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An Experimental Observation on Thermal Runaway of 18650 Lithium-Ion Battery 
 

Juwon Park1,2), Daegeun Park3) and Sung Hwan Yoon1,2) 

 
Department of Marine System Engineering, Korea Maritime and Ocean University, 727 Taejong-ro, Yeongdo-gu, 

Busan, 49112, Republic of Korea1) 

Interdisciplinary Major of Maritime AI Convergence, Korea Maritime and Ocean University, 727 Taejong-ro, 

Yeongdo-gu, Busan, 49112, Republic of Korea2) 

Carbon Neutral Technology R&D Department, Korea Institute of Industrial Technology (KITECH), 89 

Yangdaegiro-gil, Seobuk-gu, Cheonan, 31056, Republic of Korea3) 

 

The need for a ‘Rechargeable battery’ is growing as 

a driving force in the information and communication 

device and electric vehicle industry. Unlike disposable 

primary cell, rechargeable battery that can be semi-

permanently reused through charging after 

discharging is a device that store external electrical 

energy after converting external electrical energy into 

chemical energy form and make electric energy when 

necessary. 

For about 120 years, rechargeable batteries have 

been useful in everyday life in various forms, such as 

lead-acid batteries, nickel-cadmium batteries, nickel-

hydrogen batteries, etc. Among them, a lithium-ion 

battery, which can be used for a long time without 

frequent charging, is currently used as a typical 

rechargeable battery. Lithium-ion battery has an 

advantage of high energy density and excellent power, 

and have a long life due to no memory effect. 

Therefore, lithium-ion battery is used in various fields 

such as laptops, mobile phones, drones, and electric 

vehicles. In particular, in the case of electric vehicle 

that uses a lithium-ion battery as the main power, the 

2021 Global Electric Vehicle Outlook Report released 

by the International Energy Agency (IEA) reported 

that the share of electric vehicle in the global 

automobile market will soar to 12% by 2030. 

However, the issue of safety is constantly being 

raised due to the thermal runaway that could occur due 

to internal or external factors of a lithium-ion battery. 

Thermal runaway has been reported to rapidly burn 

and explode due to mechanical, electrical, and thermal 

defects1-3). If a thermal runaway occurs in the battery 

pack, adjacent cells also cause a thermal runaway due 

to the generation of very high heat. As a lithium-ion 

battery has large internal energy, it is very difficult to 

suppress the thermal runaway once generated. 

Therefore, a suppression study on the thermal 

runaway phenomenon is essential by experimentally 

observing the mechanism for the thermal runaway 

phenomenon. 

The purpose of this study is to experimentally 

observe the mechanism for the thermal runaway of a 

lithium-ion battery and propose a technology to 

suppress the thermal runaway. Thermal runaway of the 

lithium-ion battery was observed by adjusting the 

supplied heat transfer coefficient and SOC level, and 

an inert gas was formed in a chamber to suppress the 

thermal runaway. As a result, if the internal 

temperature of the lithium-ion battery increased, it was 

determined that a thermal runaway caused by the 

internal defect of the lithium-ion battery would in-

evitably occur. The lithium-ion battery consists of 

cathode material, anode material, separator, and 

electrolyte, but if the structure of the separator is 

damaged due to internal or external defects, the 

chemical reaction caused by the short circuit between 

the cathode material and anode material causes a 

thermal runaway. However, it is observed that thermal 

runaway is suppressed because of the reduction of 

internal energy if the SOC-level is below 80% in this 

study, through this study, we will discuss how to 

quickly extinguish a fire caused by thermal runaway 

even if thermal runaway occurs. 

 

References 

(1) Wang, Q., et al., “A Review of Lithium Ion 

Battery Failure Mechanisms and Fire Prevention 

Strategies.” Combust. Sci., 2019, 73, pp. 95-131. 

(2) Zhong, G., et al., “Experimental Analysis of 

Thermal Runaway Propagation Risk within 

18650 Lithium-Ion Battery Modules.” J. 

Electrochem. Soc., 2018, 165, pp. A1925-A1934. 

(3) Baird, A.R., et al., “Explosion Hazards from 

Lithium-Ion Battery Vent Gas.” J. Power 

Sources, 2020, 446, pp.1-13.
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「Study on Evaluation of Heat Transfer Performance of Heat Exchanger in Hybrid Cycle 

of Ocean Thermal Energy Conversion」 

 

・Authors 

Yasuyuki Ikegami (Saga Univ.) Takeshi Yasunaga (Saga Univ.)    

Takafumi Morisaki (Saga Univ.) Shuji Miyazono (Saga Univ.)  
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・Abstract 

Ocean Thermal Energy Conversion (OTEC) is a type of power generation that utilizes the temperature 

difference between the surface and deep layers of the ocean and is attracting attention as a form of renewable 

energy. However, because OTEC directly passes seawater, which is the heat source, through an evaporator, 

it is necessary to use a heat exchanger made of titanium, which is expensive due to the deterioration of the 

heat transfer performance of the heat exchanger in the evaporator caused by contamination from marine 

organisms and the corrosion of seawater. To solve this problem, a hybrid cycle OTEC (H-OTEC) was 

proposed. 

H-OTEC combines a seawater desalination system with OTEC. The evaporator in H-OTEC is called an 

evaporator-condenser (Eva-Con) because it condenses the heat source at the same time. The Eva-Con is 

also a particularly important piece of equipment because it connects the power generation system to the 

desalination system. My objective was to experimentally evaluate the heat transfer performance of the Eva-

Con by conducting performance tests. Furthermore, I aimed to calculate experimental equations for the heat 

transfer coefficients of both the heat source and the working fluid (Ammonia) of the Eva-Con. 

 

・Structure of the paper 

1. Background 

2. Experimental apparatus  

3. Heat Exchanger Performance Methods 

4. Experimental Results and Discussion 

5. Conclusion 
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Fabrication of a Heat Exchanger for Two-Phase Flow in Organic Rankine Cycle System for Ships 

Dae Jung Hwang1ㆍTae Woo Lim2ㆍJae Hoon Jee3ㆍEun Shin Bang4ㆍCheol Oh† 

 

Unlike conventional heat exchangers, a meticulous design approach is required for Waste Heat Recovery Units (WHRU) 

and condensers utilized in Organic Rankine Cycle (ORC) power systems. This is due to incorporating phase change phenomena 

and utilizing a refrigerant as a working fluid instead of water. The purpose of this study is to fabricate a waste heat recovery 

unit and condenser that are capable of operating stably and efficiently for the use of ORC systems in ships.  

In this study, WHRU and Condenser were designed using numerical analysis techniques, and prototypes were fabricated based on 

these designs. In addition, the validity of the heat exchanger CFD modeling was confirmed through comparison of the simulation results 

with those obtained from the prototype's experimental testing. The starting position of phase change, a crucial factor for stable operation 

in terms of two-phase flow, was predicted for each refrigerant when an actual heat exchanger was employed in a ship. 

The WHRU experiment confirmed a heat transfer rate of 403 ㎾ and a phase change, where the refrigerant changed from 

a liquid state at an inlet temperature 31℃ to a superheated vapor state 78℃ upon discharge. As a result of the experiment of 

the condenser, it has been confirmed that there is a heat transfer rate of 113 ㎾ and a phase change occurs when a refrigerant, 

in a gaseous state at a temperature of 74℃, is introduced at the inlet and discharged in a supercooled state at 38℃. 

 

Fig. 1 Process of design and fabrication of WHRU 

 

 

† Corresponding Author: Professor, Division of Marine System Engineering, Korea Maritime & Ocean University, E-mail: ohcheol@kmou.ac.kr 

1 Researcher, Department of Marine Environment, Korea Maritime Cooperation Center, E-mail: hdaejung@imkmc.or.kr 

2 Professor, Division of Marine System Engineering, Korea Maritime & Ocean University, E-mail: kyunlim@kmou.ac.kr 

3 Professor, Division of Maritime Police, Mokpo National Maritime University, E-mail: jhjee@mmu.ac.kr 

4 Ph. D., Division of Marine System Engineering, Korea Maritime & Ocean University, E-mail: esbang627@kmou.ac.kr 
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Experimental Study of Marine Biofouling for the Plate Type Heat Exchanger with 

Seawater Cooling -Efficacy of Electromagnetic Processing Equipment 
 

Naoki KIYAMA1), Junichi OHARA1), Hideyuki YOSHIMURA1), Masaki ARIYOSHI1), 

Syuhei KUGIMIYA1), Minoru MATSUSHITA2) and Yasuyuki IKEGAMI,3) 

 

National Fisheries University, 2-7-1 Nagatahonmachi, Shimonoseki-shi, Yamaguchi 759-6595, Japan 1) 

Hisaka Corporation, 2-1-48 Higashikonoikechou, Higashiosaka-shi, Osaka 578-0973, Japan 2) 

Institute of Ocean Thermal Energy, Saga University, 1-Honjomachi, Saga-shi, Saga 840-8502, Japan3) 

 

Abstract 

In this study, the antifouling effect of the electromagnetic processing equipment on seawater was verified by 

conducting long-term experiments using the electromagnetic processing equipment, which is an antifouling device, to 

reduce fouling of the heat transfer surface on the seawater side of a plate heat exchanger with continuous seawater 

flow. The operation of the electromagnetic processing equipment in the seawater system of the plate heat exchanger 

for 90 days improved the rate of decrease of the heat transfer coefficient by 7.4% and the increase of the fouling factor 

by 32.5%. These results proved that the installation of an electromagnetic processing equipment in a plate heat 

exchanger has an antifouling effect against seawater fouling. 

 

Key Words: Electromagnetic Processing Equipment , Plate Heat Exchanger , Fouling Factor 

 

1. Introduction 

Currently, the shipping industry is trying to reduce 

operating costs by introducing various technologies in 

response to soaring fuel prices. Plate heat exchangers, 

which are important equipment on ships, often utilize 

seawater and incur large maintenance costs.  

Therefore, in this study, the antifouling effect of the 

electromagnetic processing equipment in seawater tube 

was verified by conducting long-term experiments. The 

equipment is an antifouling device to reduce fouling, 

which seawater continuously feeds on the seawater-side 

heat transfer surface. 

 

2. Experimental Equipment 

Figure 1 shows the schematic diagram of the 

experimental apparatus for seawater side contamination 

using a plate heat exchanger. The experimental 

apparatus consists of two plate heat exchangers, two 

seawater tanks (indoor and outdoor), a hot water tank, a 

cooling fan for the seawater tank (outdoor), a seawater 

pump, a hot water pump, a hot water circulation pump, 

two electromagnetic flow meters, and an electric water 

heater. The experiment was conducted with an 

electromagnetic processing equipment ZETAWAVE1) 

[Koshin Chemical Corporation, Technolab Co, Takashin 

Chemical Co.]. Installed plate heat exchangers are five 

[RX-015A-KNHJ-11, Hisaka Seisakusho], an effective 

total heat transfer area of 0.213 m2, and three channels 

on the hot water and 

 
Fig.1 Diagrammatical view of the device 

Table 1 Experimental conditions 

 

seawater sides, respectively. The electromagnetic 

processing equipment was installed in the No.1 test plate 

heat exchanger system, while the No.2 system was 

designed to have no effect of the electromagnetic 

processing equipment, so that comparisons can be made 

between the two systems with and without the 

electromagnetic processing equipment.  

 

3. Experimental Method and Conditions 

Experimental data were measured for temperature, 

flow rate, and differential pressure, using a data lo

gger at 12:00 AM. Experimental conditions are sho

wn in Table 1. The experiment was conducted fro

m April 9, 2023 to July 8, 2023, operating contin

uously for 90 days.  

 

4. Experimental Results 

In this experiment, we verified the heat transfer 

coefficient, which indicates the performance of the plate 

heat exchanger, and the fouling factor, which evaluates 

the contamination of the plate surface, based on the 

results of the experiment. As reference data, the 

experimental results of the heat transfer coefficient and 

fouling factor for the case of an electromagnetic 

processing equipment conducted under the same 

conditions last year are also shown in the figure2). The 

heat transfer coefficient and fouling factor for the case 

of an electromagnetic processing equipment are also 

shown in the figure. 

4.1 Heat Transfer Coefficient 

The heat transfer coefficient U is obtained from the 

following equation. 

𝑈 =
𝑄

𝐴∆𝑇𝑚
                                                                   (1) 

Figure 2 shows the change over time of the heat 
 

Experimental conditions 

Electric water heater setting temperature [℃] 40.0 

Warm water inlet temperature [℃] 40.0 

Warm water flow rate [L/s] 0.30 

Sea water flow rate [L/s] 0.30 
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transfer coefficient. Figure 2 shows that the heat transfer 

coefficient decreases continuously from the beginning 

of the experiment. After 90 days, the heat transfer 

coefficient decreased from 4418.7[W/(m2-K)] to 

2199.3[W/(m2-K)] with the electromagnetic processing 

equipment, the decrease of 50.2%. Without the 

electromagnetic processing equipment, the heat transfer 

coefficient decreased from 4016.8 [W/(m2-K)] to 1704.7 

[W/(m2-K)], the decrease of 57.6%. Therefore, it is clear 

that the electromagnetic processing equipment installed 

in the seawater system of the plate heat exchanger for 90 

days can reduce the reduction of the heat transfer 

coefficient against seawater contamination by 7.4% 

4.2 Fouling Factor 

In actual heat exchangers, dirt adheres to the heat 

transfer surfaces during operation, degrading heat 

transfer performance. Although some guidelines have 

been proposed for the fouling factor, it is said to vary 

greatly depending on the nature of the fluid, temperature, 

flow velocity, etc. Here, we calculated the fouling factor 

under the experimental conditions and verified the effect 

of the electromagnetic processing equipment. In this 

experiment, the fouling factor Rfre was defined by the 

following equation  

𝑅𝑓𝑟𝑒 =
1

𝑈2
−

1

𝑈1
                                                        (2) 

Where U1 is the heat transfer coefficient before fouling 

and U2 is the heat transfer coefficient after fouling.  

Figure 3 shows the change over time of the fouling 

factor. Figure 3 shows that the fouling factor has 

decreased continuously since the beginning of the 

experiment. After 90 days, the stain coefficient 

increased to 2.28×10-4[m2·K/W] with the 

electromagnetic processing equipment and to 3.38×10-

4[m2·K/W] without the electromagnetic processing 

equipment. Therefore, it is clear that 32.5% antifouling 

effect against seawater fouling is possible by installing 

and operating an electromagnetic processing equipment 

in the seawater system of a plate heat exchanger for 90 

days. 

 

5. Conclusions 

 In this study, the antifouling effect of the 

electromagnetic processing equipment in seawater 

system was verified by conducting long-term 

experimentusing the electromagnetic processing 

equipment, which is an antifouling device, to reduce 

fouling of the heat transfer surface on the seawater side 

by continuously passing seawater through a plate heat 

exchanger, and the following results were obtained. 

1) The rate of decrease in the heat transfer coefficient 

was improved by operating the plate heat exchanger 

with an electromagnetic processing equipment in 

the seawater system for 90 days, and it was found 

that the reduction in the heat transfer coefficient for 

7.4% seawater contamination could be mitigated. 
2) The increase in fouling factor was improved by 

operating the electromagnetic processing 

equipment in the seawater system of the plate heat 

exchanger for 90 days, and it was found that 

antifouling effectiveness against seawater fouling 

of 32.5% was possible. 

3) The installation of an electromagnetic processing 

equipment in a plate heat exchanger proved to be 

effective in preventing seawater fouling. 
References 

(1) ZETAWAVE([Koshin Chemical Corporation, Te

chnolab Co,  Takashin Chemical  Co.] )：
https://www.koshin-chem.co.jp/20151211114446 

(2) Kaede OKUSAKO : Study on the antifouling 

effect of plate heat exchangers on seawater - 

Verification of antifouling effect by long-term 

operation of electromagnetic processing 

equipment -. 2022 Graduation Thesis Presentation 

of the Department of Marine Machinery and 

Engineering, Fisheries University, Shimonoseki 

(2023). 

(3) S.J.PUGH, G.F.HEWITT, H.MULLER-

STEINHAGEN, “Fouling During the Use of 

Seawater as Coolant-the Development of a User 

Guide”, Heat Transfer Engineering, Vol. 26, No. 1 

(2005), pp. 35-43. 

 

 
Fig. 2 Overall heat transfer coefficient with the day 

 

 
Fig. 3 The variation of fouling thermal 

   resistance Rfre  with the day 
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N2O Decomposition and Kinetic Modeling with Varying Reaction Temperatures and 

Residence Times 
 

Suhyeon Kim1,2), Daegeun Park3), Seung-Gon Kim4) and Sung Hwan Yoon1,2) 

 

Department of Marine System Engineering, Korea Maritime and Ocean University, 727 Taejong-ro, Yeongdo-gu, 

Busan, 49112, Republic of Korea1) 

Interdisciplinary Major of Maritime AI Convergence, Korea Maritime and Ocean University, 727 Taejong-ro, 

Yeongdo-gu, Busan, 49112, Republic of Korea2) 

Carbon Neutral Technology R&D Department, Korea Institute of Industrial Technology (KITECH), 89 Yangdaegiro

-gil, Seobuk-gu, Cheonan, 31056, Republic of Korea2) 

Energy Efficiency Research Division, Korea Institute of Energy Research (KIER), 152 Gajeong-ro, Yuseong-

gu, Daejeon, 34129, Republic of Korea2) 

 
 

In July 2023, both Earth's surface temperature and sea 

surface temperature reached their highest recorded 

levels. If current greenhouse gas emissions persist, it's 

anticipated that all Arctic glaciers will completely melt 

by 20301). A NASA climate scientist cautioned, "Most 

people STILL underestimate the impending peril. This 

may well be the coolest summer for the rest of your life." 

Because even if global greenhouse gas reduction targets 

are met, it's anticipated that by 2050, all Arctic glaciers 

will vanish, even more substantial reductions in 

greenhouse gas emissions are needed than initially 

planned. 

Within the maritime industry, significant efforts have 

been made to reduce greenhouse gas emissions through 

GHG (Greenhouse Gas) strategies. For carbon dioxide 

(CO2) and methane(CH4), technologies such as Carbon 

Capture, Utilization, and Storage (CCUS) and methane 

oxidation catalytic systems are employed for reduction. 

However, there is no significant progress on other 

greenhouse gases. 

Nitrous oxide (N2O), the third-largest emitted 

greenhouse gases, has a global warming potential 

approximately 300 times higher than CO2 and produces 

NO and NO2 in the stratosphere2). Since these NOx 

emissions contribute to the gradual degradation of the 

ozone layer, it is imperative to reduce N2O emissions. 

N2O is produced from sources such as fuel combustion 

in boilers and fossil fuel combustion. Notably, ammonia 

has recently received attention as a carbon substitute 

fuel, despite emitting significant amounts of NOx and 

N2O during decomposition, thus necessitating 

technologies for their reduction. 

This study focuses on decomposing high concentrations 

of N2O under various reaction temperatures and 

residence times to determine the most efficient 

conditions. It also examines the pathways and 

concentrations of NOx generated during N2O reduction. 

Additionally, we employed various rate constants to 

conduct numerical analysis using the Plug Flow Reactor 

(PFR), a 1D simulation model within Chemkin-Pro3). 

Further details will be presented during an oral 

presentation3). 

 

References 

(1) Kim, Yeon-Hee. et al., "Observationally-

constrained projections of an ice-free Arctic even 

under a low emission scenario." Nature 

Communications, 2023, 14.1, pp. 3139.  
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1. Introduction 

The tidal current is expected as an attractive renewable energy source because the time change of flow direction 

and velocity is predictable. In this research, a mooring support structure is applied to the horizontal axis counter-

rotating type power unit, which is not only save the initial cost due to the civil construction but also appropriate for 

using at narrow strait due to set up easily. The counter-rotating type power unit can keep the posture stable without 

rolling motion in the stream when it is mooring with a cable at moment center among the buoyancy, the gravity, and 

the drag force. In such an arrangement, the drag force induced from downstream type propellers works effectively to 

keep the horizontal posture. However, once the unit inclines against the mainstream by unexpected change of local 

flow velocity, the horizontal posture is disrupted and further aggravated by the drag force induced from the flow 

separation around the casing which includes a nacelle supporting a generator and two hubs of the front and rear 

propellers. Therefore, the winglet used in aircraft is set to the blade tip of the rear propeller to help the power unit 

recover to horizontal posture. In this study, the effects of winglet length on posture and blade performance were 

investigated by circulation type water channel tests and CFD.  

 

2. Circulation type water channel tests 

Fig. 1 shows the model power units with and without winglet at rear propeller. The length of winglets was varied 

in 3 cases (9 mm,19 mm,29 mm), and each ratio between length of winglet and the diameter of rear propeller are 

0.038, 0.080, and 0.122. The generator is not installed in the models. The power unit consists of front propeller with 

three blades and rear propeller with five blades. The unit is set in a circulation type water channel with a cross-sectional 

area of 0.7 m (water depth) x 1.0 m (width) and moored with a wire at the nose spinner. In the experiments, the posture 

of the model was analyzed with the images by a camera. Besides, the rotational speeds of front and rear propeller were 

measured using a stroboscope (SATOTECH DT-2349JP). In the following discussion, the power unit model with 

winglet is called as PUW in comparison with PUO of the model without the winglet. The flow velocity Vin was changed 

from 0.7 m/s to 0.8 m/s, 0.9 m/s and 1.0 m/s.  

Fig. 1 Model units with and without winglet at rear propeller 

Fig. 2 shows the tilt angle  between horizontal direction and the axes of propellers. Besides, Fig. 3 is the counter-
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rotational speed Nt. As shown in these figures, the tilt angle  became low with increase of the winglet length. On the 

other hand, the counter-rotational speed Nt was higher in case PUW0.080.  

 

Fig. 2 Changes in tilt angle  due to flow velocity Vin         Fig. 3 Changes in counter-rotational speed Nt 

 

3. Numerical simulations 

The 3-D turbulent flow was simulated at the steady state condition by the commercial CFD code of ANSYS-CFX 

ver.19 with SST turbulent model to understand the propeller performances with and without winglet. The simulation 

domain is composed of 1 pitch passage areas of front and rear propellers. Fig. 4 is the changes in torque due to tip 

speed ratio  and Fig. 5 shows the power coefficient Cp, where the  is defined as the ratio of the circumferential 

velocity at blade tip and the flow velocity. The torque and the Cp were divided by ones at  = 6.4 giving the maximum 

power coefficient Cp in case PUO. As shown in Fig. 4 and Fig. 5, the torque and power coefficient Cp were higher in 

case PUW0.080 in comparison with the other cases with winglet. So, it seems that the ratio 0.080 between length of 

winglet and the diameter of rear propeller is suitable for posture control.  

 

Fig. 4 Changes in torque ratio due to                 Fig. 5 Changes in power coefficient ratio 

 

4. Conclusion 

In this study, the effects of winglet length on posture and blade performance were investigated by circulation type 

water channel tests and CFD. As the result, it seems that the ratio 0.080 between length of winglet and the diameter 

of rear propeller is suitable for posture control. 
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1. Introduction  

Recently, regulations on environmental pollution 

from ships have been strengthened internationally [1]. 

LNG-fueled ships can reduce most pollutants, which 

is advantageous in responding to regulations [2]. 

Meanwhile, LNG-fueled ships require a boil-off gas 

(BOG) re-liquefaction system for condensing BOG 

generated from an LNG fuel tank [3]. In this study, 

research was conducted to improve the performance of 

the BOG re-liquefaction system for LNG-fueled ships. 

 

2. System analysis 

2.1 BOG Re-liquefaction system  

Figure 1 is a BOG re-liquefaction system for LNG-

fueled ships proposed by Kwak et al [3]. This system 

is characterized by applying the N2 reverse Brayton 

cycle as a re-liquefaction method and using BOG 

compressors.  

 

 

Figure 1.  Schematic diagram of the BOG re-liquefaction 

system for LNG-fueled ship proposed by Kwak et al. [3] 

 

Figure 2 is a system that applies LNG cold energy 

to the BOG re-liquefaction system based on the N2 

reverse Brayton cycle [4]. This system can be expected 

to improve thermodynamic performance through LNG 

cold energy. 

 

 

Figure 2.  Schematic diagram of the BOG re-liquefaction 

system for LNG-fueled ship proposed using LNG cold energy 

[4] 

 

In this study, each system was simulated using 

Aspen HYSYS v12.1 [5], and the thermodynamic 

performance was compared and analyzed.  

2.2 Energy and exergy analysis 

The thermodynamic performance of the BOG re-

liquefaction system for LNG-fueled ships using LNG 

cold energy (Figure 2) was compared and analyzed 

with the Kwak’s system (Figure 1). As performance 

indicators of the system, specific energy consumption 

(SEC) was used for energy analysis as shown in 
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Equation 1. In addition, for exergy analysis, exergy 

efficiency ( 𝜂𝑒𝑥 ) expressed as Equation 2 was 

examined [6]. 

 

𝑆𝐸𝐶 =
∑�̇�𝑐

�̇�𝐿𝐵𝑂𝐺

 
(1) 

𝜂𝑒𝑥 =
�̇�𝐿𝐵𝑂𝐺 − �̇�𝐵𝑂𝐺

∑�̇�𝑐

 
(2) 

2.3 BOG conditions 

The conditions of BOG in the simulated system are 

referred to Ref. [3], and can be summarized as shown 

in Table 1. 

 

Table 1. BOG conditions of the BOG re-liquefaction system for 

LNG-fueled ship 

 

3. Results of system analysis 

3.1 Energy analysis  

Table 2 shows the energy analysis results for the 

system using LNG cold energy (Figure 2) and Kwak's 

system (Figure 1), respectively. The SEC of the system 

using LNG cold energy was 0.3 kWh/kgLBOG, which 

was better than Kwak's system. 

 

Table 2. Results of the energy analysis of BOG re-liquefaction 

system for LNG-fueled ship 

 

3.2 Exergy analysis 

Table 3 shows the exergy analysis results for the 

system using LNG cold energy (Figure 2) and Kwak's 

system (Figure 1), respectively. The exergy efficiency 

(𝜂
𝑒𝑥

) of the system using LNG cold energy was 88.8 %, 

which was better than Kwak's system. 

 

Table 2. Results of the exergy analysis of BOG re-liquefaction 

system for LNG-fueled ship 

 

4. Conclusion 

In this study, the performance improvement of the 

BOG re-liquefaction system for LNG-fueled ships was 

studied. A system that applied LNG cold energy to a 

BOG re-liquefaction system based on N2 reverse 

Brayton cycle was shown.  

The thermodynamic performance of this system was 

compared and analyzed with the re-liquefaction 

system proposed in Ref. [3]. As a result, the BOG re-

liquefaction system using LNG cold energy showed a 

very significant performance improvement in energy 

and exergy analysis. 
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Variables Unit Value 

Inlet mass flow kg/h 83.3 

Inlet pressure kPa 160.0 

Outlet temperature ℃ 
Saturated liquid 

condition 

Outlet pressure kPa 150.0 

System Figure 1 Figure 2 

SEC [kWh/kgLBOG] 1.4 0.3 

System Figure 1 Figure 2 

𝜂𝑒𝑥 [%] 19.6 88.8 
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Electrically assisted combustion is a novel approach 

to combustion technology that utilizes electricity, 

contributing to the reduction of soot, increase of flame 

propagation speed, control of flame surface area, and 

flame stabilization1). In particular, the reduction of 

soot can improve incomplete combustion, aligning 

with the main interest of the maritime industry, which 

is actively focused on emission reduction. 

Additionally, while existing combustion systems 

regulated output by supplying more fuel to achieve 

higher power, our team aims to propose a newly 

proposed combustion system using electrically 

assisted combustion. 

One of the most representative phenomena in 

electrically assisted combustion is ionic wind. When a 

flame is putted in the electric field, charges by chemi-

ionization are accelerated to corresponding electrode 

by the Lorentz force. Then, charges diffuse a 

collisional momentum to neutrons, which account for 

90% of production by chemi-ionization, during their 

acceleration. Consequently, neutrons are move to 

electrodes with charges, and it is called ionic wind2). 

Using a combustor made from an acrylic tube, our 

research team applied electric fields to downward-

propagating premixed flames in stationary mixture, 

resulting in significant changes in flame displacement 

velocity and flame surface area. Also, detailed 

information regarding flame area variations with 

different types of fuels, dilution gases, and applied 

voltages will be presented through an oral presentation. 
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Research on buoy shape to improve wave energy conversion efficiency 

Takuma IMAIZUMI*1, Yasutaka IMAI*2 and Shuichi NAGATA*3 

*1Department of Science and Engineering, Saga University 

*2,*3 Institute of Ocean Energy, Saga University 

1. Introduction 

We are currently conducting research on the practical application of a floating oscillating water column wave power 

generation device called a "back bending duct buoy". This device, proposed by Masuda, consists of a buoyant body, 

an L-shaped duct, an air chamber, and a turbine/generator, as shown in Figure 1. Wave energy is converted into air 

energy that moves in and out of the air chamber to the turbine through the oscillating water column in the duct of the 

BBDB, which is agitated by the waves (primary conversion), and then converted into electrical energy by the 

turbine/generator (secondary conversion).  In order to design floating OWC (Oscillating Water Column)-type wave 

energy converter such as Backward Bent Duct Buoy (BBDB), it is necessary to develop a numerical method to make 

clear an optimal hull shape which maximizes the generating electrical energy. Therefore, this study proposes a two-

dimensional analysis method that can evaluate the first-order conversion performance of floating oscillating water-

column wave power generators such as BBDBs in regular waves. In this study, the boundary element method based 

on velocity potentials is used for the analysis of water, while the equation of state, mass conservation law, and energy 

conservation law are used for the analysis of air in the air chamber. From these equations, motions of floating body, 

air pressure in air chamber, transmission and reflection coefficient of water waves and primary conversion efficiency 

are calculated. 

 

 

Fig.1 BBDB overview 

 

2. Analysis Model 

The analytical model considered in this study is shown in Figure 2. The water depth is assumed to vary arbitrarily 

from h~h', the floating body is moored by n* linear springs, and a nozzle of diameter D is assumed to be installed in 

the ceiling of the air chamber. The origin is on the surface of the still water, the x-axis is horizontal and the z-axis is 

vertical, and the coordinates of the center of gravity of the floating body at rest are 𝐺(𝑥0̅̅ ̅, 𝑧0̅ ) and 𝑄(𝑥𝑏 , 𝑧𝑏). Assume 

that the center of gravity of the floating body at time t is at (𝑥0, 𝑧0), and that it receives incident waves of angular 

frequency σ and amplitude 𝜁0, and translates in the x- and z-directions by ξ and η, respectively, and rotates clockwise 

by an angle θ. If the complex amplitudes of the horizontal displacement, vertical displacement, and rotation angle are 

X, Y, and Θ, respectively, the motion of the floating body can be expressed as follows, 
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𝜁 = 𝑥0 − 𝑥0̅̅ ̅ = 𝑅𝑒 [𝑋・𝑒𝑖𝜎𝑡]

𝜂 = 𝑧0 − 𝑧0̅ = 𝑅𝑒 [𝑍・𝑒𝑖𝜎𝑡]

𝜃 = 𝑅𝑒 [Θ・𝑒𝑖𝜎𝑡]

 

where 𝑖 = √−1 and Re denotes the real part. 

 

 

Fig3 Analysis model 

 

If we delimit the fluid domain by setting virtual boundaries AB, A'B', and FF' as shown in Figure 2, the velocity 

potentials of each domain can be expressed as follows. 

・Region-1 

∇2𝜙(1) = 0 (Inside Fluid) 

𝜕𝜙(1)

𝜕𝜐
=

𝜎2ℎ

𝑔
𝜙(1) (Free surface: external) 

𝜕𝜙(1)

𝜕𝜐
= 0 (Bottom) 

𝜕𝜙(1)

𝜕𝜐
=

𝜎2ℎ

𝑔
[
𝑋

𝜁0

𝑑𝑧

𝑑𝑠
−

𝑍

𝜁0

𝑑𝑥

𝑑𝑠
−

Θℎ

𝜁0
{(𝑥 − 𝑥0̅̅ ̅)

𝑑𝑥

𝑑𝑠
+ (𝑧 − 𝑧0̅)

𝑑𝑧

𝑑𝑠
}]  (On Body surface) 

{

𝜙(1)(𝑙, 𝑧) = [𝑒𝑖𝜆𝑙 + 𝐾𝑟𝑒
−𝑖𝜆𝑙]𝐴(𝜆𝑧)

𝜕𝜙(1)

𝜕𝜐
(𝑙, 𝑧) = 𝑖𝜆[𝑒𝑖𝜆𝑙 − 𝐾𝑟𝑒

−𝑖𝜆𝑙]𝐴(𝜆𝑧)
 𝐴(𝜆𝑧) =

cosh 𝜆(𝑧 + 1)

cosh 𝜆
 (Incident wave + Reflected wave) 

{

𝜙(1)(−𝑙′, 𝑧) = 𝐾𝑡𝑒
−𝑖𝜆𝑙′𝐴(𝜆′𝑧)

𝜕𝜙(1)

𝜕𝜐
(−𝑙′, 𝑧) = −𝑖𝜆𝐾𝑡𝑒

−𝑖𝜆𝑙′(𝜆′𝑧)
 𝐴(𝜆′𝑧) =

cosh 𝜆′(𝑧 + ℎ′)

cosh 𝜆 ℎ′
 (𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑤𝑎𝑣𝑒) 

where Kr and Kt are complex constants for reflectance and transmittance, respectively. 

 

・Region -2 

∇2𝜙(2) = 0 (Inside Fluid) 

𝜕𝜙(2)

𝜕𝜐
=

𝜎2ℎ

𝑔
{𝑖𝑝𝑠

𝑎 − (1 − 𝑖
𝜇

𝜎
)𝜙(2)}  (On the free surface: internal) 

𝜕𝜙(1)

𝜕𝜐
=

𝜎2ℎ

𝑔
[
𝑋

𝜁0

𝑑𝑧

𝑑𝑠
−

𝑍

𝜁0

𝑑𝑥

𝑑𝑠
−

Θℎ

𝜁0
{(𝑥 − 𝑥0̅̅ ̅)

𝑑𝑥

𝑑𝑠
+ (𝑧 − 𝑧0̅)

𝑑𝑧

𝑑𝑠
}]  (On the floating surface) 

 



14 

 

・Connection condition between Region-1 and Region-2 

𝜙(1) = 𝜙(2),
𝜕𝜙(1)

𝜕𝜐
=

𝜕𝜙(2)

𝜕𝜐
 

  

3. Calculation 

The calculations are performed by coupling the boundary integral equations for the fluid section, the equations for 

the air in the air chamber, and the equations of motion for the floating body. 

・Boundary integral equations 

The boundary line surrounding the fluid is decomposed into N micro line segments, the center coordinates of each 

element are denoted by (𝜉𝑗 , 𝜂𝑗) (𝑗 = 1~𝑁), and the length of the line segment is Δ𝑠𝑗. 

Assuming that the potential function and its normal derivative at each element are constant, the following 

relationship between the potential function value 𝜙(𝑗) and its normal derivative �̅�(𝑗) at each point is established 

from Green's formula. 

∑[𝐹𝑚𝑗 ∙ 𝜙(𝑗) − 𝐸𝑚𝑗 ∙ �̅�(𝑗)]

𝑁

𝑗=1

= 0  (m = 1~N)  (1) 

where, 

𝐹𝑚𝑗 = −𝛿𝑚𝑗 + �̅�𝑚𝑗  (Region − 1), 𝐹𝑚𝑗 = 𝛿𝑚𝑗 + �̅�𝑚𝑗  (Region − 2) 

𝐸𝑚𝑗 =
1

𝜋
∫ log 𝑅𝑚𝑗𝑑𝑠
Δ𝑆𝑗

 ,   �̅�𝑚𝑗 =
1

𝜋
∫

𝜕

𝜕𝜈
log𝑅𝑚𝑗𝑑𝑠

Δ𝑆𝑗

 ,   𝑅𝑚𝑗 = [(𝜉𝑗 − 𝜉𝑚)
2
+ (𝜂𝑗 − 𝜂𝑚)

2
]
1 2⁄

 

𝛿𝑚𝑗 is the Kronecker delta. 

Substituting the boundary condition equations obtained in Chapter 2 into Equation 2, we obtain the algebraic 

equations for Regions -1 and 2. 

 

・Equations for the air in the air chamber 

From the equation of state, the law of conservation of mass, and the law of conservation of energy, establish the 

basic equation for the motion of air in an air chamber. 

𝐓𝐡𝐞 𝐞𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐬𝐭𝐚𝐭𝐞：𝑝𝑎 = 𝜌𝑎𝑅𝑇𝑎 (2) 

𝐓𝐡𝐞 𝐥𝐚𝐰 𝐨𝐟 𝐜𝐨𝐧𝐬𝐞𝐫𝐯𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐦𝐚𝐬𝐬：
𝑑

𝑑𝑡
(
𝑝𝑎𝑉𝑎
𝑅𝑇𝑎

) +
𝑑𝑚𝑎

𝑑𝑡
= 0 (3) 

𝐓𝐡𝐞 𝐥𝐚𝐰 𝐨𝐟 𝐜𝐨𝐧𝐬𝐞𝐫𝐯𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐞𝐧𝐞𝐫𝐠𝐲：𝒑𝒂

𝑑𝑉𝑎
𝑑𝑡

+ 𝐶𝑣

𝑑

𝑑𝑡
(
𝑝𝑎𝑉𝑎
𝑅

) + 𝐶𝑝𝑇𝑒

𝑑𝑚𝑎

𝑑𝑡
= 0 (4) 

where, 

𝑑𝑚𝑎

𝑑𝑡
= ±𝜌𝑒𝜀𝐶𝑑𝐶𝑠𝐴𝑊√2𝐶𝑝|𝑇𝑎 − 𝑇0| 

𝑝𝑎：Air chamber pressure, 𝑇𝑎：Chamber temp, 𝑉𝑎：Chamber Volume, 𝑡：time, 𝑑𝑚𝑎 𝑑𝑡⁄ ：Mass outflow rate of air, 𝑅：Gas 

constant, 𝐶𝑣：specific heat of formation, 𝐶𝑝：specific heat at constant pressure, 𝜀：Nozzle ratio, 𝐶𝑑：contraction coefficient, 

𝐶𝑠：velocity coefficient 

Linearizing and rearranging Equations 2~4 yields the basic Equation 5. 

∑ (1 − 𝑖
𝜇

𝜌
)𝜙1

(2)(𝑗) ∙ ∆𝑥𝑗 −
(1 + 𝑖𝐶𝐸)𝑙𝐶

𝐶𝐸
𝑝𝑠

𝑎 − 𝑖𝑙𝐶(𝑥0𝑟 − 𝑥0̅̅ ̅)
Θℎ

𝜁0
= 0

𝑁1
(2)

𝑗=1

 (5) 
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・The equations of motion for the floating body 

The equation of motion of a floating body is formulated separately for surge, heave, and pitch. 

𝑀
𝑑2(𝑋𝑒𝑖𝜎𝑡)

𝑑𝑡2
= 𝑃𝑋

(𝑤)
+ 𝐹𝑋 + 𝑃𝑋

(𝑎)
, 𝑀

𝑑2(𝑍𝑒𝑖𝜎𝑡)

𝑑𝑡2
= 𝑃𝑍

(𝑤)
+ 𝑃𝑍

(𝑠)
+ 𝐹𝑍 + 𝑃𝑋

(𝑎)
, 𝑀

𝑑2(𝑍𝑒𝑖𝜎𝑡)

𝑑𝑡2
= 𝑃𝑍

(𝑤)
+ 𝑃𝑍

(𝑠)
+ 𝐹𝑍 + 𝑃𝑋

(𝑎)
 

where, 

𝑃𝑋
(𝑤)

, 𝑃𝑍
(𝑤)

, 𝑇𝜃
(𝑤)

：Fluid power by water,  𝑃𝑍
(𝑠)

, 𝑇𝜃
(𝑠)
：Static Righting Moment, 

𝐹𝑋, 𝐹𝑍, 𝑀𝜃：Mooring force,  𝑃𝑋
(𝑎)

, 𝑃𝑍
(𝑎)

, 𝑇𝜃
(𝑎)

：Air pressure acting on air chamber wall 

 

Equation 6 is obtained from the boundary integral equation and the equation of motion of the BBDB.  

𝜙1
(2)

(𝑗) = 𝐶𝑗
(1)

𝑃𝑆
(𝑎)

+ 𝑑𝑗
(1)

 (6) 

𝐾𝑡 = 𝐶(2)𝑃𝑆
(𝑎)

+ 𝑑𝑗
(2)

 

𝑋 𝜁0⁄ = 𝐶(3)𝑃𝑆
(𝑎)

+ 𝑑𝑗
(3)

      𝑒𝑡𝑐. 

Substituting Equation 6 into Equation 5 yields Equation 7 for the air chamber pressure amplitude. 

𝐶1𝑃𝑆
(𝑎)

+ 𝐵2

𝑃𝑆
(𝑎)

√|𝑃𝑆
(𝑎)

|

+ 𝐶3 = 0 (7) 

Since 𝐶1, 𝐵2, and 𝐶3are constants in the above equation, 𝑃𝑆
(𝑎)

 is obtained by iterative calculation. Equation 6 and 

other equations are then used to obtain the potential on the fluid boundary and its normal direction derivative, the 

wave transmission coefficient, and the motion of the floating body. 

 

4. Conclusion 

Using these methods, we obtained the primary conversion efficiency and motion of the BBDB. 
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The recent incidents involving the explosion of 

spacecraft developed by NASA and SpaceX have once 

again sparked global interest in the stability of rocket 

engines. Among the significant challenges in rocket 

engine development, thermoacoustic instability stands 

out, rooted in the fundamental coupling of rapid heat 

release from combustion and inherent resonances 

within the combustion chamber1). This phenomenon, 

which can lead to compromised engine lifespan and, 

in extreme cases, catastrophic failure, necessitates the 

analysis of the combustion chamber's inherent natural 

frequencies to induce a phase mismatch between 

thermal energy and pressure waves, thus ensuring 

combustion system stability2). 

To address these challenges, various studies have 

been undertaken to mitigate combustion instability 

within the combustion chamber, encompassing the 

development of injector array patterns, combustion 

stabilization mechanisms such as baffles, acoustic 

cavities, and Helmholtz resonators3, 4). 

This research team aims to propose a novel ap

proach utilizing electric fields to mitigate combus

tion instability. Employing electric fields enables 

active control, effectively suppressing thermoacous

tic instability. Furthermore, it facilitates simplifica

tion of internal engine components. Detailed expe

rimental conditions and results are intended to be

 presented through the publication. 
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Abstract 

In the present study, the characteristics of cycle thermal efficiency and net power output were clarified for a marine 

waste heat power generation system to verify if HFO refrigerant (HFO-1234yf, HFO-1233zd(E)), which is a green 

refrigerant, can be a substitute for HFC refrigerant when HFC refrigerant (HFC-134a, HFC-245fa), which will no 

longer be used, is employed. When the heat source temperature, flow rate, and heat transfer performance of the heat 

exchanger are defined, HFO-1233zd(E) and HFO-1234yf show almost the same turbine output values obtained 

compared to conventionally used HFC-245fa and HFC-134a. Therefore, HFO-1233zd(E) should be adopted in this 

power generation system as an alternative refrigerant to HFC-245fa and HFC-134a, which are conventionally used. 

 

Key Words: Waste Heat Energy, Marine Engine, Turbine Output, Rankine Cycle, Green Working Fluid 

 
1. Introduction 

Recent years in particular, the regulation of 

greenhouse gas emissions for the control of global 

warming is being tightened for the operation of ships1). 

As one of the countermeasures, Exhaust heat 

temperature difference power generation, which 

recovers and effectively utilises the exhaust heat from 

marine engines, is attracting attention. There are few 

research results on power generation systems using 

unregulated green refrigerants. Therefore, this study 

clarifies the characteristics of cycle thermal efficiency 

and net power output for marine waste heat power 

generation systems to verify whether HFO refrigerant 

can be a substitute for HFC refrigerant when HFC 

refrigerant (HFC-134a, HFC-245fa) and green 

refrigerant (HFO-1234yf, HFO-1233zd(E)), which 

will no longer be available, are employed. 

 

2. Binary power generation system of Rankine 

Cycle using waste heat from marine engine 

Figure 1 shows the outline of a binary power 

generation system of organic rankine cycle, utilizing 

waste heat from marine engine. Binary power 

generation generally utilizes steam or hot water at 80 

to 150°C as a heat source (primary system) to heat and 

evaporate a low-boiling working fluid (secondary 

system) and utilize the steam to turn the turbine to 

generate electricity. Hot water from marine engine is 

utilized as the high heat source and seawater is utilized 

 

Fig. 1 Power Generation System Utilizing Waste Heat 

from Marine Engine 

Table 1 Thermophysical properties of working fluids 

Table 2  Calculated conditions 

 

as the low heat source. The numbers 1 to 4 in the 

diagram indicate the state points between each 

component.  

 

3. Relational expression used in cycle calculations 

The equations used in the cycle calculations in this 

report are given below. The cycle thermal efficiency 

and turbine power are defined by the following 

equations. 

 

𝜂𝑡ℎ =
𝑊𝑇 − 𝑊𝑃

𝑄𝐸

=
(ℎ4 − ℎ1) − (ℎ3 − ℎ2)

ℎ4 − ℎ3

 

 

    𝑊𝑇 = 𝑚𝑊𝐹(ℎ4 − ℎ1) 

 

𝑊𝑇  indicates turbine output, 𝑊𝑃  indicates pump 

output and 𝑄𝐸   indicates evaporator exchange heat 

rate. ℎ1, ℎ2, ℎ3  and ℎ4  are the specific enthalpies at 

the turbine outlet, condenser outlet, evaporator inlet 

and turbine inlet in Figure 1, respectively, and 𝑚𝑊𝐹  is 

the refrigerant flow rate.  

Working 

fluid 

Chemical 

formula 

Boiling 

point 

［℃］ 

Heat of 

vaporization 

［kJ/kg］ 

ODP GWP 

HFO-1234yf C3H2F4 −29.0 145.2 0 <1 

HFO-1233zd 

(E) 
C3H2F3Cl 19.0 194.0 0 <1 

HFC-134a CH2FCF3 −26.1 217.0 0 1,430 

HFC-245fa  C3H3F5 15.3 190.9 0 950 

Input Data 

Warm water inlet temperature TWWI 90.0 [℃] 

Warm water outlet temperature TWWO 40.0～80.0 [℃] 

Cold water inlet temperature TCWI 20.0 [℃] 

Cold water outlet temperature TCWO 30.0 [℃] 

Flow rate of warm water mWW 20 [kg/s] 

Flow rate of cold water mCW Calculated through convergence 

Heat conductance of evaporator (UA)E 200,400 [kW/K] 

Heat conductance of condenser (UA)C 200,400 [kW/K] 

(1) 

(2) 
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4. Calculation Conditions and Methods 

Table 1 shows the refrigerants evaluated and the 

thermodynamic properties of each working fluid 

compared. REFPROP2) was used to calculate these 

physical properties. The calculation conditions for the 

cycle calculations in this study are shown in Table 2. 

The cold water flow rate is obtained by convergence 

calculations in the heat balance on the condenser side. 

The cycle thermal efficiency and turbine power are 

calculated by changing the heat transfer performance 

of the evaporator and condenser to 200 W/K and 400 

W/K, respective. 

 

5.  Calculation Results and Considerations 

5・1  Evaluation of Thermophysical Properties 

Figure 2 shows the P-h diagram for each refrigerant. 

Figure 2 shows that HFO-1233zd(E) and HFC-245fa 

have similar thermophysical properties. In addition, 

HFO-1234yf and HFC-134a have similar 

thermophysical properties, although there is a 

difference in latent heat content. Focusing on adopting 

a refrigerant in this power generation system, HFO-

1233zd(E) and HFC-245fa, which have low pressure 

and high latent heat, should be used. 

Figure 3 shows the T-s diagram for each refrigerant. 

Figure 3 shows that HFO-1233zd(E) and HFC-245fa 

have similar thermophysical properties, as in Figure 2. 

In addition, HFO-1234yf and HFC-134a have similar 

thermophysical properties, although there is a 

difference in entropy. Focusing on adopting a 

refrigerant in this power generation system, HFO-

1233zd(E) and HFC-245fa, which have large entropy 

difference, should be used. 

5・2  Assessment of turbine power versus 

refrigerant flow rate  

Figure 4 shows that the turbine power value changes 

convexly upward as the refrigerant flow rate changes, 

and that the turbine power values obtained with HFO-

1233zd(E) and HFO-1234yf are almost equivalent to 

those obtained with HFC-245fa and HFC-134a, which 

are conventionally used. There is an optimum value of 

refrigerant flow rate at which the turbine output value 

is the highest, and it is smaller for HFO-1233zd(E), 

HFC-245fa, HFC-134a, and HFO-1234yf, in that 

order. 

The above results indicate that the lower the 

refrigerant flow rate, the lower the refrigerant 

circulation pump power, which may affect the net 

power output of the entire system, depending on the 

scale of the power generation system. Therefore, 

HFO-1233zd(E) and HFO-1234yf can be adopted as 

alternative refrigerants to HFC refrigerants. 

 

6.  Conclusions 

1) When the heat source temperature, flow rate, and 

heat transfer performance of the heat exchanger 

are defined, HFO-1233zd(E) and HFO-1234yf 

show almost the same turbine output values 

obtained compared to conventionally used HFC-

245fa and HFC-134a. 

2) Similar to HFC-245fa, HFO-1233zd(E) has 

operating conditions where the turbine output 

peaks at a lower refrigerant flow rate than HFO-

1234yf or HFC-134a. The lower refrigerant flow 

rate results in lower refrigerant circulation pump 

power, which may affect the net power output 

obtained by the entire system, depending on the 

scale of the power generation system.  

3) The ratio of refrigerant circulation pump power 

to turbine power was small for each refrigerant, 

and had no effect on net power output. Therefore, 

HFO-1233zd(E) and HFO-1234yf have the 

potential to be adopted as alternative refrigerants 

to HFC refrigerants. 
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Fig. 2  P - h diagram 

 

Fig. 3  T - s diagram 

 
Fig. 4 Characteristics of Turbine output for  
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Tracking and monitoring greenhouse gases emitted 

from industries to comply with environmental 

regulations is becoming increasingly important. In 

response, research and development of power units that 

increase combustion efficiency, and the use of low-

carbon fuels such as LNG, hydrogen, and ammonia are 

being conducted. To accurately diagnose the 

combustion state and combustion efficiency, it is 

necessary to track the combustion products generated by 

the combustion reaction. Temperature, concentration, 

and speed are important factors to check the combustion 

efficiency of the flame. 

However, current measurement methods have 

limitations. Such as, temperature measurement using 

thermocouple and velocity measurement using hot-wire 

anemometer are contact to measuring area, it is cuased 

error by thermal radiation. And non-contact optical 

techniques such as CARS(Coherent anti-Stokes Raman 

Spectroscopy) and LIF(Laser Induced Fluorescence) are 

expensive and complex optical systems.  

In this study, we aimed to confirm the possibility of 

non-contact measurement technology in places where 

direct measurement is impossible. We used TDLAS 

(Tunable Diode Laser Absorption Spectroscopy) (1-3), a 

wavelength-variable absorption spectroscopy system, to 

measure temperature, concentration, and velocity 

simultaneously in combustion field. And we arranged 

various types of cells for gas supply flow conditions, 

temperature, concentration, and velocity measurements, 

and compared the measurement results to confirm the 

possibility of simultaneous measurement. Details on the 

experimental method and results will be intend to 

through the presentation.  
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Abstract 
 

Mixed-flow pumps are widely used in agriculture, water conservancy, shipping, power, and other industries due 

to the advantages of high flow rate, high efficiency, and cavitation resistance. The tip clearance gap between the 

blade tip and shroud is inevitable in fluid machinery. The tip clearance gap can induce leakage flow and interact 

with the mainstream flow, which causes efficiency drop and cavitation in hydraulic machinery. The pressure 

fluctuation is associated with the stable operation of hydraulic machinery, and leakage flow induces the unstable 

flow pattern and increases the pressure fluctuation amplitude in the hydraulic machinery. The concept of 

clearance gap is unique in a mixed flow pump with a semi-open casing. The systematic investigation of the 

hydraulic and suction performance of a mixed flow pump with a semi-open casing is rarely performed. In the 

present work, a detailed analysis is conducted to evaluate the influence of the tip clearance gap on the 

performance curves, pressure fluctuations, and vortex intensity. Figure 1 shows the performance curves of a 

mixed-flow pump with various clearance gaps. Figure 2 shows the leakage flow in the mixed-flow pump. The 

reverse flow from the high-pressure region to the low-pressure zone is observed in the clearance gap. The 

magnitude of reverse flow increases with an increase in clearance gap width. The clearance gap shows a 

significant influence on the hydraulic and suction performance in the mixed flow pump with a semi-open casing. 

The leakage flow is dependent on the width of the clearance gap between the blade tip and the shroud wall. The 

efficiency and head of the mixed flow pump decreased significantly with an increase in the clearance gap. 

 
 

Figure 1 Effect of clearance gap on semi-open mixed flow pump performance curves 

 

 
Figure 2 Velocity vectors on the leakage gap 
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A study of fuel cell-battery propulsion system for four types of vessels 

Jong In Kim1ㆍSan Kim2ㆍEun Shin Bang3ㆍKyoung Kuk Yoon4ㆍSang Kyun Park† 

 

The shipping industry accounts for a large proportion of global carbon emissions, and various methods are being tried to reduce these 

emissions. One of the methods is to replace the existing internal combustion engine, which is the power source of the ship, with a fuel cell. 

Among many fuel cells, Polymer Electrolyte Membrane Fuel Cell (PEMFC) produces power using a chemical reaction between hydrogen 

and oxygen, does not cause environmental pollution, and is used for small cars and public transportation on land because of its high efficiency 

and difficult operating conditions. Considering this usability, it would not be a long way to apply PEMFC to ships. 

In theory, PEMFC has a high efficiency of about 60%, and it is easy to maintain/manage at an operating temperature of 70 to 80℃. In 

addition, it has the advantage of being able to respond quickly to the rapidly changing operating load of the ship due to its high reactivity. 

There have been cases in which small cruise ships with PEMFC have been operated overseas, but in Korea, ships using fuel cells as power 

sources have not yet been operated. In order for ships powered by fuel cells to be generalized and built in the future, related research needs to 

be sufficiently preceded. 

In this study, four types of ships were identified, with PEMFC as the main power source and Li-ion batteries as auxiliary power sources 

for mutual supplementation in order to establish a ship system to which fuel cells are applied. The required output size and hull size were 

calculated according to the size and characteristics of each ship, the sizes of PEMFC and Li-ion batteries were designated accordingly, and a 

power system including a Balance of plant (BOP) was proposed. Fuel cells and batteries mainly play the role of base load and peak shaving, 

and propulsion motors and BOPs were configured depending on the size of the ship's power. The fuel cell was modularized with 50kW 

PEMFC and arranged according to the size of the ship, and redundancy of the power system was applied.   

 

      

Fig.1 Piping and electric diagram of Leisure vessel    Fig.2 Electric propulsion system of Leisure vessel 
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Abstract 
The Kigali Amendment to the Montreal Protocol (effective 2019) regulates HFC refrigerants and other CFC substitutes 

with high global warming potential, and there is a need to convert to green refrigerants with low global warming 

potential.  Therefore, in this study, cycle simulations of a double-stage reverse Rankine cycle using HFO1233zd(E), 

HFO1234yf, and HFO1234ze(E), Ammonia, and HFC32 were conducted to evaluate refrigerant performance under 

certain heat source conditions. As a result, in descending order of 𝐶𝑂𝑃, they were HFO1233zd(E), Ammonia, HFC32, 

HFO1234ze(E), and HFO1234yf, and HFO1233zd(E) could be operated most efficiently. 

 

Key Words: Reverse Rankine Cycle, Refrigerator, Double-Stage, HFOs, 𝐶𝑂𝑃 

 

1. Introduction 

The Kigali Amendment led to the international 

regulation of CFC substitutes with high global warming 

potential (GWP). Therefore, it is necessary to convert to 

refrigerants with low GWP and to research refrigeration 

and air-conditioning equipment using low GWP 

refrigerants1)． 

Energy-saving and high-efficiency systems for 

refrigeration cycles have been proposed, and this study 

focuses on the multi-stage reverse Rankine cycle. A 

multistage reverse Rankine cycle is configured with two 

or more reverse Rankine cycles working between one 

low-temperature and one high-temperature heat source. 

Saga University group researches on this multistage 

reverse Rankine cycle and clarify these performances 

better than other typical refrigeration cycles 2)． 

The system characteristics and refrigerant properties of 

the new HFOs-as green refrigerants and natural 

refrigerants have not yet been fully clarified. 

This study investigates the refrigerant performance of 

the double-Stage reverse Rankine cycle using cycle 

simulations applied under certain heat source conditions 

for refrigerants: HFO1233zd(E), HFO1234yf, and 

HFO1234ze(E), Ammonia, HFC32. 

 

2. Double-Stage reverse Rankine cycle 

Figure 1 shows a conceptual T-s diagram of a Double-

stage Reverse Rankine cycle．To increase 𝐶𝑂𝑃  in a 

basic reverse Rankine system, it is important to keep 

compression power lower relative to heat absorption and  

dissipation. For the attainment of this purpose, it is 

necessary to increase the heat transfer performance of 

the heat exchanger and reduce the temperature 

difference between the heat source and the working fluid. 

As shown in Figure 1, the temperature difference 

between the heat source and the working fluid during the 

heat exchange process is reduced by using a double-

stage inverted Rankine cycle, which is expected to 

improve the system performance. 

Figure 2 shows a system schematic of the double-stage 

Reverse Rankine cycle. Two reverse Rankine cycles are 

installed in series for the high and low temperature heat 

sources, each cycle has its own evaporator, condenser, 

compressor. 

 
Fig.1 T-s diagram 

 
Fig.2 Double-stage Reverse Rankine cycle 

 

3. Calculation Formula 

The equations used in this study are shown．The 

overall coefficient of performance 𝐶𝑂𝑃  and 

compression power 𝑊𝑃 are defined by (1) and (2). 
 

𝐶𝑂𝑃 =
(𝑚𝑊𝐹1  × (ℎ1  − ℎ4) + 𝑚𝑊𝐹2  × (ℎ5  − ℎ8))

(𝑚𝑊𝐹1  × (ℎ2 − ℎ1) + 𝑚𝑊𝐹2  × (ℎ6 − ℎ5))
     (1) 

 
𝑊𝑃 = 𝑊𝑃1 + 𝑊𝑃2 = (𝑚𝑊𝐹1 × (ℎ2 − ℎ1)

+ 𝑚𝑊𝐹2 × (ℎ6 − ℎ5)                          (2) 
    
𝐶𝑂𝑃  represents the performance factor, 𝑚𝑊𝐹1  and 

𝑚𝑊𝐹2  represent the working fluid flow rate for each 

cycle. ℎ1，ℎ2, and ℎ4 represent the enthalpies at each 

point in the cycle No.1, and ℎ5，ℎ6 , and ℎ8 represent 

the enthalpies at each point in the cycle No.2 ; 𝑊𝑃 

represents the overall compression power; 𝑊𝑃1  and 

𝑊𝑃2 are the compression powers for each cycle. 
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Table 1 Test medium 

Table 2 Calculated conditions 

 
4. Calculation conditions 

In this study, air and water were used as low and high 

temperature heat source, respectively．Table 1 shows 

the classification of the five refrigerants used in the 

simulation in terms of composition and the index of 

toxicity and flammability of the refrigerants defined by 

ASHRAE．Table 2 shows the simulation conditions: 

inlet and outlet temperatures of the low and high 

temperature fluids, thermal conductance and 

refrigeration capacity of the condenser and evaporator. 

 

5. Calculation Results and Considerations 

Figure 3 shows the overall mass flow rate 𝑚𝑊𝐹 with 

solid color-coded lines for each refrigerant．In an ove

rall charcteristics, it can be seen that the mass flow rate 

is decreasing with increase of 𝑈𝐴(𝐸)  in the order of 

Ammonia, HFC32, and the three HFO refrigerants. In 

other words, the flow rate required for heat exchange is 

considered to decrease as the heat dissipation and 

refrigerating effect increases. 

Figure 4 shows the overall compression power 𝑊𝑃 

with solid color-coded lines for each refrigerant. When 

the value of HFO1233zd(E), which has the lowest 

compression power among all refrigerants, is set to 

100%, it can be confirmed that the value of each 𝑊𝑃 is 

increased by 1% for Ammonia, by 7% for both HFC32 

and HFO1234ze(E), and by 13% for HFO1234yf. 

Figure 5 shows the overall coefficient of performance 

(𝐶𝑂𝑃) as a solid color-coded line for each refrigerant. 

If the value of HFO1233zd(E), which has the highest 

𝐶𝑂𝑃  among all refrigerants, is set to 100%, the 𝐶𝑂𝑃 

values are respectively Ammonia decreased by 2%, both 

HFO1234ze(E) and HFC32 decreased by 7%, and 

HFO1234yf decreased by 12%, respectively. It can also 

be confirmed that the ratio difference and order of  

 

Fig.3 Working fluid flow rate 

Fig.4 Compression power 

Fig.5 Coefficient of performance 

 

performance is almost the same as that of the 

compression power 𝑊𝑃. 

 

6. Conclusion 

The performance of five refrigerants; three green 

refrigerants HFOs (HFO1233zd(E), HFO1234yf, and 

HFO1234ze(E)), Ammonia as a natural refrigerant, and 

HFC32 as a conventional CFC substitute, were 

investigated under certain heat source conditions using 

a double-stage reverse Rankine cycle. HFO1233zd(E) 

could be operated more efficiently than the other four 

refrigerants under the present simulation conditions, 

while in the case of HFO1234yf, it shows lower 

efficiency overall. 
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Name Classification 
Toxicity・

flammability 

HFC32 Alternative freon A1 

Ammonia Natural refrigerant B2L 

HFO1233zd(E) Green refrigerant A1 

HFO1234yf Green refrigerant A1 

HFO1234ze(E) Green refrigerant A2L 

Inlet temperature of Low 

temperature fluids 
0.0[℃] 

Outlet temperature of Low 

temperature fluids 
-30.0[℃] 

Inlet temperature of High 

temperature fluids 
25.0[℃] 

Outlet temperature of High 

temperature fluids 
35.0[℃] 

Pressure of Low temperature fluids 101.325[kPa] 

Pressure of High temperature fluids 101.325[kPa] 

Thermal conductance of Evaporator （1.8～100）×10４[W/K] 

Thermal conductance of Condenser （1.8～100）×10４[W/K] 

Refrigeration Capacity 500[kW] 
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Abstract 
In this study, oceanographic surveys were conducted in the sea area of Kumejima Island, Okinawa Prefecture, which 

is the best candidate in Japan for the installation of Ocean Thermal Energy Conversion (OTEC), and the surrounding 

Aguni Basin, and an evaluation was made to clarify whether the seawater in the Kumejima Island sea area is derived 

from the Aguni Basin. Seawater temperature, salinity, and dissolved oxygen relative to water depth were comparable 

between the Kumejima Sea area and the Aguni Basin, indicating that the seawater in the Kumejima Sea area is likely 

to be deep ocean water originating from the Aguni Basin. 

 

Key Words: Oceanographic Survey, Kumejima , Aguni Basin, OTEC, Seawater Temperature 

 

1. Introduction 

 

In October 2020, the Japanese government sat the goal 

which Japan become carbon neutral country by 2050, 

and the spread of renewable energy is necessary to 

achieve this goal. Therefore, this study focuses on ocean 

thermal energy conversion (OTEC) as a renewable 

energy source. 70% of the Earth is composed of ocean, 

and Japan is an island country surrounded by ocean, 

making it easy to make effective use of ocean energy. 

OTEC is used not only for power generation, but also 

for various secondary uses such as air-conditioning, 

aquaculture, and agriculture1). 

In this study, oceanographic surveys were conducted in 

the waters of Kumejima, Okinawa Prefecture, the most 

promising candidate in Japan for the installation of 

OTEC, and the surrounding Aguni Basin, and an 

assessment was made to clarify whether the seawater in 

Kumejima sea area is derived from the Aguni Basin or 

not. 

 

2. Ocean Basin  

 

An ocean basin is a flat basin at the bottom of the deep 

sea, where the seawater temperature is extremely lower 

as one moves toward the bottom. Deep-sea basins are 

characterized by the lack of light, the absence of 

photosynthesis by phytoplankton and other organisms, 

and the lack of currents, which results in stable levels of 

nutrients and dissolved oxygen. In addition, when the 

seawater flows from one ocean basin to other, fixed 

flows are easily formed due to the characteristics of the 

topography. If we assume that the seawater which flow 

from the Aguni Basin to the Kumejima sea area is also 

fixed in this study, there is a high possibility that the two 

types of seawater mix and form a unique seawater with 

similar characteristics2). 

In order to establish OTEC, it is desirable to have a 

stable temperature difference of 20°C or more between 

surface seawater and deep seawater, as well as stable 

deep seawater with salinity for secondary use of deep 

seawater, and the endemic seawater in the basin can be 

said to satisfy these conditions. 

 

3. Period for investigation, survey item, method of 

water sampling and investigation site 

 

Figure 1 shows the oceanographic survey area. A total 

of seven sites were surveyed: four in the Kumejima sea 

area and three in the Aguni Basin.  

The electrical conductivity of seawater was measured 

using a conductivity temperature depth profiler (CTD) 

aboard the Koyo Maru to investigate water depth, 

seawater temperature, dissolved oxygen, and salinity. 

The survey was conducted in August 2021.  

 

4. Result and Discussion  

4.1 Seawater temperature 

Figure 2 shows the results of the vertical distribution of 

seawater temperature. The results for the Kumejima sea 

area are shown by the red line, and those for the Aguni 

Basin are shown by the blue line. Figure 2 shows that 

there is no difference between the Kumejima sea area 

and the Aguni Basin, with a rapid decrease from the 

surface to a depth of around 600 m, followed by a 

gradual decrease thereafter. The temperature of the 

seawater at the depth of 900m or deeper is 4 to 5°C. 

Therefore, the Kumejima sea area and the Aguni Basin 

are comparable in terms of seawater temperature,    

Fig.1 Investigation site 
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and it is highly likely that the seawater in the Kumejima 

sea area is fed by stable, low-temperature deep seawater 

originating from the Aguni Basin. The temperature 

difference between surface seawater and deep seawater, 

which is the most important factor in OTEC, can be 

stably maintained.  

 

4.2 Salinity 

Figure 3 shows the results of the vertical distribution of 

salinity. Salinity is one of the secondary uses of deep 

seawater used for OTEC and also for aquaculture. The 

results of the survey in the Kumejima sea area are shown 

by the red line, and the Aguni Basin is shown by the blue 

line. Figure 3 shows that there is no difference between 

the Kumejima sea area and the Aguni Basin, with a rapid 

increase from the surface to a depth of about 200 m, 

followed by a rapid decrease to a depth of about 700 m. 

The salinity increases slowly at depths deeper than 700 

m, and then remains stable.  

Therefore, as with seawater temperature, the 

Kumejima sea area and the Aguni Basin are comparable 

in terms of salinity, indicating that the seawater in the 

Kumejima sea area is likely to be fed by deep seawater 

with stable salinity originating from the Aguni Basin, 

and that stable secondary use of deep seawater is 

possible. 

 

4.3 Dissolved oxygen 

Figure 4 shows the results of the vertical distribution of 

dissolved oxygen content. Dissolved oxygen is an 

important parameter for aquaculture. The results of the 

survey in the Kumejima sea area are shown by the red 

line, and the Aguni Basin is shown by the blue line. 

Figure 3 shows that there is almost no difference 

between the Kumejima sea area and the Aguni Basin, 

with a gradual decrease from the surface to a depth of 

around 700 m, followed by a stable transition. 

Therefore, the Kumejima sea area and the Aguni Basin 

are comparable in terms of dissolved oxygen as well as 

seawater temperature and salinity, and it is highly likely 

that the seawater in the Kumejima sea area is fed by deep 

seawater with dissolved oxygen from the Aguni Basin. 

 

5. Conclusions 

 

4) The seawater temperatures in the Kumejima sea 

area and the Aguni Basin show similar vertical 

profiles, indicating that the Kumejima sea area is 

likely fed by cold and stable deep seawater 

originating from the Aguni Basin. 

5) The salinity distribution in the Kumejima sea area 

and the Aguni Basin is comparable, indicating that 

the seawater in the Kumejima sea area is likely to 

be deep seawater with a stable salinity originating 

from the Aguni Basin. 

6) The dissolved oxygen in Kumejima sea area and the 

Aguni Basin show similar vertical profiles, 

indicating that the seawater in Kumejima sea area is 

likely to be deep seawater with dissolved oxygen 

from the Aguni Basin. 

 

 
Fig.2 Water temperature vertical distribution 

 
Fig.3 Salinity vertical distribution 

 
Fig.4 Dissolved Oxygen vertical distribution 
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Abstract 

Wind energy is abundantly available in nature, but due to its low energy density, the size of wind turbines needs to 

become larger and require vast sites where a large number of wind turbines can be installed in clusters. Therefore, 

there are high hopes for offshore wind power, where wind resources are abundant and vast sites are available. Offshore 

wind turbines have so far been developed in Europe and China, where low-cost monopile foundations have been used 

for the most part. However, as wind turbines become larger and the water depth of the installation area increases, 

jacket foundations will become increasingly important, as they are easier to ensure strength and rigidity and have 

fewer restrictions on construction equipment. In particular, the cost of foundations accounts for a large proportion of 

the cost of offshore wind turbines, so rationalizing the design of jacket foundations is an important issue for reducing 

the cost of power generation from offshore wind turbines. A jacket foundation basically consists of main structure 

(four legs) forming the periphery of the platform, and braces connected between the legs. 

In this study, an optimization software “JacketDes.m” is developed in Matlab to optimize for the lightest weight of 

the entire jacket foundation under static wind loads. Overall, five parameters are considered in this optimization study, 

the diameters and thicknesses of both the main structure and braces of the jacket foundation, and the base width of the 

four legs. The optimization software “JacketDes.m” controls the calculations of the freeware structural analysis 

software Frame3DD and uses the results to obtain a lightweight jacket foundation with sufficient resistance to 

compressive/tensile stresses and buckling. As there are only five parameters in this study, the optimal values are 

obtained by round-robin method within the pre-defined optimization range for each parameter. 

As a demonstration of the optimization method, a case study was conducted, to design the foundation of a 15 MW 

wind turbine. A four-legged jacket with a deck width 20 m and height 45 m off the coast of northern Kyushu 

(installation site water depth 20 m) was selected and optimized. As a result, jacket foundations with a base width of 

26 m, main structure and brace diameters of 1.2 m and 0.2 m, and respective plate thicknesses of 32 mm and 20 mm 

were obtained, as the the lightest weighing jacket foundation (1128 t). 

The future work includes extending the optimization method to include hydrodynamic forces of waves and currents, 

seismic loads, terminal and fatigue loads during power generation and welding effects, which are not considered in 

this study. In the optimization, the development of optimization algorithms for an increased number of parameters, 

such as higher resolution, individual diameter and thickness settings for each member, topology optimization, etc., 

should also be considered. 
 

1. INTRODUCTION 

This study develops an optimization method for jacket 

foundations (Fig. 1), which are promising as 

foundations for very large or deep-water offshore wind 

turbines.

 
Fig 1 Example of Jacket Foundation [3] 

 

2. DESIGN METHOD OVERVIEW 

In this study, the freeware for 3D frame analysis 

Frame3DD [1], the optimization software 

JacketDes.m (newly developed in Matlab) were used 

to perform the analysis and optimization of the jacket 

foundations. Here, the bearing capacity is evaluated in 

terms of compressive/tensile stresses and buckling, 

and the optimization parameters are the diameters and 

thicknesses of the main structure and braces, and the 

base widths. As there are five parameters listed above, 

the optimum value is obtained by round-robin method 

within the pre-defined optimization range for each 

parameter. 

The validity of the analysis was verified by the 

response under known loads. 

The ratio of the stress to the allowable values of 

compressive stress and buckling stress (0.605Et/r; E: 

Young's modulus, t: plate thickness, r: radius [5]) for 

each member was taken as effort (ηs, ηb). If these 

efforts exceed 0.5, the member can be considered to 

have failed. However, in reality, more loads are 

applied and there are many conditions that are not 

assumed in this study. Therefore, in this study, the 

lightest geometry among those whose effort does not 

exceed 0.5 is selected as the optimum value. 

 

3. DESIGN 
3.1 DESIGN CONDITION 

Optimization of a four-leg jacket (deck width 20 m) 

foundation consisting of SS400 (strength: 400 N/mm2 

[4]) cylinders was carried out for an IEA Wind 15 MW 

Reference Wind Turbine [1] to be installed offshore in 
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northern Kyushu (base wind speed 34 m/s, roughness 

category I, water depth 20 m). The design load (at the 

top of the jacket) was calculated as follows. The 

design loads (at the top of the jacket) were 16 

combinations of 6.1 MN shear force, 634 MNm 

bending moment, ±39 MNm torque and 18.4 MN 

axial force from 8 directions. 

 

3.2 DESIGN RESULT 

The distribution of effort and mass for a base width of 

26 m according to the above conditions and design 

method is shown in Fig. 2. The optimum shape for this 

base width is the lightest one with an effort not 

exceeding 0.5. A similar analysis was carried out for 

base widths between 20 and 30 m (2 m each) and the 

results are shown in Fig 3. This determined the 

following optimum (lightest weight) shapes. The 

values in brackets are the resolution of each variable. 

・Base width   ：26 m（2 m） 

・Main structure diameter ：1200 mm（200 mm） 

Thickness ：32 mm（2mm） 

・Brace diameter  ：200 mm（100 mm） 

Thickness  ：20 mm（5 mm） 

・Mass    ：1128 t 

 

4. CONCLUSION 
1) An optimization (lightest weight) method for the 

jacket foundation structure of a land-based offshore 

wind turbine has been developed. 

2) The same design method was applied to a 15 MW 

Reference Wind Turbine for the IEA Wind Turbine to 

be installed at a water depth of 20 m off the coast of 

northern Kyushu, with a base width of 26 m and an 

optimum geometry of 1128 t. The wind turbine was 

designed to be installed in the same location as the IEA 

Wind Turbine. 

3) Loads such as during waves and currents, 

earthquakes and power generation, consideration of 

fatigue and optimization algorithms are future issues. 

 

 
Fig 2 Base Width 22 m Jacket Effort and Mass 

 
Fig 3 Mass by Base Width 

 

Fig 4 Appearance of The Optimum Jacket 

Foundation 
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Abstract 

In this study, the air conditioning using seawater was investigated, focusing on the cascade utilization of deep-sea water. The aim 

of this research that a developing a heat exchanger has optimized performance of a cooling system. Then, the heat transfer 

performance of the heat exchanger and the seawater cooling system were evaluated. In this experiment, a plate heat exchanger with 

aluminum plate was employed. In order to evaluate the heat transfer performance at high flow rate conditions, the number of plates 

was reduced against previous study. In order to evaluate the heat transfer performance of the heat exchanger, a water-water 

experiment was performed with hot and cold water. Next, in order to evaluate the heat transfer performance of the seawater cooling 

system with FCU (Fan Coil Unit). In the FCU experiment, cold water and tap water flowed through the heat exchanger and the tap 

water cooled by the cold water. The cooled water flowed into FCU and heat exchange the cooled water and hot air. The result of 

these experiments was as follows. As the water-water experiments, the smaller the number of plates in the heat exchanger indicates 

the larger heat transfer coefficient. As the FCU experiments, it was found that the heat transfer coefficient of the FCU increases 

with an increase in the mass flow rate of tap water and the flow rate of the air. It was also found that the cooling performance of 

the cooling system improved at increasing the heat transfer rate of the heat exchanger. 

 

1. Introduction 

In this study, the application to the cooling system using deep 

sea water was paid attention. This cooling system is that 

indirectly transfers cold heat from deep ocean water using a 

heat exchanger and an FCU. It is one of the sea water air 

conditioning system (SWAC). In this study, the heat transfer 

performance of the heat exchanger and the heat transfer 

performance of the seawater cooling system were evaluated. 

In this presentation, the result of heat transfer characteristics 

at the higher water flow velocity was reported. 

 

2. Experiment 

To evaluate the heat transfer characteristics of the PHE, a 

water-water experiment and the heat transfer performance of 

the entire cooling system using the FCU and heat exchanger 

were performed. 

Fig. 2.1 and 2.2 show the schematic diagrams of the water-

water experiment apparatus and the FCU experiment 

apparatus. The water-water experimental apparatus consists of 

a PHE, a refrigerator, and hot water tank. CU experiment 

apparatus consists of PHE, a refrigerator, tap water tank, and 

FCU (Fan Coil Unit). Fig. 2.3 shows that the FCU unit. The 

equipment of FCU experiment apparatus except of the 

refrigerator were installed in a storeroom. The inlet 

temperature of air at the FCU was controlled by an air 

conditioner. 

The material of the PHE test plate is pure aluminum A1050, 

and the chevron angle is 60°. The experiments were performed 

using PHE with 5 and 13 plates, in order to compare the heat 

result of previous research (1) which plate heat exchanger was 

installed 21 plates. 

 

 
Fig. 2.1 Schematic diagram of water-water experimental 

apparatus. 

 
Fig. 2.2 Schematic diagram of FCU experimental apparatus. 

 

 
Fig. 2.3 FCU unit 

 

At the water-water experiment, while counter flowing the 

cold and hot water in the PHE, the investigation the change in 

heat transfer characteristics due to the difference flow velocity 

and number of plates were performed. 

The experimental conditions were 10°C for cold water and 

30°C for hot water. 

In the FCU experiment, the hot air and cold tap water was 

heat exchanged in the FCU., Also, the heat obtained by the 

FCU is heat exchanged with cold water in the PHE. The air 

inlet temperature of the FCU was 30°C. Cold water was o 5°C. 

The flow rate of cold water, tap water, and FCU air were given 

as experimental conditions. The temperature and flow rate at 

the inlet and outlet of PHE and FCU were measured. 

 

3. Data reduction 

In the water-water experiment and the FCU experiment, the 

heat transfer rate was calculated by the following equation. 

 

𝑈 = 𝑄/(𝐴𝑠Δ𝑇𝑙𝑚) (1) 
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𝑄 is the heat transfer rate of the heat exchanger, Δ𝑇𝑙𝑚 is the 

logarithmic mean temperature difference, and 𝐴𝑠 is the heat 

transfer area. Each value was obtained by the following 

equations (2) and (3).  

 

𝑄 = 𝑚𝐶𝑝(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) (2) 

 

Δ𝑇𝑙𝑚 =
(𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑜𝑢𝑡) − (𝑇ℎ,𝑜𝑢𝑡 − 𝑇𝑐,𝑖𝑛)

ln{(𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑜𝑢𝑡)/(𝑇ℎ,𝑜𝑢𝑡 − 𝑇𝑐,𝑖𝑛)}
 (3) 

 

where 𝑚 [kg/s]  is the mass flow rate of cold water, 

𝐶𝑝 [J/(kg ∙ K)] is the specific heat of cold water at constant 

pressure, 𝑇ℎ,𝑖𝑛 , 𝑇ℎ,𝑜𝑢𝑡  is the inlet and outlet temperature of 

the heat exchanger at high temperature side , 𝑇𝑐,𝑖𝑛  , 𝑇𝑐,𝑜𝑢𝑡 are 

the inlet and outlet temperatures at the cold temperature side.  

The heat transfer coefficient ℎ  of the heat exchanger was 

defined by using the Wilson plot method. 

 

4. Experimental result 

4.1 Water-water experiment 

Fig. 4.1 shows the correlation between 𝑁𝑢ℎ  and 𝑅𝑒ℎ 

obtained from the heat transfer coefficient on the hot water side 

at the different number of plates heat exchanger. Table 4.1 

shows the Nusselt number at different number of plates. As 

shown in Fig. 4.1, heat exchanger has smaller the number of 

plates indicates high 𝑁𝑢ℎ.  

The cause is considered that the influence of the flow 

distribution in each channel. As the number of plates increases, 

the water flow velocity in the channel which is furthest from 

the entrance becomes slower than near the entrance due to the 

pressure loss. 

 

 
Fig. 4.1 Correlation between 𝑁𝑢ℎ and 𝑅𝑒ℎ 

 

Table 4.1 𝑁𝑢ℎ number 

5 plates 𝑁𝑢ℎ = 0.349𝑅𝑒ℎ
0.592𝑃𝑟ℎ

1/3 

13 plates 𝑁𝑢ℎ = 0.349𝑅𝑒ℎ
0.584𝑃𝑟ℎ

1/3 

21 plates 𝑁𝑢ℎ = 0.302𝑅𝑒ℎ
0.583𝑃𝑟ℎ

1/3 
 

4.2 FCU experiment 

Fig. 4.2 shows that the relationship between the mass flow 

rate 𝐺𝑡𝑤  of tap water and the heat transfer coefficient 

𝑈𝐹𝐶𝑈,𝑡𝑤 of the FCU, and Fig. 4.3 shows that the comparing 

the cooling performance at the difference in the heat transfer 

coefficient of the PHE. In addition, the temperature difference 

𝑑𝑇𝑎𝑖𝑟 [°C] was calculated by Eq. (4) using the inlet and outlet 

temperatures on the air side of the FCU.  

 

𝑑𝑇𝑎𝑖𝑟 = 𝑇𝑎𝑖𝑟−𝐹𝐶𝑈,𝑖𝑛 − 𝑇𝑎𝑖𝑟−𝐹𝐶𝑈,𝑜𝑢𝑡 (4) 

 

Fig. 4.2 shows that the 𝑈𝐹𝐶𝑈,𝑡𝑤 increases with an increasing 

in 𝐺𝑡𝑤. Although, the heat transfer coefficient decreased at the 

highest flow velocity. It is considerd that one possible reason 

is that the value of the heat transfer coefficient and overall heat 

transfer coefficient become constant in the region where the 

flow velocity is high. Also, in Fig. 4.3, it was found that the 

cooling performance improves with an increases in𝑈𝑡𝑤,𝑃𝐻𝐸. 

 

 
(a) 5 plates 

 
(b) 13 plates 

Fig. 4.2 Correlation between mass flow rate 𝐺𝑡𝑤 and overall 

heat transfer coefficient 𝑈𝐹𝐶𝑈,𝑡𝑤. 

 

 
Fig. 4.3 Cooling performance against heat transfer rate of 

PHE. 

 

5. Conclusion 

At the plate heat exchangers with different numbers of plates, 

the heat transfer performance of the heat exchanger was 

evaluated and the heat transfer performance of the seawater 

cooling system installed the heat exchanger. At the reducing 

the number of plates in the plate heat exchanger against the 

previous research, the heat transfer characteristics of the fluid 

in the heat exchanger were investigated under higher flow 

velocity conditions. 

In water-water experiments, it was found that the smaller the 

number of plates, the higher the heat transfer coefficient. The 

cause is that the influence of distribution of flow velocity in 

each channel in plate heat exchanger. 

In the FCU experiment, it was found that the heat transfer 

coefficient on the FCU side increased with an increasing in the 

tap water flow rate under each number of plates condition. 

However, the heat transfer coefficient decreased under the 

condition of the highest flow velocity., It is considered due to 

the improvement in heat transfer due to the increase in flow 

velocity exceeded the peak point. Regarding the cooling 

performance, it was found that the higher the overall heat 

transfer coefficient of the heat exchanger, the better the cooling 

performance. By comparing experiments with two different 

number of plates, it has a wider distribution of the correlation 

between the overall heat transfer coefficient and the air 

temperature difference in the FCU. 
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Abstract 

To improve the performance of the heat exchanger for OTEC, it is necessary to clarify the boiling heat transfer 

characteristics of ammonia of the heat exchanger. In this study, the effect of the channel shape of heat exchanger and 

shape of heat transfer surface of PHE were focused, and the overall and the boiling heat transfer coefficient were 

measured using ammonia as the working fluid on micro channel (MCHE) and plate heat exchanger (PHE). The MCHE 

has 35 stages with 51 channels per stage. The heat transfer surfaces of PHE has a herringbone surface which were 

anodized aluminum plates. The anodic oxidation was performed to increase the corrosion resistance for ammonia. As 

a result, it was clarified that the effect of the mass flow rate and temperature of hot water and on the overall heat 

transfer coefficient and boiling heat transfer coefficient. Further, an empirical correlation for the boiling heat transfer 

coefficient based on the Lockhart-Martinelli parameter was derived. 

 

Key Words: Overall heat transfer coefficient, Boiling heat transfer coefficient, MCHE, PHE, 

Lockhart-Martinelli parameter 

 

1. Introduction 

In order to improve the performance of heat exchanger for OTEC, it is essential to clarify the boiling heat transfer 

characteristics of heat exchanger. The overall heat transfer coefficient and boiling heat transfer coefficient were 

measured to clarify the boiling heat transfer characteristics on MCHE and PHE. To improve the performance of heat 

exchangers used in OTEC, various studies have been conducted, such as heat transfer characteristics of ammonia, 

channel shape of heat exchanger, shape of heat transfer surface of PHE, enhancement boiling heat transfer coefficient, 

Pressure drop and material of heat transfer surface. Therefore, in this study, MCHE was investigated the effect of 

channel shape of heat exchanger. In addition, PHE was investigated the effect of shape of heat transfer surface. 

 

2. Experiment 

2.1 Experimental apparatus 

Fig. 1 shows that the schematic diagram of experimental apparatus. The experimental apparatus consists of a heat 

exchanger, a refrigerator 1 and 2, a subcooler, a hot water tank, a hot water pump and a working fluid tank. The 

ammonia is used as the working fluid. The MCHE and PHE has been adopted as a heat exchange. The quantity of 

state which measured by each sensor are collected and recorded in a data logger. In addition, the experimental 

apparatus has three circulation cycles: a working fluid, a cold water and a hot water circulation cycle. 

Fig. 2 shows that an external view of the MCHE which is made of SUS316. The size of MCHE is width of 140 mm 

× length of 200 mm × thickness of 40 mm. The MCHE has 35 stages with 51 channels per stage.  

Fig. 3 shows that an external view of test plate which is made of A1050 for PHE. The size of PHE is width of 100 

mm × length of 350 mm × thickness of 1 mm. The surface shape of the plate is herringbone and the chevron angle 

is 60 degrees. This test plate is surface-treated by anodic oxidation specified in JIS H8601 in order to provide corrosion 

resistance.  

Table 1 and 2 show that the experimental conditions of this experiment in MCHE and PHE. 

 



32 

 

 
Fig. 1 Schematic diagram of experimental apparatus. 

 

 

 

 

 

 
Fig. 2 MCHE Fig. 3 PHE 

 

Table 1 Experimental conditions (MCHE). 

Pressure [kPa] 700 

Mass flow flux of working [kg/m2s] 8.2, 10.2, 12.3, 14.3 

Flow rate of hot water [L/min] 1, 2, 3, 4, 5 

Inlet temperature of hot water [℃] 25,30,35,40 

 

Table 2 Experimental conditions (PHE). 

Pressure [kPa] 700 

Mass flow flux of working [kg/m2s] 2.7, 3.9, 5.8, 7.7, 11.6 

Flow rate of hot water [L/min] 1, 2, 3, 4, 5 

Inlet temperature of hot water [℃] 25, 30, 40 

 

2.2 Data reduction 

The overall heat transfer coefficient 𝑈and boiling heat transfer coefficient hwf were obtained by the experimental 

data. These values were calculated by following equations: 

𝑈 = 𝑄ℎ/(𝐴𝑆∆𝑇𝑙𝑚)        (1) 

1

ℎ𝑤𝑓
=

1

𝑈
− (

1

ℎℎ
+

𝑡

𝑘
)        (2) 

Further, heat transfer of hot water hh was calculated by a following equation proposed by Nishiguchi(1). 

𝑁𝑢 = ℎℎ𝐷𝑒𝑞/𝑘ℎ = 𝐶1𝑅𝑒𝑛𝑃𝑟1 3⁄                (3) 

where 𝐶1 = 0.4, 𝑛 = 0.23 at MCHE and 𝐶1 = 0.31, 𝑛 = 0.58 at PHE (Nishiguchi(1)). 
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3. Result and discussion 

3.1 Overall heat transfer coefficient 

Fig 4 (a) and (b) show that the overall heat transfer coefficient 𝑈 (at 𝑇ℎ,𝑖𝑛 = 30℃) of in MCHE and PHE. At the 

result of the MCHE in Fig. 4 (a), the overall heat transfer coefficient tends to increase with an increase in hot water 

velocity at hot water velocity 𝑉ℎ < 0.1. However, it remains almost constant at 𝑉ℎ > 0.1. 

At the result of the PHE in Fig. 4 (b), the overall heat transfer coefficient tends to increase at 𝑉ℎ < 0.2. However, in 

case of 𝑉ℎ > 0.2, it remains almost constant at the large mass flow flux G of working fluid. 

 

  

(a) MCHE, 𝑇ℎ,𝑖𝑛 = 30℃ (b) PHE, 𝑇ℎ,𝑖𝑛 = 30℃ 

Fig. 4 Overall heat transfer coefficient against hot water velocity. 

 

3.2 Boiling heat transfer coefficient 

Fig 5 (a) and (b) show that the boiling heat transfer coefficient hwf (at 𝑇ℎ,𝑖𝑛 = 30℃) in MCHE and PHE. According 

to Fig. 5 (a) and (b), the boiling heat transfer coefficient tends to increase at vapor quality x < 0.4. However, it decreases 

at x > 0.4. 

 

  

(a) MCHE, 𝑇ℎ,𝑖𝑛 = 30℃ (b) PHE, 𝑇ℎ,𝑖𝑛 = 30℃ 

Fig. 5 Boiling heat transfer coefficient against quality. 

 

3.3 𝒉𝒘𝒇 𝒉𝑳𝒁⁄ as a function of 1/𝜲𝒗𝒗 

Fig 6 (a) and (b) show that the relationship between the ratio ℎ𝑤𝑓 ℎ𝐿𝑍⁄ and 1/𝛸𝑣𝑣 at MCHE and PHE. Lockhart-

Martinelli parameter 𝛸𝑣𝑣 and ℎ𝐿𝑍 was calculated by following equations: 

𝑋𝑣𝑣 = {(1 − 𝑥)/𝑥}0.5(𝜌𝑔/𝜌𝑙)
0.5

(𝜇𝑙/𝜇𝑔)
0.5

     (4) 

ℎ𝐿𝑍 = 0.23
𝑘𝑙

𝐷𝑒𝑞
[
𝐺(1−𝑥)𝐷𝑒𝑞

𝜇𝑙
]
0.8

𝑃𝑟𝑙
0.4       (5) 

The derived correlation of MCHE and PHE with Lockhart-Martinelli parameter are as follows: 

[MCHE] ℎ𝑤𝑓 ℎ𝐿𝑍 = 3.3(1 Χ𝑣𝑣⁄ )0.80⁄       (6) 

[PHE]  ℎ𝑤𝑓 ℎ𝐿𝑍 = 22.6(1 Χ𝑣𝑣⁄ )0.97⁄       (7) 

On the other hand, the correlation equation of Arima et al. (2) which is correlation for flat plate are as follows: 

ℎ𝑤𝑓 ℎ𝐿𝑍 = 16.4(1 Χ𝑣𝑣⁄ )1.08⁄               (8) 
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According to Fig. 6 (a), the correlation of Lockhart-Martinelli parameter for MCHE is lower than the correlation of 

Arima et al. (2) However, in case of PHE, the value of present study is larger than the correlation. 

 

 

 

(a) MCHE (b) PHE 

Fig. 6 ℎ𝑤𝑓 ℎ𝐿𝑍⁄  as a function of 1/𝛸𝑣𝑣 

 

4. Conclusion 

(1) At the MCHE, the overall heat transfer coefficient tends to increase with an increase in hot water velocity at hot 

water velocity 𝑉ℎ < 0.1. However, it remains almost constant at 𝑉ℎ > 0.1. 

 At PHE, the overall heat transfer coefficient tends to increase at 𝑉ℎ < 0.2. However, in case of 𝑉ℎ > 0.2, it 

remains almost constant at the large mass flow flux G of working fluid. 

(2) At the MCHE and PHE, the boiling heat transfer coefficient tends to increase at vapor quality x < 0.4. However, 

it decreases at x > 0.4. 

(3) The correlation of Lockhart-Martinelli parameter for MCHE is lower than the that of Arima et al. However, that 

of PHE is large than the that of Arima et al. (2). 
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Abstract 

Since ocean thermal energy conversion (OTEC) uses the temperature difference of about 20°C in seawater to generate electricity, 

the available temperature difference is very small compared to thermal power generation method. In order to promote practical use, 

it is important to design with consideration for higher performance and installation requirements. In this paper, we focused on the 

optimization of the OTEC system under the conditions of the set Deep ocean water (DOW) discharge, targeting the combined use 

of heat and seawater resources such as the Kumejima model. We clarified the characteristics of each objective function of 

conventional optimization, along with the optimum Surface ocean water (SOW) flow rate at a set DOW flow rate. As a result, in 

the multi-stage use of DOW, the optimization of OTEC when the DOW flow rate is set was examined, and the relationship between 

the SOW flow rate and the conventional objective function was clarified. Furthermore, as a theoretical study when the DOW flow 

rate is set, an estimation formula for 𝐶𝐻 that maximizes the net power for 𝐶𝐿 was derived by numerical analysis. 

 
1．Introduction 

Since ocean thermal energy conversion (OTEC) uses the 

temperature difference of about 20°C in seawater to generate 

electricity, the available temperature difference is very small 

compared to other power generation methods. In other words, 

theoretically, the amount of heat required for the work of the 

heat engine is large, and the heat transfer area of the heat 

exchanger is large. Therefore, in order to promote practical use, 

it is important to design with consideration for further 

performance and installation requirements. Heat exchanger 

occupies the largest volume in the total volume of the floating 

body, and since titanium is used as the material, the heat 

exchanger is the component that has the greatest impact on the 

construction cost. Therefore, in the design of the OTEC power 

plant, minimization of the construction cost is simply 

calculated by assigning it to the optimization with the ratio of 

the total heat transfer area of the heat exchanger per net power 

as the objective function [1]. 

On the other hand, it is estimated that water intake facilities 

account for about 70% of the total installation cost for a small-

scale (1~5MW) land-based OTEC. Above all, the cost of 

intake equipment for DOW accounts for 80% of the 

installation cost [2]. For the purpose of reducing the installation 

cost of water intake equipment, attempts have been made to 

design single-stage Rankine cycle (S-R) and two-stage 

Rankine cycle (D-R) to minimize the total amount of seawater 

intake. Furthermore, in order to reduce the DOW water intake, 

an optimization method was constructed to minimize the 

DOW water intake [3]. However, results have been obtained by 

optimization, but the Reynolds number is high, and an 

empirical formula for the heat transfer coefficient at a high 

Reynolds number is required in order to improve the accuracy 

of the optimization. 

In addition, combined use of DOW including OTEC is 

expected as a Kumejima model. If the main purpose is to use 

DOW like the Kumejima model, it is important to optimize the 

OTEC system under the set DOW flow rate. There are not 

many studies of OTEC optimization in such cases. 

Therefore, in this research, with the aim of optimizing the 

OTEC system with a constant DOW flow rate, we clarified the 

characteristics of each objective function along with the 

optimal SOW flow rate under this condition. For this optimal 

design, we conducted experiments in a wider range than the 

conventional applicable range for the heat transfer equation of 

the Cross flow plate heat exchanger to be used, and derived a 

new estimation equation. Furthermore, as a theoretical study 

when the DOW flow rate is set, the optimum SOW flow rate 

estimation formula is examined by numerical analysis. 

 

2．Evaporator performance test 

In the experiment, a performance test was conducted on a cross-

flow plate heat exchanger using a 15kW OTEC experimental 

apparatus. Schematic diagram of the OTEC system using Rankine 

cycle is shown in Fig.1. This system consists of an evaporator, a 

working fluid pump, piping, a turbine, a condenser, a separator, and 

a generator. 

The experimental conditions were a hot water temperature 

of 29°C, a cold water temperature of 9°C, a hot water flow rate 

of 120-390 m3/h, and a vapor quality of the working fluid at 

the evaporator outlet of about 0.8. Pure ammonia was used as 

the working fluid. In this study, in order to extend the 

application range, the current study was conducted at 1400 to 

4500, compared to Re = 1400 to 2500 in conventional 

experimental condition. 

From the experimental results, 𝑁𝑢𝑊𝑆 on the hot water side 

obtained the following estimation formula. 

𝑁𝑢𝑊𝑆 = 0.0858𝑅𝑒𝑊𝑆
0.8𝑃𝑟𝑊𝑆

1/3
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Fig.1 Rankine Cycle 

 

3．Evaluation of the objective function when the amount 

of DOW intake is constant 

In this study, the OTEC system was optimized for the DOW 

flow rate, assuming that the power generation output of the 

OTEC is determined from the set DOW flow rate when the 

OTEC is installed mainly for the purpose of multi-stage use of 

the DOW. In this optimal design, the following objective 

function 𝛾1, 𝛾2, 𝛾3, which has been used conventionally, was 

used. 

𝛾1 = (𝐴𝐸𝑠𝑢𝑚 + 𝐴𝐶𝑠𝑢𝑚)/𝑊𝑛𝑒𝑡 

𝛾2 = (𝐴𝐸𝑠𝑢𝑚 + 𝐴𝐶𝑠𝑢𝑚)𝑊𝑚𝑎𝑥   /𝑊𝑛𝑒𝑡  

𝛾3 = (𝐴𝐸𝑠𝑢𝑚 + 𝐴𝐶𝑠𝑢𝑚)𝑚𝑐𝑠/𝑊𝑛𝑒𝑡  

where 𝛾1 is the total heat transfer area per net power, 𝛾2 

is the total heat transfer area for the exergy efficiency, and 𝛾3 

is the objective function for reducing DOW water intake. 

The optimum design was performed using the heat balance, 

the performance of each component, and the empirical 

formulae for convective heat transfer coefficient. Fig.2 shows 

the relationship between the SOW flow rate 𝑄𝑉,𝐿  and each 

objective function when the DOW flow rate 𝑄𝑉,𝐻  = 

10000m3/h and the DOW intake pipe length is 1000m. Fig. 3 

shows the relationship between the change in 𝛾1 and the net 

power when the intake pipe length and DOW flow rate are 

changed. 

 

   

Fig. 2 Relationship between 𝑄𝑉,𝐻 and 𝛾1, 𝛾2, 𝛾3 

 

Fig. 3 Relationship between 𝑄𝑉,𝐻 and 𝛾1 

 

    

Fig. 4 Relationship between 𝑄𝑉,𝐿 and 𝑄𝑉,𝐿 

at the optimum point (𝑙𝐷𝑂𝑊 = 1000m) 

 

From Fig.2, we confirmed that  𝛾1  and 𝛾3  are minimized, 

and 𝛾2  decreases as the SOW flow rate decreases. From the 

figure, it was clarified that there exists an optimum SOW flow rate 

for the set DOW flow rate at 𝛾1 and 𝛾3. It was also confirmed 

that the optimum conditions are equivalent under the constant 

DOW flow rate. From Fig.3, it was confirmed that the minimum 

value of the objective function takes the same value for each intake 

pipe length. 

Also, looking at the flow rate at this optimum point, it was 

newly found that the SOW flow rate relative to the DOW flow 

rate is determined for each OTEC design condition. Fig. 4 

shows the relationship between the DOW flow rate and the 

SOW flow rate when the length of the DOW intake pipe is 

1000m. Clearly, the optimum SOW flow rate is determined by 

the DOW flow rate. 

 

4．Theoretical study for constant DOW flow rate 

In this study, numerical analysis was conducted to find the 

theoretical formula for the SOW flow rate that maximizes the 

net power under the condition that the DOW flow rate is set. 

Equation (2) is the relational expression of the net power by 

Ikegami et al. [4]. The derivative of Eq.(2) is Eq.(3), and the 

relational expressions of the heat capacity flows 𝐶𝐻  and 𝐶𝐻 

that satisfy Eq.(3) are derived. 
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𝑊𝑛𝑒𝑡 = 𝛥𝑇(𝐶𝐻
−1 + 𝐶𝐿

−1)−1 − 𝑅𝐻𝐶𝐻
𝑛+1 − 𝑅𝐿𝐶𝐿

𝑛+1 (2) 

(Δ𝑇 = (√𝑇𝐻 − √𝑇𝐿)
2
) 

𝜕𝑊𝑛𝑒𝑡

𝜕𝐶𝐻

=
𝛥𝑇

(𝐶𝐻
−1 + 𝐶𝐿

−1)2
− (𝑛 + 1)𝑅𝐻𝐶𝐻

𝑛+2 = 0 (3) 

Here, DOW temperature 𝑇𝐿 = 4 ℃, SOW temperature 𝑇𝐻 =

28 ℃ , 𝑛 = 1.8 , flow resistance variable 𝑅𝐿 = 𝑅𝐻 =

10−7 K2.8/MW1.8 ,  Fig. 5 shows the relationship between 

𝐶𝐻  and 𝑊𝑛𝑒𝑡  when𝐶𝐿 = 1000 MW/K  , and Fig. 6 shows 

the relationship between 𝐶𝐿 and 𝐶𝐻,𝑂𝑃𝑇. 

From Fig. 5, it can be confirmed that the optimum value of 𝐶𝐻 that 

maximizes the net power (𝑊𝑛𝑒𝑡,𝑀𝐴𝑋 ) with respect to 𝐶𝐿  can be 

obtained. Fig. 6 shows the relationship of 𝐶𝐻,𝑂𝑃𝑇 to changes in 𝐶𝐿 

under the same conditions of 𝑛, Δ𝑇and 𝑅𝐻. From this relationship, 

𝑛, Δ𝑇  and 𝑅𝐻 are variables, and the optimal relational expression 

of 𝐶𝐻,𝑂𝑃𝑇  for 𝐶𝐿  is derived as shown in Equation (4). Table 1 

shows the conditions under which Eq. (4) holds. In addition, Fig. 7 

shows the theoretical formula for obtaining the optimum value of 𝐶𝐻, 

and the relationship between the optimum values of 𝐶𝐻 in Eqs. (3) 

and (4). 

𝐶𝐻,𝑂𝑃𝑇 = 4.15𝑛−1.68∆𝑇0.249𝑅𝐻
−0.250𝐶𝐿

0.682𝑛−0.928
(4) 

From Fig.7, we confirmed that the error of Equation (4) 

derived by numerical analysis is within ±10%. 

 

   

Fig. 5 Relationship between 𝐶𝐻and 𝑊𝑛𝑒𝑡 

 

   

Fig. 6 Relationship between 𝐶𝐿, and 𝐶𝐻,𝑂𝑃𝑇 

 

Fig. 7 Relationship between 𝐶𝐻,𝐸𝑋𝑃 and 𝐶𝐻,𝐶𝐴𝐿 

 

Table 1 Range in equation (4) 

1.5 ≤ 𝑛 ≤ 2.0 

0.3 ≤ ∆𝑇 ≤ 1.0 

1 × 10−7 ≤ 𝑅𝐻 ≤ 4 × 10−7 

When 𝑊𝑛𝑒𝑡 > 0，𝐶𝐿 < 44.2𝑛−8.06𝑅𝐻
−0.576∆𝑇

1

𝑛 

 

5．Conclusions 

In the multi-stage use of DOW, the optimization of OTEC 

when the DOW flow rate was investigated. Regarding the 

relationship between the SOW flow rate and the conventional 

objective function, it was clarified that the optimum SOW flow 

rate exists for the set DOW flow rate in 𝛾1 and 𝛾3, and that 

these objective functions can be optimized. In addition, it was 

clarified that the optimum SOW flow rate was determined when 

the DOW flow rate was determined for each OTEC design 

condition. Furthermore, an estimation formula for 𝐶𝐻  that 

maximizes the net power for 𝐶𝐿  was derived by numerical 

analysis, and it was confirmed that the error of this estimation 

formula was within ±10%. 
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Abstract 

Japan has about 10% of the world's active volcanoes (1) and possesses a large geothermal potential. Among these, small-

scale binary power generation is expected to be one of the most promising, but adhesion to pipes and heat exchangers 

is an issue. As a countermeasure, hybrid hot spring water temperature difference power generation (H-STEC), which 

uses flash evaporation of hot spring water, has been proposed. This study aims to clarify the characteristics of the H-

STEC power generation system and its effect on the working fluid flow rate. It is found that the upper limit of the 

working fluid flow rate exists under the operating conditions of this H-STEC system because the superheat at the turbine 

inlet is determined by the working fluid flow rate due to the constant evaporation temperature of the hot spring water. 

In the future, we will experimentally clarify the characteristics of this system when it is applied using R1224yd, a low-

GWP refrigerant. 

 

Key Words: Flash evaporation, H-STEC, Hot spring, Maximum power, Self-supplied water system 

 

1. INTRODUCTION 

Japan has approximately 10% of the world's active 

volcanoes (1), and as one of the world's largest volcanic 

countries, it possesses a large amount of geothermal 

potential. Japan has the world's third largest geothermal 

potential, with a geothermal resource of approximately 

23.47 million kW (2). In fact, Japan's geothermal power 

plants have an approved output of 603 MW (in 2021) (3). 

In addition, geothermal power generation is not 

affected by weather conditions, and stable power 

generation is possible day and night because power is 

generated by pumping up steam and hot water from 

geothermal reservoirs deep underground. Therefore, 

geothermal power generation has a high utilization rate 

among renewable energies, with a facility utilization rate 

of 56% compared to 13% for solar power and 20% for 

wind power (4). In Japan in particular, geothermal water 

with low temperatures is scattered throughout the country. 

Figure 1 shows a schematic diagram of a binary power 

generation system. Binary power generation uses an 

organic Rankine cycle (ORC), in which a geothermal 

fluid with a relatively low temperature of 150°C or lower 

is used as a heat source to exchange heat with a low-

boiling-point medium that has a lower boiling point than 

water. Because the low-boiling medium is used as the 

working fluid, binary power generation can generate 

power using heat at medium to low temperatures, which 

is not possible with the flash method. It also has the 

advantage of a large pressure difference before and after 

the turbine, which allows the turbine to be downsized. 

However, the heat transfer performance is degraded when 

silica, calcium carbonate, and other components in the 

geothermal fluid adhere to the heat exchanger as scale, 

causing a reduction in power generation output. In 

addition, if an air-cooled condenser is used, it is larger 

than a water-cooled condenser, and if a water-cooled 

condenser is used, securing water resources is an issue. 

This study focuses on a hybrid hot spring water 

temperature difference power generation system: H-

STEC, which combines a flash evaporation system and a 

hot spring water temperature difference power generation 

system. 

 

 
Fig.1 General STEC system (hot spring binary power 

generation) 

 

Conventional studies on H-STEC have not 

experimentally clarified the operational and essential 

cycle characteristics to obtain the maximum power 

output of H-STEC, especially the cycle characteristics 

including working fluid and turbine inlet superheat. This 

study experimentally clarifies the optimum operating 

conditions for H-STEC in terms of working fluid flow 

rate and turbine inlet superheat. 

Silica and calcium carbonate components dissolved in 

the hot spring water precipitate and adhere to the heat 

exchanger, resulting in a decrease in the flow rate of the 

hot spring water and a decrease in the amount of heat that 

can be recovered by the heat exchanger. As a result, it has 

been reported that the power output decreases with 

continued operation (5). Although many studies have been 

conducted on anti-scale measures, they have yet to reach 

a satisfactory solution. 

In the case of an air-cooled condenser, air is used as 

the cold heat source, eliminating the need for water 

resources. However, since the heat transfer coefficient of 

the air side is lower than that of the working fluid side, a 

large heat transfer area must be secured by installing fins 

on the air side, which may make it the largest structure 

among the components. On the other hand, when using a 

water-cooled condenser, securing the cooling water 

required to cool the working fluid is an issue. 

This study focuses on a hybrid hot spring water 

temperature difference power generation system: H-

STEC, which combines a flash evaporation system and a 



39 

 

hot spring water temperature difference power generation 

system. 

Conventional studies on H-STEC have not 

experimentally clarified the operational and essential 

cycle characteristics to obtain the maximum power 

output of H-STEC, especially the cycle characteristics 

including working fluid and turbine inlet superheat. 

In addition, the effectiveness of H-STEC in preventing 

scale deposition in the evaporator by flash evaporation 

has not been quantitatively evaluated. 

In addition, the recent addition of R245fa, a 

conventionally used working fluid, to the regulatory list 

has prompted ORC to investigate alternative working 

fluids, but no evaluation of the applicability of alternative 

working fluids to H-STEC has been conducted. In this 

study, the following three points will be investigated. 

 

1. To experimentally clarify the optimum operating 

conditions for H-STEC in terms of working fluid 

flow rate and turbine inlet superheat. 

 

2. To quantitatively clarify the scale deposition 

prevention effect of H-STEC in the evaporator by 

chemical analysis of hot spring water and 

condensate. 

 

3.  Apply R1224yd, a low-GWP refrigerant proposed as 

an alternative to R245fa, as well as R245fa, to H-

STEC to theoretically clarify the characteristics 

inside the cycle and to clarify the applicability and 

validity of the alternative working fluid. 

 

2. ANALYSIS 

The specifications of the flash chamber used in the 

experiment and photographs of its exterior are shown in 

Fig. 2, respectively. The flash chamber has one nozzle 

connected to the hot spring water inlet, and flash 

evaporation occurs when the water leaves the nozzle. The 

generated vapor is sent to the evaporator through a 

demister. The evaporator has a connection to a vacuum 

pump, and the internal pressure can be changed by 

opening a valve. 

 

 

Fig.2 Hot spring steam and condensate flow 

 

3. Result and Consideration of Calculation at cycle 

Fig. 3 shows the relationship between the working 

fluid flow rate and the evaporation and condensation 

pressures. The evaporation pressure is increasing in 

relation to the working fluid flow rate, and the differential 

pressure at the turbine inlet and outlet is increasing. 

 

 

Fig.3 Evaporation and condensation pressures versus 

working fluid flow rate 

 

Fig. 4 shows the relationship between the working 

fluid flow rate and the power generation end output with 

the refrigerant R245fa. The increase in the differential 

pressure between the turbine inlet and outlet with the 

increase in the working fluid flow rate is a factor. On the 

other hand, the turbine inlet superheat, △TTIsh, showed a 

decreasing trend. This is thought to be due to the lower 

heat source available for H-STEC compared to STEC. 

 

 
Fig.4 Generating end power and turbine inlet superheat 

versus working fluid flow rate. 

 

Fig. 5 shows the relationship between the working 

fluid flow rate and the cycle thermal efficiency. The cycle 

thermal efficiency and the maximum power ratio are 

increasing for both STEC and H-STEC. In this case, the 

cycle thermal efficiency is increasing because the output 

is increasing and the rate of increase of the heat 

exchanged in the evaporator is smaller than the output. 
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Fig.5 Cycle thermal efficiency and maximum power 

factor versus working fluid flow rate. 

 

4. CONCLUSIONS 

Parametric analysis was conducted to theoretically 

clarify the applicability of the green refrigerant R1224yd 

to replace R245fa and its effectiveness in comparison 

with STEC. As a result, it was theoretically clarified that 

the basic characteristics of R245fa and R1224yd in H-

STEC are equivalent in performance for both working 

fluids. The applicability of R1224yd should be 

experimentally evaluated in the future. 

The output of STEC and H-STEC were compared, and 

it was quantitatively clarified that the output of STEC 

was higher than that of H-STEC under the same 

analytical conditions. However, considering that the heat 

transfer performance of the STEC evaporator is reduced 

by the deposition of the hot spring water scale, there 

exists an inversion condition in which the output of H-

STEC is higher than that of STEC. The chemical analysis 

was conducted to clarify the change of the hot spring 

water after the theory that the higher the heat passage 

coefficient, the more the stain causes the STEC output 

decrease and the more effective the H-STEC is, and the 

condensate showed that it was quantitatively clarified 

that the fouling components that cause scale were 

removed. In addition, a 30 kW H-STEC experiment was 

conducted in this study to investigate optimization 

parameters. As a result, it was experimentally clarified 

that the working fluid flow rate determines the turbine 

inlet superheat due to the constant hot spring steam 

temperature, and that there is an upper limit to the 

working fluid flow rate under the operating conditions of 

this H-STEC system. Therefore, the balance between the 

working fluid turbine inlet superheat and the hot spring 

steam temperature is important for the stabilization of this 

system. 

 

NOMENCLATURE  

𝐴 Heat Transfer Area [m2] 

𝑐𝑝 specific heat at constant pressure 

[kJ/(kg∙K)] 

𝑠 specific entropy [kJ/(kg∙K)] 

ℎ specific enthalpy [kJ/kg] 

𝐿 latent heat [kJ/kg] 

𝑚 Mass, Volume Flow [kg/s] ，[m3/h] 

𝑄 Heat exchange rate [kW] 

𝑁𝐸𝑇𝐷 Non-equilibrium temperature 

difference [K] 

𝐵𝑃𝑅 rise in boiling point [K] 

𝐷𝑀𝑆 demister loss [K] 

𝑇 Temperature [oC], [K] 

𝑃 pressure [kPa] 

∆𝑇𝑚 Logarithmic mean temperature 

difference [K] 

∆𝑇𝑠 simple average temperature 

difference [K] 

∆𝑇 Temperature drop [K] 

𝑈 Heat Passage Coefficient 

[kW/(m2∙K)] 

𝑊 output (e.g., of dynamo) [kW] 

𝑟𝑓 Feed water ratio [%] 

𝑅𝑊 dirt factor [(m2∙K)/W] 

𝜂 efficiency [%] 

𝜌 density [kg/m3] 

𝑣 speed of moving fluid [m2/s] 

𝜆 Thermal conductivity [W/(m∙K)] 

𝛿 thickness [m] 

𝑀 Scale adhesion[g/m2] 
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