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Abstract 

Industrial energy consumption is extremely high. Thermal power plants contribute to approximately 40% of 
total water withdrawal in the US but dissipate a large amount of vapor and heat energy. Transport membrane 
condensers have been demonstrated to have great potential to recovery waste heat and water as a combination 
of membrane condensers and heat exchangers. In this study, a laboratory membrane heat exchanger system 
was developed using plate ceramic membrane and hollow fibers. The heat and water recovery performances 
were studied to estimate the heat and mass transfer characteristics of membrane heat exchangers. The operating 
conditions show significant effects on the recovery performances of system. A computational fluid dynamics 
(CFD) model was developed using experimental data to consider the heat and mass transfer. The simulation 
model shows great agreements with experimental results. The temperature distribution as well as vapor mass 
fraction were analyzed to have an insight about the condensation and mass transfer of water vapor. 
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1. Introduction 

Freshwater sources are steadily decreasing over this decade due to the population growth and living 

standards [1]. The energy industry consumes an enormous amount of fuel resources. Flue gas in the power 

plant unit consists of water vapor up to 13% volume fraction and take 50 – 80% heat loss from boiler which 

accounts for 3-8% total energy of the units [2]. Several efforts have been done to reclaim energy and water 

from the waste gases. By recovery the heat loss and wastewater, not only the boiler efficiency can be greatly 

improved but the feed consumption can be significantly reduced [3]. Typically, transport membrane condenser 

(TMC) is a promising method to recovery the wasted sources and enhance the industrial thermal process 

efficiency. By the mean of using a proper membrane, the recovery efficiencies of TMC are particularly 

improved. It has been demonstrated that the TMC can supply 30% of feed water in boiler unit under a proper 

working condition. In this work, transport membrane condensers with two types of membranes were studied 

experimentally and numerically.  

2. Methodology 

The experimental scheme of a hollow fiber transport membrane condenser is shown in figure 1. The dense 

alumina hollow fibers were assembled in an acrylic round tube. A water boiler was used to generate vapor and 

control the gas temperature. The air compressor was incorporated with the mass flow control (MFC) to control 

humid gas circulating though membrane condensers. The cooling water was controlled by a pump and cooling 
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bath to flow inside the hollow fiber. Thermocouples and humidity sensor were installed to measure the 

operating conditions. The mass of water transport to water side was measured by a water level sensor.  

 
Fig. 1. Experimental scheme of circular type transport membrane condenser 

 

Similarly, a plate membrane was applied in the experiment system for comparison. The humid air and cold 

water were supplied onto two side of membrane. The velocity and temperature of inlet gas and water were 

modified to evaluate the recovery behavior. The water and heat recovery can be obtained as following:  

 𝐽 =
∆𝑚

∆𝑡𝐴
                     (1) 

 𝑄 =
𝐶𝑝𝑚𝑙∆𝑇+𝑚𝑇𝐸𝑤

𝐴
  (2) 

3. Numerical study 

 
Fig. 2. (a) Schematic and (b) meshing of hollow fiber heat exchanger (c) Schematic and (d) meshing of flat membrane heat exchanger 
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A CFD code in ANSYS Fluent was used to conduct a simple 2D model of plate membrane condenser, as 

presented in figure 2c and 2d. The numerical model of a hollow fiber membrane condenser was then developed 

in 3D configuration . The simulation model consists of three computation zones which are gas, water flow and 

membrane. The model geometry and parameters were built based on the experiment setup. The simulation 

conditions are presented in Table 1. The species transport in Volume of Fluid (VOF) multiphase model was 

utilized with gas mixture as the primary phase and water liquid in the secondary phase. The condensation of 

water vapor was solved using the evaporation-condensation Lee’s model. The condensation rate of vapor was 

considered as the mass transfer between water liquid and vapor phases. The mass transfer is solved by the 

following equation: 

 
𝜕

𝜕𝑡
(𝛼𝑣𝜌𝑣) + 𝛻 ⋅ (𝛼𝑣𝜌𝑣𝑉⃗ 𝑣) = 𝑚̇𝑙𝑣 − 𝑚̇𝑣𝑙    (3) 

For the mass transport through the membrane, the permeation of fluid through the ceramic membrane was 

considered as a laminar flow and solved by the porous media model. A momentum sink comprised of viscosity 

loss and inertial loss was added as following:  

 𝑆𝑖 = −(∑  3
𝑗=1 𝐷𝑖𝑗𝜇𝑣𝑗 + ∑  3

𝑗=1 𝐶𝑖𝑗
1

2
𝜌|𝑣|𝑣𝑗)     (4) 

Table 1. Boundary conditions 

Parameter Value 

Water temperature (K) 288 

Gas temperature (K) 334 

Porosity  (%) 35 

Water flow rate (LPM) 0.1 

Gas flow rate (LPM) 4 to 20 

Vapor content (-) 0.13 

4. Results and discussions 

 
Fig. 3. Comparison of experimental and simulation results at different operating conditions 

 

Fig. 3 shows the comparison between experimental and simulation results with different operating 

conditions. The simulation results were found to have a great agreement with experimental data. The 

temperature distribution and vapor mass fraction were studied at different conditions. The temperature and 

vapor mass fraction of hollow fiber condenser model are presented in Fig. 4 and Fig. 5, respectively. It can be 

observed that the gas flow temperature decreases along with the flow direction. The decline in gas temperature 

demonstrated the heat retrieval in the gas stream. On the other hand, the vapor distribution shows a reduction 

of mass fraction in company with the gas direction. The vapor mass fraction was obtained approximately 0.53 

in the gas outlet. Obviously, the moisture content was recaptured into the water side. 
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Fig. 4. Temperature of hollow fiber condenser 

 
Fig. 5. Vapor mass fraction of hollow fiber condenser 

5. Conclusion 

In this work, a membrane heat exchanger is proposed for application of heat and wastewater recovery from 

flue gas using ceramic hollow fiber membranes. A 3D CFD model was developed based on experimental data. 

A great agreement was found between numerical and experimental results. The simulation results such as 

temperature contour and mass fraction of vapor in the gas phases have given an insight into the mechanism of 

the membrane condenser. 
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