance, operation, taxes and interest. [161]  

6.4.3 Optimisation process  

The primary objective of the current optimisation work is to minimise three performance 

indicators, namely, (1) the reciprocal of the water recovery rate (𝑅𝑅); (2) the system’s 

exergy loss (𝐸𝑥𝑑 ); and (3) the reciprocal of the recovery LNG cryogenic energy 

𝐶𝑓𝑖𝑥 = 𝐶𝑅𝐹 × ∑𝐶𝑖  (6-13) 

𝐶𝑅𝐹 =
𝑖(1+𝑖)𝑛

(1+𝑖)𝑛−1
  (6-14) 

𝐶𝑚𝑐 + 𝐶𝑜𝑐 = 𝑀𝐹 ∗ 𝐶𝑐𝑐  (6-15) 

𝑃𝑃 = ⁡
𝐶𝑡𝑜𝑡𝑎𝑙

𝐶𝑓−𝐶𝑜𝑐−𝐶𝑚𝑐
  (6-16) 
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efficiency (𝜂𝐿𝑁𝐺). The proposed model compares and analyses the single-objective 

optimisation by the genetic algorithm method under different optimisation cases, 

including RR maximisation, LNG cryogenic energy recovery efficiency maximisation 

and exergy efficiency maximisation. The multi-objective optimisation is also compared 

and analysed by the Pareto optimal method. These design principles are followed:  

(1) The design should meet the cooling load requirements of the ship’s functional 

systems. On this basis, the LNG cryogenic energy should be recovered as far 

as possible.  

(2) In order to meet the temperature requirements of the NG combustion in the 

engine, the outlet temperature of the NG from the FWG system should be 

maintained lower than 27 ºC.  

(3) To minimise the maintenance cost and the negative effects on board, frosting 

issues should be avoided.  

In this study, the design parameter for the genetic algorithm optimisation is shown in 

Table 6-2, and objective functions are presented in Eq.(6-3), Eq. (6-9) and Eq. (6-11) 

to obtain the optimum design parameters of the system. The genetic algorithm 

optimisation was applied for a maximum of 20 generations, using a search for 100 

population size, and mutation probability of 10%.  
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Table 6-2 Design parameters in the optimisation. 

Design parameter  Unit  Lower bound  Upper bound  

Moist air flow rate 𝑚𝑚𝑎̇  kg/h 0 0.8 

Pressure 𝑝 bar 0.08 1 

Moist air temperature 𝑇𝑚𝑎 K 293 373 

LNG outlet temperature 𝑇𝐿𝑁𝐺,𝑜 K 268 300 

 

(a) Genetic algorithm optimisation  

The genetic algorithm is an optimisation technique that is inspired by natural evolution. 

The algorithm starts from a population of randomly generated individuals, which 

accordingly become the parent individuals. In each generation, each individual is 

evaluated by calculating their fitness function. Then the fit individuals are selected and 

modified through the process of selection, crossover and mutation to create the new 

generation, called child individuals. Then the algorithm process continues until the 

satisfactory fitness level has been reached, which represents the best solution for the 

problem [124, 162, 163]. Fig. 6-4 shows the flow chart of the genetic algorithm process 

optimised in Siemens Simcenter Amesim software.  
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Fig. 6-4: Flow chart of genetic algorithm. 

(b) Pareto optimisation  

The Pareto optimal method is a commonly used optimisation method dealing with 

multiple, conflicting, objective functions and design criteria in engineering design. [164] 

Pareto optimality, which originated with Italian economists, is defined as the absence 

of any other design that can improve the value of its objective criteria without 

deteriorating at least one other criterion. In mathematical terms, the multi-objective 

optimisation concerned with the minimisation of a vector of objectives 𝑓(𝑥) could be 

expressed as [165]:  
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min
𝑥∈𝑋

(𝑓1(𝑥), 𝑓2(𝑥), 𝑓3(𝑥), … , 𝑓𝑘(𝑥))  (6-17) 

The objective functions 𝑓(𝑥) is defined by a number of constraints or bounds.   

The Pareto frontier image, as the preferred technique for the Pareto front visualization 

in multi objective optimisation, could present all the Pareto optimal solutions. The 

optimisation procedure employed for the system is shown in Fig. 6-5. In this study, the 

multi objective optimisation is implemented in MATLAB.  

 

Fig. 6-5: Flow chart of the multi objective optimisation by the Pareto method. 



181 

 

As shown in Fig. 6-1, the LNG flow rate enters at 350 kg/h, 2100 kg/h and 3161 kg/h. 

The system is optimised by single-objective and multi-objective methods to optimise 

the water recovery rate (RR), the LNG cryogenic energy recovery efficiency and the 

exergy efficiency. The mathematical term for multi objective optimisation is written as:  

𝑚𝑖𝑛 {
1/𝑅𝑅
𝐸𝑥𝑑

1/𝜂𝐿𝑁𝐺

  (6-18) 

with the constraints including the moist air flow rate between 0 to 2880kg/h, 𝑅𝑅 and 

𝜂𝐿𝑁𝐺 at the range between 0 to 100% and the LNG outlet temperature above 0ºC.  

As discussed in Chapter 5, the water production rate is mainly related to the operational 

parameters and geometry parameters. The effects of these parameters on the 

production rate are shown below in Table 6-3. As a result, to improve the system 

efficiency, the operation parameters should follow these rules: increase the vacuum 

degree, temperature, humidity and flow rate of the moist air, increase the coolant flow 

rate, reduce the coolant temperature, enhance the thermal conductivity and convective 

exchanger area to enhance the heat transfer. And the geometry parameters of the 

condenser are designed as shown in Table 6-4.  
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Table 6-3 Effect of the operational parameters and geometry parameters on production. 

Operational parameters Moist air     Coolant   

Pressure  Temperature  Humidity  Flow rate  Flow rate  Temperature  

Production  ↓ ↑ ↑ ↑ ↑ ↓ 

Geometry parameters Thickness Convective area  Thermal conductivity 

Production  ↓ ↑ ↑ 

↑: increase, ↓: decrease 

Table 6-4 Geometry design of the condenser in the FWG system.  

Parameter Quantity  Parameter Quantity  

Width (m) 0.6 Height (m) 0.8 

Length (m) 0.8 Thickness (m)  0.002 

Number of plates  51 Number of channels 5 

Material  Al alloy 3003 H-14  Number of passes  3 

Convective exchange area (m2) 47 Volume of the condenser (m3) 0.12 

 

6.5 Results and discussion 

In this section, the numerical study for the operation parameters optimisation of the 

condenser by single objective optimisation and multi objective optimisation are 

introduced firstly. Secondly, based on the optimisation results, the effect of the surface 

treatment on the system performance is explored. The preferred surface coating has 

been selected as the condenser surface to enhance the condensation process in the 



183 

 

system. Eventually, the economics performance of the proposed FWG-LNG system is 

evaluated with the employment of the optimised design of the condenser.  

6.5.1 Single-objective optimisation  

The system is firstly optimised by genetic algorithm for single objective: 

𝑅𝑅⁡maximisation, LNG cryogenic energy recovery efficiency (𝜂𝐿𝑁𝐺) maximisation and 

exergy destruction ( 𝐸𝑥𝑑 ) minimisation. Fig. 6-6 illustrates the single objective 

optimisation results for the LNG flow rate of 350kg/h. The figure shows that the 

optimum moist air flow rate for RR maximisation, LNG cryogenic energy recovery 

efficiency maximisation and exergy destruction minimisation is 50.4kg/h, 360kg/h and 

50.4kg/h, respectively. In Fig. 6-7, the single objective optimisation results for the LNG 

flow rate of 2100kg/h are presented. A similar trend is shown, where the optimum 𝑚𝑚𝑎̇  

for 𝑅𝑅⁡maximisation and exergy destruction is 301.3 kg/h, which provides the highest 

recovery rate at 83.7% and lowest exergy destruction at 99 kW. The optimum flow rate 

for maximising LNG cryogenic energy recovery efficiency at 62.77% is 1800 kg/h. For 

the LNG flow rate operating at 3161 kg/h conditions that is presented in Fig. 6-8, the 

freshwater RR and the exergy destruction is optimised at 83.96% and 141.7 kW with 

the 𝑚𝑚𝑎̇  of 439.2 kg/h. The highest LNG cryogenic energy recovery efficiency at 61.95% 

provided from the moist air flow at 2880 kg/h would be the optimal condition for the 

system.  

As demonstrated in these three diagrams, the exergy destruction of the system 

increases with the increase of the moist air flow rate while the RR and 𝜂𝐿𝑁𝐺 present 

different phenomena. When the moist air flow rate increases, the increment of the 

velocity makes a thinner boundary layer of the wall and improves the heat transfer. 



184 

 

Consequently, more water vapour is condensed on the surface. However, as the 

velocity increases to a certain level, the improvement stops. The reason is that for the 

fixed heat exchanger design, the effective area is insufficient to provide a contact area 

for the moist air condensation. For the part of moist air away from the surface, the dew 

point is hard to reach in order to be condensed, which also results in the decreasing 

trend of the water recovery rate. It could be seen that the efficiency of the LNG 

cryogenic energy recovery process remains nearly constant for the moist air flow rates 

above 0.02kg/s. This appears to be due to the higher LNG outlet temperature which 

lowers the temperature difference between the LNG and the moist air. Table 6-5 

presents the performance results for each optimisation.  

 

Fig. 6-6: Optimisation performance for single objective with the LNG flow rate of 350kg/h. 
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Fig. 6-7: Optimisation performance for single objective with the LNG flow rate of 2100kg/h. 

 

Fig. 6-8: Optimisation performance for single objective with the LNG flow rate of 3161kg/h. 
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Table 6-5 Performance analysis of single-objective optimisation. 

Single-objective 

optimisation  

LNG flow rate 

(kg/h) 

Design 

parameters   

𝑅𝑅  𝐸𝑥𝑑   

(kW) 

𝜂
𝐿𝑁𝐺

  

Maximise the water 

recovery rate 

350  𝑚𝑚𝑎̇  = 50.4kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90%, 

83.47% 16.9 83.1% 

2100 𝑚𝑚𝑎̇  = 301.3kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90%, 

83.7% 99.7 53.1% 

3161 𝑚𝑚𝑎̇  = 439.2kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90%, 

83.96% 141.7 51.67% 

Maximise LNG cryogenic 

energy recovery efficiency  

350  𝑚𝑚𝑎̇  = 360kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90%, 

13.65% 151.4 61.7% 

2100 𝑚𝑚𝑎̇  = 1800kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90%, 

16.70% 746.4 62.85% 

3161 𝑚𝑚𝑎̇  = 2880kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90%, 

15.49% 1200.1 61.95% 

Minimise Exergy 

destruction  

350  𝑚𝑚𝑎̇  = 50.4kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

83.47% 16.7 52.9% 
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𝜑
𝑚𝑎

 = 90%, 

2100 𝑚𝑚𝑎̇  = 301.3kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90%, 

83.7% 99.7 53.1% 

3161 𝑚𝑚𝑎̇  = 439.2kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90%, 

83.96% 141.7 51.67% 

 

Fig. 6-9 illustrates the exergy efficiencies of each single-objective optimisation in all 

three LNG-flow-rate conditions. The freshwater recovery performance and the exergy 

destruction are optimised well. However, the exergy efficiency is not ideal in the 

optimisation study of the LNG cryogenic energy recovery efficiency compared with the 

other two optimisations. The exergy losses in the condenser could take place through 

the walls’ conduction, the heat exchange area limitation and the operation parameters. 

Furthermore, it is proportional to the moist air flow rate but constrained by RR and 𝜂𝐿𝑁𝐺. 

Therefore, it is noteworthy that single-objective optimisation is still inadequate in 

optimising the condenser. It is necessary to employ the multi-objective optimisation 

method to determine the optimal design parameters.   
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Fig. 6-9: Exergy efficiency for each optimisation. 

6.5.2 Multi objective optimisation  

Due to the limitations of the single-objective optimisation, the multi-objective 

optimisation is applied to improve the system’s performance for multiple demands. The 

Pareto optimisation method is employed to derive the optimal design for the system 

under all the LNG flow rate conditions.  

The Pareto frontier results with the three objective functions are shown in Fig. 6-10, 

Fig. 6-11 and Fig. 6-12 with the LNG flow rates of 350 kg/h, 2100 kg/h and 3161 kg/h, 

respectively. Each point on the curve shows the potential ideal performance values 

would satisfy the objectives' requirements at a level that was acceptable and would not 

be overpowered by other points. As shown in the figures, the base point is the design 
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that leads to the highest 𝑅𝑅 and⁡𝜂𝐿𝑁𝐺 while incurring the minimum exergy destruction. 

Among the designs, the final optimal design point in the Pareto frontier is the one 

leading to shortest distance between the base point and optimal point. Therefore, the 

optimal moist air flow rate of 66.6 kg/h is selected for the case of the LNG flow rate at 

350 kg/h. Then when the LNG flows at the rate of 2100 kg/h and 3161 kg/h, the ideal 

moist air flow rates are 369 kg/h and 576 kg/h, respectively. The detailed performance 

of the multi-objective optimisation is presented in Table 6-6.  

The significant improvement on exergy efficiency has been made compared to other 

research on the LNG cold energy recovery system in the literature. Ghaebi, et al. [166] 

proposed a novel ammonia-water combined cooling and power cycle using LNG cold 

energy, which achieved an exergy efficiency of 22.51%. The optimisation study of a 

trans-critical CO2 power cycle driven by geothermal energy with LNG as its heat sink 

proposed by [167] had the highest exergy efficiency of 12% with the Fuzzy optimisation 

method. The industrial study of Matsumoto, et al. [168] introduced a brine chilling 

system in Senboku, Japan and achieved a 10.3% exergy efficiency.  
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Table 6-6 Performance values of different multi-objective optimizations. 

LNG flow rate  Design parameter  Performance variables  

350kg/h 𝑚𝑚𝑎̇  = 66.6kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90% 

𝑅𝑅 = 71.3% 

𝜂
𝐿𝑁𝐺

 = 59.5% 

𝐸𝑥𝑑 = 23.15 kW 

 

2100kg/h 𝑚𝑚𝑎̇  = 369kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90% 

𝑅𝑅 = 77.0% 

𝜂
𝐿𝑁𝐺

 = 56.7% 

𝐸𝑥𝑑 = 131.5kW 

3500kg/h 𝑚𝑚𝑎̇  = 576kg/h 

𝑇𝑚𝑎 = 314.6K 

𝑝 = 0.08bar 

𝜑
𝑚𝑎

 = 90% 

𝑅𝑅 = 74.0 % 

𝜂
𝐿𝑁𝐺

 = 59.4% 

𝐸𝑥𝑑 = 202.2kW 

 

Fig. 6-10: The multi objective optimisation results in Pareto frontier with the LNG flow rate of 350kg/h. 
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Fig. 6-11: The multi objective optimisation results in Pareto frontier with the LNG flow rate of 2100kg/h 

 

Fig. 6-12: The multi objective optimisation results in Pareto frontier with the LNG flow rate of 3161kg/h. 
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6.5.3 Optimisation analysis on surface treatments  

So far, the surface modification method promotes the heat transfer performance by 

creating the dropwise condensation mechanism and suspending the frost formation 

and accumulation on the surface, which could be widely used in many industrial fields, 

such as aerospace, railway and refrigeration systems. Besides the production, the 

profitability of the implementation of the coating should also be considered, including 

the durability, frost thickness influence, capital costs of coating and the application field. 

Therefore, a fundamental economic estimation of the capital cost of the coating and 

the frost thickness are compared among four sample tubes as shown in Fig. 6-13.  

These treated surfaces should be durable to retain their anti-freezing abilities to 

minimise application exploitation and maintenance costs. The exploration of the 

coating durability is performed by measuring the CA of all of the tubes after the 

experiments. The CA equal with those before the experiments indicated that each 

coating could last for at least 240 days. In the study of Erb and Thelen [169], they found 

that the vapour-deposited ultrathin polymer coating costs $0.01/m2 to $0.02/m2, while 

the electrodeposited noble metals costs $0.07/m2 to $0.20/m2 with a higher durability. 

Preston, et al. [170] employed the chemical vapour deposited method with graphene 

coatings to enhance the dropwise condensation by both low pressure and atmospheric 

pressure. The costs for these two conditions were increased to $11.98/m2 and 

$57.95/m2, respectively. The capital cost for a heat exchanger treated by 

superhydrophobic coating in a chemical vapour deposition study by Boyina, et al. [97] 

was $158/m2. In the desalination field, condensation is an essential process in the 

thermal distillation method to obtain fresh water. Lukic, et al. [171] applied ion 
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implantation on mechanical vapour compression desalination unit surfaces to achieve 

dropwise condensation for higher heat transfer performance. The ion-implantation 

treatment was assumed to be €165/m2 (equals to about $193/m2). In comparison with 

the classical process, the treated unit reduced the water production cost up to 35.4%. 

The capital cost was calculated in three parts: (a) the costs of the materials used during 

the preparation process and coating process, (b) the one-time cost of coating, including 

principal cost, and (c) operation expenses and the labour charges. The Fluorine treated 

sample tube costs the most among these three treated tubes; while PTFE has the 

lowest price due to the cheap material and simple technique.  

Considering the various demands in the market, these three sample tubes could be 

applied to different application fields. For the food industry, such as food storage, 

desalination and ice generation, the food compatible coatings of PTFE with a high 

production rate but the lowest price would be the best choice. For the refrigeration 

systems, aerospace and railway industrial markets, the thinnest frost layer generated 

from the fluorine-based coating surface would be preferred.  
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Fig. 6-13: The production rate and cost comparison. 

According to the experimental results in Chapter 4 and the coating evaluation report, 

the optimisation study on different tube coatings is introduced in this section. The 

optimisation of the system performances of the three scenarios on three treated tubes 

are shown in Table 6-7. For the condensation mechanism process, Fluorine based 

coating presents a worse performance than the FEP and PTFE coating due to the 

surface characteristic. The FEP and PTFE gave similar results as the surface energies 

are similar. However, the capital cost of PTFE is less than FEP, and so is selected as 

the preferred coating material to optimise the system. In summary, considering the 

applications for the drinking water requirements on board, PTFE is the preferred 

material for the current case.  
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Table 6-7 Performance values of the optimisation with different coatings. 

𝑚𝐿𝑁𝐺̇  

(kg/h)  

Design variables  FEP Performance  PTFE Performance  Fluorine 

Performance 

350 𝑚𝑚𝑎̇  = 66.6 kg/h, 

𝑝
𝑚𝑎

 = 0.08 bar, 

𝑇𝑚𝑎,𝑖 = 41.5 °C, 

𝜑
𝑚𝑎

 = 90%, 

𝑅𝑅 =76.3%, 

𝐸𝑥𝑑 = 24.7 kW 

𝜂
𝐿𝑁𝐺

 = 63.8% 

𝑅𝑅 = 75.6%, 

𝐸𝑥𝑑 = 24.5 kW 

𝜂
𝐿𝑁𝐺

 = 63.2% 

𝑅𝑅 = 73.5%, 

𝐸𝑥𝑑 = 23.8 kW 

𝜂
𝐿𝑁𝐺

 = 61.3478% 

2100 𝑚𝑚𝑎̇  = 369 kg/h, 

𝑝
𝑚𝑎

 = 0.08 bar, 

𝑇𝑚𝑎,𝑖 = 41.5 °C, 

𝜑
𝑚𝑎

 = 90%, 

𝑅𝑅 = 80.0%, 

𝐸𝑥𝑑 = 136.6 kW 

𝜂
𝐿𝑁𝐺

 = 61.9% 

𝑅𝑅 = 79.5%, 

𝐸𝑥𝑑 = 136.1 kW 

𝜂
𝐿𝑁𝐺

 = 61.5% 

𝑅𝑅 = 78.3%, 

𝐸𝑥𝑑 = 134.1 kW 

𝜂
𝐿𝑁𝐺

 = 60.5% 

3161 𝑚𝑚𝑎̇  = 576 kg/h, 

𝑝
𝑚𝑎

 = 0.08 bar, 

𝑇𝑚𝑎,𝑖 = 41.5 °C, 

𝜑
𝑚𝑎

 = 90%, 

𝑅𝑅 = 78.3%, 

𝐸𝑥𝑑 = 134.0 kW 

𝜂
𝐿𝑁𝐺

 = 62.8% 

𝑅𝑅 = 77.7%, 

𝐸𝑥𝑑 = 133.0 kW 

𝜂
𝐿𝑁𝐺

 = 62.3% 

𝑅𝑅 = 76.1%, 

𝐸𝑥𝑑 =130.0 kW 

𝜂
𝐿𝑁𝐺

 = 60.8% 

 

6.5.3 System evaluation    

Based on the optimisation analysis above, the FWG system promotion mainly lies on 

the feed-in water condition, coolant condition and condenser configuration. The feed-

in seawater is expected to be close to the saturation temperature under a specific 

vacuum pressure and with an optimal flow rate. The LNG is ideal to flow with an optimal 

flow rate, bringing a high production rate and exergy efficiency without frosting 

deposition on the surface. In addition, the economical coating promotes the water 
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quality to a drinkable standard and the efficiency is expected. The optimal design 

parameters for the system are presented in Table 6-8. And the corresponding 

performance is shown in Fig. 6-14. In total, 14461 kg of water is produced in the 48 

hours of the voyage, and 7037 kW of cryogenic energy is recovered from the FWG 

system. The production recovery rate 𝑅𝑅 of 67.7% and the GOR at 1.06 are obtained 

from the system. 

Table 6-8 Optimal design operation and geometry parameters of the proposed FWG in the system. 

Operation parameter  Quantity  Geometry parameter  Quantity  

Feed seawater temperature (°C) 61.5 Evaporator volume (m3) 0.3 

Feed seawater flow rate (kg/h) 80 to 670 Accumulator volume (m3) 1.5 

Pressure in the evaporator (bar) 0.08 Condenser exchange area (m2) 47 

Coolant temperature (°C) -133 Water tank volume (m3) 0.215 

Coolant flow rate (kg/h) 350 to 3161 Condenser material Al alloy 3003 

Pressure of LNG (bar) 5 Coating material  PTFE 
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Fig. 6-14: Optimal performance of FWG system with PTFE coating. 

6.5.4 Economic analysis  

One of the most important indicators of the suitability of the design in the desalination 

systems is the economic analysis of the system. For the desalination unit, the major 

annual costs are the capital cost of the components, maintenance and operation costs. 

The capital cost in the designed system includes the structure cost of the evaporator, 

steam accumulator, condenser piping, insulation layers, tanks and coating fabrication. 

According to the UK market, the capital cost of each component is presented in Table 

6-9. Thus, the total capital cost for the system is $37,970. The system is expected to 

operate with a life cycle of 20 years and the interest rate per year is assumed as 5%. 

Then the CRF is calculated by Eq. (6-14) as 0.08. The fixed cost of the system 𝐶𝑓𝑖𝑥 is 

given as 0.08 x $37,970 = $3038. The annual maintenance and operating costs are 
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considered as 4% of the total capital cost [172]. The total cost for the system per year 

is 0.48 x $37,970 = $18,226. The annual value for the freshwater production is $3,947 

when the price of desalinated water is $1.5/m3. Then calculated by Eq. (6-17), the 

payback period is 16 years. It is also noted that when the price of the desalinated water 

is greater than $1.2/m3, the FWG system will be paid back in 20 years.  

Table 6-9 Capital cost of components in the system. 

Component  Cost ($) Component  Cost ($) 

Evaporator chamber  592 Steam accumulator  2,650 

Condenser 24,567 Pipes 443 

Silicone rubber  10 Insulation layers  220 

Al alloy 3003-H14 surface 680 PTFE coating 8,676 

Freshwater tank  150   

 

6.6 Summary  

Consequently, the proposed optimal FWG system is feasible on the LNG powered 

case-ship. The design of the operation parameters is varied with the varied LNG flow 

rates. The employment of the single-objective optimisation and the multi-objective 

optimisation methods help to improve the system’s efficiency. Additionally, the 

utilisation of the PTFE coating helps to promote the production rate and the water 

quality for drinking. For the proposed system on the case-study ship, the production 

recovery rate of 67.7% and the GOR at 1.06 are obtained from the optimisation process. 

The computed maximum energy efficiency of the LNG cryogenic energy is 
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approaching 57%. The extra cryogenic energy could be recovered for a low-

temperature water cooling system.  

Furthermore, this single-stage FWG system also has the potential to be utilised with 

an LNG terminal on land. The increased amount of LNG cryogenic energy in the LNG 

terminal can be expected to produce much more fresh water for land-based industrial 

and domestic use. The performance results from the current work will be of great 

benefit to the industries looking to minimise energy loss and maximise cold energy 

recovery from LNG regasification.  
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CHAPTER 7 Conclusions  

7.1 Conclusions  

This PhD thesis focused on developing a marine FWG assisted with waste LNG 

cryogenic energy from evaporation process of LNG powered ships. This was done 

through a series of fundamental experiments and theoretical modelling, as presented 

in the previous chapters, to answer development questions in different aspects. The 

LNG cryogenic energy has the potential to assist the FWG system in improving the 

production, system efficiency and economy. And the utilization of the hydrophobic 

coating treatment to the surface of condenser could effectively alleviate the surface 

frosting issues, which have negative effects on the freshwater generator. Overall, the 

integration of FWG and LNG cryogenic energy recovery was supported with the 

research work from three aspects: the experimental study on the effect of the surface 

characteristics and surface temperature, a numerical study on parametric analysis of 

the FWG components, and a case-study for an LNG powered cruise ferry. The main 

conclusions from each research aspect are summarised as follows.  

Experimental study 

An experimental investigation was conducted in this thesis to evaluate the effect of 

operating conditions on condensation performance, frost properties, delay time and 

coefficient. The mechanisms of condensation, condensation frosting and 

desublimation have been classified by the surface temperature at -36 °C, -22°C, -8 °C 

and 6 °C, and the surface wettability with the CA at 82°, 98°, 99° and 117°. 
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• For the condensation case, the FEP coating presents the highest enhancement 

factor of 2.1 on the condensation performance, while the Fluorine based coating 

with the greatest CA has the minor enhancement factor at 0.8.  

• The results of the condensation frosting cases indicated that the hydrophobicity 

characteristics could delay the frost formation by extending the supercooling 

period. The Fluorine based coating presents the best anti-freezing performance 

with the smallest frost coverage area ratio on the surface of 4% and the longest 

supercooling period of 45s.  

• For the frosting case, a high-speed camera's measurements of frost 

accumulation and frost thickness were introduced to calculate the frost 

properties, such as frost porosity, frost density and frost thermal conductivity. 

Compared with the bare tube, the treated tubes with hydrophobic characteristics 

have better anti-frosting performance. Among the three coating tubes, the 

Fluorine based surface with the lowest surface energy (CA of 118°) generated 

the most production of 0.44 g and had the smallest frost thickness in a full 

experimental cycle of 20 minutes. And the Fluorine based surface has the best 

total heat transfer in the frosting process which is 16% and 19.5% greater than 

the FEP and PTFE at a surface temperature of -36°C. A semi-empirical 

correlation for frost porosity prediction is proposed by summarizing 41 groups 

of experimental data. The correlation is fitted for the natural convection 

conditions with contact angles between 82° < 𝐶𝐴 < 120°, relative humidity 0.15 

< 𝑅𝐻 < 0.95, surface temperatures −40 °C < 𝑇𝑤 < −20 °C, and air temperatures 

20 °C < 𝑇𝑎 < 27 °C. 
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Numerical parametric analysis 

The theoretical FWG models were developed and validated by the experimental study 

and literature.  

• The evaporator model was validated by an experimental study in literature with 

a maximum relative error within ±14%. The condenser model was validated by 

the experimental results and the literature. The maximum relative error is within 

±7%. 

• The validated models were then used to investigate the parametric analysis 

study of the evaporator and condenser, including operation parameters and 

geometry parameters. The numerical results showed that the heating capacity, 

pressure, coolant temperature, flow rate, surface area and surface material 

significantly affect the amount of frost/freshwater and thermodynamic 

performance. The model could be applied to different types of air-to-air/steam 

heat exchangers to estimate the frosting performance.  

Case-study on LNG powered ships 

The integrated FWG and LNG cryogenic energy system was performed in the case-

study. According to the parametric analysis results for each component in the 

numerical study, the optimal component sizing of an FWG operated on an LNG 

powered ship, aiming to improve the energy efficiency and cost-effectiveness is 

presented.  

• The single-objective optimisation and multi objective optimisation is explored to 

fit the operating conditions during the voyage, in which the water recovery rate, 
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exergy efficiency and LNG cryogenic energy recovery efficiency are selected as 

evaluation indicators. The coating is also considered to be employed in the 

system to improve the condensation efficiency and prevent frosting issues. The 

optimization results suggest that the PTFE coating is preferred in terms of 

performance and economy.  

• With the optimal design of the system, 14461 kg of water is produced in the 48 

hours of the voyage, and 7037 kW of cryogenic energy is recovered from the 

FWG system. The production RR and GOR could reach 67.7% and 1.06, 

respectively. Lastly, an economic evaluation analysis about this FWG is 

explored. With the total annual cost for the system of $18,226, the FWG system 

will be paid back in 16 years.  

7.2 Future work recommendations  

FWG, as one of the most essential facilities on board, remains to be a complex process 

consisting of low efficiency and high capital cost. The optimizations on both 

evaporation and condensation processes play important roles in the food industry as 

well as in other industrial units. Overall, further research could be performed to achieve 

greater efficiency through reducing cryogenic energy consumption and taking 

advantage of even lower cryogenic temperature (< -36 °C). Accordingly, the use of 

LNG cryogenic energy proves to be an encouraging technique to intensify freshwater 

harvest in the FWG. In this final section, to increase the effectiveness of the process, 

further research could be conducted as recommended below:  



204 

 

Further experiments on the effect of the surface characteristics on condensation 

and frosting:  

1) The surface modifications of the sample tubes could extend the surface 

characteristics to superhydrophilic, hydrophilic and superhydrophobic, and 

observe the phenomena and performance.  

2) The effect of the salinity in the feed water on the production and efficiency could 

be carried out in future developments.  

3) The use of liquid nitrogen instead of coolant fluid could be investigated to 

explore the surface performance under even lower cryogenic temperature 

conditions.  

A fundamental theoretic study on frost property predictions:  

1) Improve the frost porosity correlations summarized in Chapter 4, including all 

the surface characteristics and temperature range.  

2) Simulate the effect of the surface characteristics on the droplet movements in 

advanced analytic models.  

Broad LNG cryogenic energy assisted applications:  

1) The designed FWG-LNG technology could also be employed with LNG 

terminals and offshore/floating terminals and provide freshwater resources for 

domestic and industrial uses.  

2) The investigations on the surface modifications effect on the anti-frosting have 

potential uses in other LNG cryogenic energy related applications to prevent the 

negative effects on the surface. 
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Appendix A – Desalination technologies comparison  
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Appendix B – MATLAB code for frost layer thickness detection 

I = imread(‘Frost.jpg') % import the frost image from the PC 

I = rgb2gray(I) % Convert the original RGB image to grayscale format  

J = imread('base1.jpg') % import the bare tube image from the PC 

J = rgb2gray(J) % Convert the original RGB image to grayscale format to find the base 

line  

K = labeloverlay(I,J); %Overlay the frost image on the base line;  

h = imshow(K) % present the new overlay image;  

KK = imcrop(K); % crop the new overlay image to the fit size that focused on the frost 

layer;  

h0 = imshow(KK) % present the cropped image;  

h1 = impixelregion(h0); %show the  pixel values of images 

Hfrost = KK(:,:,1) > 232 & KK(:,:,2) >  232 & KK(:,:,3) >  232; % define the colour 

boundaries of the frost layer area;     

numHfrost = sum(Hfrost(:)); % count the pixels of the frost layer;   
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