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Renewable energy is expected because global warming has been proceeding in the world. Especially, 
osmotic power generation which Loeb et al. had suggested in 1975 has attracted attention. Osmotic 
power generation is not depended on weather, and installation area for generation plant is narrow, and it 
doesn’t cause noise. In the osmotic power generation, seawater and fresh water are supplied to membrane 
module which consisted of semi-permeable membrane, seawater flow path, and fresh water flow path. In 
the membrane module, permeation is caused through the semi-permeable membrane, and seawater is 
increased. This increased seawater rotate water turbine. However, cost for power generation is relatively 
high, and permeation flow rate is low against supplied seawater and fresh water. Thus, high permeation 
performance of membrane module is required. 

For high permeation performance, many researches have worked on it. Simulation with bisected type 
permeation system had been researched. Additionally, relationship between concentration polarization 
and the amount of generated power had been researched. On the other hand, prediction model had been 
suggested, feasible generated power for variable control conditions can be predicted. 

In this research, relationship between the flow state in membrane module and permeation performance 
is focused because effect of flow in the membrane module has not been researched. Here, permeation 
performance means permeation flow rate against the supplied seawater flow rate and fresh water flow 
rate. Thus, the object of this research is to suggest the optimized membrane module with the relationship 
between the flow state and permeation performance. 

In the Forward Osmosis membrane module, permeation depends on the salt concentration at each 
area, and salt concentration distribution depends on the flow state at each area of membrane module. 
Additionally, flow state in membrane module cannot be uniform flow state. In the membrane module, 
area of large flow velocity or area of large permeation flux can be exists. This flow state is visualized 
with numerical simulation. The importance to use the numerical simulation for membrane module is 
“How is membrane area created?” . In this paper, membrane area in membrane module is expressed as 1 
resistance body. Therefore, it’s important to clarify the characteristics of resistance. The works of each 
section are summarized in below. 

In section 5th, experiments to measure the resistance of membrane area with mini-hollow fiber 
membrane element and theoretical calculation are described. Here, the resistance of membrane area 
means the difference between the resistance for vertical direction against the hollow fiber and resistance 
for axial direction of hollow fiber. As a result, the following points were clarified. 

1. In the vertical direction and axial direction against hollow fiber, viscous loss is dominant. 

2. Resistance of vertical direction is larger than that of axial direction. Thus, resistance of hollow fiber 

area has the characteristics of directional loss. 



In section 6th, the details about the mini-module to measure the permeation flux in ideal state and 

results of experiments are described. As a result, permeation flux in ideal state is about 3.5 times larger 

than that of the conventional permeation flux.  

In section 7th, flow state in the case of various radial direction loss and axial direction loss with 

numerical simulation is clarified. As a result, the following points were clarified. 

1. In the large resistance of radial direction, permeation flow rate is relatively high. 

2. In the large resistance of radial direction, permeation flow rate is high because uniform permeation 

flux is caused from the inlet to outlet of membrane module. 

3. In the low resistance of axial direction, permeation flow rate is relatively high. 

4. In the low resistance of axial direction, as the same to radial direction, uniform permeation flux is 

caused from the inlet to outlet of membrane module. 

In section 8th, effects of 4 factors : increase of solute concentration, concentration polarization, 

dissipation of fresh water, and salt water flow on permeation performance in the case of various salt 

water flow rate are researched. Here, dissipation of fresh water means permeation isn’t caused in the area 

fresh water doesn’t exist by permeation. As a result, the following points were clarified. 

1. At the case of low salt water flow rate，effects of concentration polarization and salt flow state are 

large. 

2. For concentration polarization of salt water side is dominant than fresh water side. 

3. No permeation flux area spreads at the area of outer diameter area near the outlet. 

In section 9th, effects of 3 factors : increase of solute concentration, concentration polarization, and 

dissipation of fresh water on permeation performance in the case of various fresh water flow rate are 

researched. As a result, the following points were clarified. Especially, salt water flow isn’t evaluated 

because salt water flow state didn’t change in various fresh water flow rate. 

1. At the case of low fresh water flow rate，effects of concentration polarization and dissipation of 

fresh water are large. 

2. For concentration polarization of salt water side is dominant than fresh water side. 

3. At the case of low fresh water flow rate，no permeation flux area exists at the outer diameter area 

where the hollow fiber length is long. 

In section 10th, effects of 4 factors : increase of solute concentration, concentration polarization, 

dissipation of fresh water, and salt water flow on permeation performance in the case of various salt 

concentration are researched. As a result, the following points were clarified. 

1. At the case of high concentration，effects of concentration polarization and salt water flow state are 

large. 

2. Concentration polarization of salt water side is dominant because permeation flux can be changed 

largely against the salt concentration. 

3. At the case of high concentration，permeation can be finished rapidly. Therefore, no permeation flux 

area spreads at the outer diameter area. 

 From the above contents, flow state in membrane module can be simulated with high precision, and 

permeation performance for various control condition can be predicted. Additionally, optimization 

system considered flow state in membrane module can be suggested. 
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