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Abstract.  Modeling and simulation of air humidification by hollow fiber membrane contactors are investigated in 

the current study. A computational fluid dynamic model was developed by solving the k-epsilon turbulence 2D 

Navier–Stokes equations as well as mass conservation equations for steady-state conditions in membrane contactors. 

Finite element method is used for the study of the air humidification under different operating conditions, with a 

focus on the humidity density, total mass transfer flux and velocity field. There has been good agreement between 

simulation results and experimental data obtained from literature. It is found that the enhancement of air stream 

decreases the outlet humidity from 0.392 to 0.340 (module 1) and from 0.467 to 0.337 (module 2). The results also 

indicated that there has been an increase in air velocity in the narrow space of shell side compared with air velocity 

wide space of shell side. Also, irregular arrangement has lower dead zones than regular arrangement which leads to 

higher water flux. 
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1. Introduction 
 

Control of the air humidity in the transportation vehicles, buildings, ventilating and air-

conditioning systems is very vital (Kneifel et al. 2006). In winter season relative humidity become 

less than standard limit (60% RH) namely 20-40% RH when an area gets warm. In such condition 

people feel dryness and as a result they suffer from great discomfort. However, air humidity should 

be existed with warm air in winter (Huang and Yang 2014, Kong et al. 2015, Zhang and Huang 

2011). Humidification of gas stream plays important role in the industrial processes and home 

usage such as sweeting of natural gas (Li and Ito 2008). It is because the existence of water in 

natural gas causes pipe corrosion and solid methane hydrate blocking pipe lines (Wu et al. 2002). 

Mechanical dehumidifier that condenses the water vapor in the air using decreasing temperature is 

applied in the dehumidification process from air. However, the dry air in the room is humidified 

via direct atomization (Li and Ito 2008). There are different techniques to provide humidity 

including spray tower, ultrasonic adding humidity and steam generator. Each of these systems has 

their benefits and drawbacks. For instance, adding humidity using steam generator has great 

advantage including low cost and cleanness while it has some limitation such as high consumption 
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of energy for producing steam and direct contact between air stream and liquid which cause 

growing micro-organism in the air (Zhang and Huang 2011). Membrane separation technique was 

used in many industrial processes (Barati et al. 2014, Daraei et al. 2014, Ghadiri et al. 2014a, 

Roostaiy Ghalehnooiy et al. 2015). This technique can be used for separation of water from air 

stream, adding water to air and solved aforementioned issues regarding humidification and 

dehumidification (Bergero and Chiari 2001, 2010 Kong et al. 2015, Li and Ito 2008). Only water 

is able to permeate through pores of membrane (Huang et al. 2013). 

There have been several investigations on humidification process. Yonglie et al. (Wu et al. 

2002) studied dehumidification processes of compressed air in integrated membranes. To control 

air humidity in hollow fiber membrane contactor Keifel et al. (2006) studied influence of several 

operational parameters on this system. Li et al. (Li and Ito 2008) used a wet membrane system to 

add humidity and dehumidification from air. Triethylene glycol (TEG) was used on the surface to 

modify surface of hydrophobic microporous membrane. Composite membrane including poly(2-

dimethylaminoethyl methacrylate) (PDMAEMA) as active layer and poly acrylo nitrile (PAN) as 

bed were used for transferring water vapor (Du et al. 2010). Chao et al. (Chao and Jen 2013) 

considered a new method to control humidity and heat of cathodic air for a fuel cell stack by 

utilizing indirect laser absorption spectrometry and provide a heat and humidity control strategy. 

In the recent years adding humidity to air was not paid attention compared to dehumidification. 

It should be noted that the adding humidity to air is very important in HVAC industries (Zhang 

2012). In addition, modeling and simulation of this process is very important, while, there are little 

published literatures in this regard. Mathematical modelling and simulation of different processes 

including gas absorption, gas stripping and non-disperse extraction via hollow fiber membrane 

contactor have been studied by some researcher (Ghadiri et al. 2013c, 2014c, 2015, Ghadiri and 

Ashrafizadeh 2014, Shirazian et al. 2012a, Tahvildari et al. 2014). The hollow fiber membrane 

module for adding humidity to air is considered for investigation in this work. This module 

operates same as a shell and tube heat exchanger (Zhang and Li 2013). 

The current study presents a new procedure for modeling and simulation of simultaneous 

momentum and mass transfer in hollow fiber membrane contactor for inline and staggered 

arrangements. A standard k-epsilon turbulence model and continuity equations are applied to 

predict velocity fields and concentration distribution of air humidification system. Then the 

numerical model is validated by experimental data. Various parameters including distribution of 

water concentration in HFMC, Total flux of mass transfer and velocity fields are studied for both 

arrangements. 
 

 

2. Theory 
 

A 2D mathematical model was proposed for transport of water through hollow fiber membrane 

contactor with cross flow. Set of hollow fiber membranes are inside the pipe and there is space 

between external shell and fibers inside the shell. Water and air enter in membrane contactor in 

cross-flow arrangement (Huang and Yang 2014, Huang et al. 2013). Water flows from tube side 

whereas air passes from shell side of membrane contactor. Fig. 1 illustrates the geometric models 

of the hollow fiber membrane contactor which is considered in the present work (Zhang and Li 

2013). 

The air stream flows in the shell side with cross flow, whereas the pure water is fed to the tube 

side of the HFMC. The air stream velocity field in the shell side was determined using Navier–

Stokes equations. Axial and radial diffusions through the membrane and within the shell side of 
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Fig. 1 Schematic diagram of cross-flow hollow fiber membrane module for air humidification 

(Zhang and Li 2013) 
 

 

 

(a) 
 

 

(b) 

Fig. 2 Computational domains: (a) fibers with regular arrangements; (b) fibers with irregular 

arrangements 

 

 

HFMC are considered in the model equations. Pure water permeates through fibers and diffuses in 

to the shell side, so it leads to the enhancement of air stream humidity. For simulation of 

humidification process a simple shape are considered. The HFMC consists of two sections: 

membrane, and shell side. The fibre membranes are made with a modified PVDF material.The 

steady state 2D mass balances are carried out for all two sections of the HFMC. 

The model is built considering the following assumptions: 
 

(1) Steady state and physical condition is constant. 

(2) The force of gravity is ignored. 

(3) Air-flow has developed before entering in system. 

(4) Establishing the mass affinity law in membranes and shell interface for humidity. 
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Table 1 Physical properties and geometrical parameters of module used in the simulation 

(Zhang and Li 2013) 

Name of properties Symbol Unit Module 1 Module 2 

Array arrangement   In-line Staggered 

Effective fiber length L mm 350 380 

Number of fibers in the module n  1860 4100 

Fiber outer diameter d mm 1.6 1.6 

Membrane thickness δ mm 0.15 0.15 

Membrane porosity   - 0.75 0.75 

Moisture diffusivity in air DH2O, S m2.s-1 2.82e-5 2.82e-5 

Effective diffusivity in membrane DH2O, m m2.s-1 1.33e-6 1.33e-6 

Air flow rate (inline) U∞ m.s-1 0.91-2.72 0.92-2.82 

Air inlet temperature Tinlet K 299.3 298.9 

 

 

Schematic of the model domain used in simulation of In-line and staggered contactors in 2D is 

shown in Fig. 2. Also, Table 1 presents physical and geometrical parameters for the In-line and 

staggered models. 
 

2.1 Model equations 
 

Mass and momentum transfer equations are written and solved numerically to estimate 

concentration and velocity distributions in the membrane contactor. 
 

2.1.1 Membrane side equations 
The steady-state continuity equation for transport of water inside the membrane, which is 

considered to be due to diffusion alone, may be written as (Bird et al. 2002, Ghadiri et al. 2013a, b, 

2014b) 

iR )CD.( mO,HmO,H 22
 (1) 

 

where CH2O,m is the water concentration (mol.m-3). DH2O,m and Ri denote diffusion coefficient of 

water and the reaction term respectively. It should be pointed out that chemical reaction does not 

occur in the model domain, so it is omitted in the continuity equation in the simulation. Boundary 

conditions for membrane with regular and irregular arrangements are shown in Table 2. Positions 

can be found in Fig. 2 for regular (a) and irregular (b) arrangements. 

 

2.1.2 Shell side equations 
The steady state continuity equation without chemical reaction for water in the shell side of the 

HFMC in cylindrical coordinate is obtained using Fick’s law of diffusion for estimation of 

diffusive and convective fluxes (Bird et al. 2002, Ghadiri and Shirazian 2013, Ghadiri et al. 2012) 
 

sO,HsO,HsO,HsO,H 2222
C.U)CD.(   (2) 

 

where CH2O,s is the water concentration (mol.m-3), DH2O,s (m
2.s-1) and UH2O,s (m.s-1) are the diffusion 

coefficient and the water velocity in the shell side of hollow fiber membrane contactor. This 
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Table 2 Boundary conditions of membrane side equations for (a) regular; and (b) irregular arrangements 

Position Regular arrangement Irregular arrangement 

cb CH2O @ Psat = 0.959 CH2O @ Psat = 0.959 

hk CH2O @ Psat = 0.959  

ad CH2O,m = CH2O,s  

gl CH2O,m = CH2O,s  

cd Insulation/symmetry Insulation/symmetry 

ab Insulation/symmetry Insulation/symmetry 

lk Insulation/symmetry Insulation/symmetry 

gh Insulation/symmetry  

kg - CH2O @ Psat = 0.959 

op - CH2O @ Psat = 0.959 

ad - CH2O,m = CH2O,s 

fl - CH2O,m = CH2O,s 

nq - CH2O,m = CH2O,s 

fg - Insulation/symmetry 

no - Insulation/symmetry 

pq - Insulation/symmetry 

 

 

equation should be solved numerically to obtain the water (CH2O,s) concentration distribution in the 

hollow fiber membrane contactor. However, to solve the continuity equation, (Eq (2)), the velocity 

distribution (UH2O,s) is required (Miramini et al. 2013, Nosratinia et al. 2014). 

Velocity distribution in the shell side can be determined by solving the momentum equation 

such as Navier–Stokes equations. So, the momentum and the continuity equations should be 

coupled and solved simultaneously to obtain the water concentration distribution in the shell side 

of the contactor. The Navier–Stokes equations describe flow in viscous fluids through momentum 

balances for water. They also assume that viscosity and density of the water vapors are constant, 

which yields to a continuity condition.A standard k-epsilon turbulence model, which has been 

proved to predict the velocity fields better than other turbulence models for fiber bundles was used 

in the current study (Paul et al. 2008). The Navier–Stokes equations (k-3) in the turbulent 

condition are defined as follows (Bird et al. 2002) 
 

F)])U(U)((.[U).U( sO,HsO,HsO,HsO,H 2222
 T

TPI   (3) 

 

0U. sO,H2
  (4) 

 

  )p(U])/.[(.U sO,HsO,H 22 TKT KK  (5) 

 

KCKC TT //)p(U])/.[(.U 2
2sO,H1sO,H 22
    (6) 

 

  /),)U(U(:U)U( 2
sO,HsO,HsO,HsO,H 2222

KCT
T   (7) 
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Table 3 Boundary conditions of shell side equations for (a) regular, and (b) irregular arrangements 

Position 
Regular arrangement 

(mass transfer) 

Irregular arrangement 

(mass transfer) 

Regular arrangement 

(momentum) 

Irregular arrangement 

(momentum) 

de CH2O-inlet = C0 CH2O-inlet = C0 UH2O-inlet = U0 UH2O-inlet = U0 

ad Cvs = Cvm Cvs = Cvm Wall Wall 

gl Cvs = Cvm - Wall  

fg Convective flux - P = 0  

al Insulation/symmetry Insulation/symmetry Insulation/symmetry  

ef Insulation/symmetry Insulation/symmetry Insulation/symmetry Insulation/symmetry 

fl - Cvs = Cvm - Wall 

nq - Cvs = Cvm - Wall 

mn - Convective flux - P = 0 

lm - Insulation/symmetry - Insulation/symmetry 

qa - Insulation/symmetry - Insulation/symmetry 

 

 

where F, UH2O,s, η, ρ and P denote body force term (N), velocity (m.s-1), viscosity (kg.m-1.s-1), 

density (kg.m-3) and pressure (Pa) respectively. Boundary conditions for mass transfer and 

momentum equations in the shell side with regular and irregular arrangements are given in Table 3. 

Positions can be found in Fig. 2 for (a) regular; and (b) irregular arrangements. 
 

2.2 Numerical solution 
 

The aforementioned model equations related to hollow fiber membrane contactors with the 

boundary conditions were solved using COMSOL Multiphysics software (version 3.5) (Shirazian 

and Ashrafizadeh 2010). This software uses finite element method (FEM) analysis for numerical 

solution of the developed equations in this work. The numerical solver of UMFPACK version 4.2 

was applied as a direct solver which is appropriate for numerical solution of stiff and non-stiff 

nonlinear boundary value problems. The UMFPACK solver can always solve the transposed 

problem at the cost of a back-substitution, while remaining direct solvers need to do a new 

factorization if the problem is not symmetric or Hermitian. 

A system with the specifications of RAM 4.00 GB (2.98 GB usable) and Intel®  CoreTM i5CPU 

M 480 @ 2.67 GHz and 32-bit operating system was used to solve the model equations. Adaptive 

mesh refinement in COMSOL, which generates the best and minimal meshes, was used to mesh 

the membrane contactor geometry. The accuracy, applicability, and robustness of this approach for 

the simulation of membrane contactors have been proved by some researchers (Ghadiri et al. 

2014b, Ghadiri and Shirazian 2013, Hemmati et al. 2015, Miramini et al. 2013, Nosratinia et al. 

2014). 
 
 

3. Results and discussion 
 

3.1 Model validation 
 

The modeling results for humidification of air stream by the membrane contactor were 

compared with the experimental data reported by Zhang and Li (2013). The outlet concentration of 
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Table 4 Comparison of experimental data of outlet humidity with simulation values at different air flow rate 

(Zhang and Li 2013) 

Type U∞ (m/s) 
Experimental data 

(CH2O, Outlet) 

Modeling values 

(CH2O, Outlet) 
Efficiency (%) 

(a) Module 1 

0.910 0.371 0.392 49.08 

1.360 0.342 0.369 40.30 

1.810 0.325 0.357 35.66 

2.260 0.314 0.347 31.82 

2.720 0.306 0.340 29.1 

(b) Module 2 

0.920 0.462 0.467 88.52 

1.370 0.414 0.436 76.11 

1.910 0.385 0.410 65.77 

2.310 0.363 0.346 39.64 

2.810 0.348 0.337 36.03 

 

 

water in air stream at different air stream flow rate is chosen to compare the modeling data with 

the experimental values. The results are presented in Table 4. As it can be seen, the modeling 

predictions follow the general trend of the experimental data with deviations of smaller than 

approximately 10% which indicate the conformity between experiments and model predictions. 

Furthermore, it should be pointed out that increasing air stream flow leads to a decreasing in outlet 

concentration of water vapor. 

The separation efficiency of water vapor (last column in Table 4) which is defined the ratio of 

the water transfer from the tube side to shell side to total water vapor in the initial feed phase is 

determined by using Eq. (8) as follows 
 

100
C

CC
(%) efficiencytion Humidifica

OutletO,H

OutletO,HOutletO,H

2

22 












 
  (8) 

 

where CH2O,Outlet and CH2O,Inlet are water concentration at outlet and inlet of shell side of membrane 

contactor. The performance of system with irregular arrangement is better than the system with 

regular arrangement. It confirms that the two-dimensional model developed here for 

humidification process based on the momentum and mass transfer is accurate in estimation of 

humidification operation. 
 

3.2 Concentration distribution of water in the shell and membrane sides 
 

Concentration distribution for humidity in both membrane and shell sides in two regular and 

irregular arrangements are shown in Figs. 3 and 4. The water flows from tube side of the contactor 

where the concentration of water is the highest (C0), whereas the air stream flows from the other 

side as cross flow where the concentration of water is assumed to be low. As the water flows 

through the tube side, water moves towards the membrane due to the concentration difference. 

Finally, the complex is swept by the air stream and air stream becomes humid and leaves the 

contactor. Figs. 3 and 4 confirm that the water penetrates through the membrane's pores and 

diffuses in to the shell side of membrane contactor. 
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Fig. 3 Distribution of water concentration in the membrane and shell sides of contactor with 

regular arrangement (mol.m-3) 

 

 

 

Fig. 4 Distribution of water concentration in the membrane and shell sides of contactor with 

irregular arrangement (mol.m-3) 
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3.3 Total mass transfer flux 
 

Figs. 5 and 6 illustrate the total mass transfer flux of the water in the shell side of membrane 

contactor. The total mass flux of water vapor constitutes two mass flux including diffusion and 

convection mass fluxes (Fadaei et al. 2011, 2012, Razavi et al. 2013, Rezakazemi et al. 2013a, 

Shirazian et al. 2012b). At the outlet of shell side, the total flux is highest because the 

concentration distribution is highest. It is due to permeation of water in to the shell side in the 

outlet. As it can be also seen, contribution of convective flux in the upper segment of shell side in 

the x-direction is considerable compared to diffusive flux in this region. That is due to the fact that 

in the x direction, the velocity is considerable and results in high convective flux for water (Fadaei 

et al. 2012a, b, Shirazian and Ashrafizadeh 2011). Staggered arrangement is better for heat and 

mass transport in membrane contactor. It is because the staggered arrangement has lower dead 

zones and fluid is better mixed in the staggered arrangement than those in the in-line one (Huang 

et al. 2013). 
 

3.4 Velocity field in the shell side of contactor 
 

The velocity field in the shell side of the membrane contactor with two regular and irregular 

arrangements is illustrated in Figs. 7 and 8, where the air stream flows. The velocity field in the 

shell side of the contactor was simulated by solving the Navier–Stokes equations in turbulent 
 

 

 

Fig. 5 Total flux of mass transfer for regular arrangement (mol.m-2.s-1) 

 

 

 

Fig. 6 Total flux of mass transfer for irregular arrangement (mol.m-2.s-1) 
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Fig. 7 Velocity field in regular arrangement (m.s-1) 

 

 

 
 

Fig. 8 Velocity field in irregular arrangement (m.s-1) 
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condition (Moradi et al. 2013, Rezakazemi et al. 2013b, Shirazian and Ashrafizadeh 2013). These 

results are compared with the obtained velocity fields which determined by Huang et al. (2013) for 

elliptical hollow fiber membrane contactor for in-line and staggered arrangements. The same 

velocity fields were obtained in both studies. Velocity is high where there is narrow space, whereas 

in wide spaces the velocity field is low. Fibers act as barrier against air flow which causes the 

enhancement of the velocity on the fibers. One of the advantages of irregular arrangement is that 

the dead zones are lower than regular arrangement. For this reason, the flux of water in irregular 

arrangement is higher than regular arrangement. 
 

 

4. Conclusions 
 

A 2D mathematical model was proposed to describe mass transfer and momentum (k-epsilon 

turbulence model) of adding humidity to air stream in hollow fiber membrane contactor with 

cross-flow. Computational fluid dynamic is used to simulate the humidification process and 

determine concentration and velocity distributions in membrane contactor. The simulation results 

for humidification of air stream indicated that the enhancement of air stream flow rate decreases 

the content of water vapor in the air stream in the shell side of membrane contactor. Moreover, 

concentration distribution near the surface of fibers is higher than upper segment of shell side 

which confirms the diffusion of water from tube side in to shell side through pores of membrane. 

There has been higher total flux for staggered arrangement with compared to inline arrangement. 

This is because the staggered arrangement creates more turbulent flow and has low dead zones. 
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Nomenclature 
 

C  Concentration (mol/m3) 

CH2O,m  Water concentration in the membrane side (mol/m3) 

CH2O,s  Water concentration in the shell side (mol/m3) 

CH2O,inlet  Water concentration in the inlet of shell side (mol/m3) 

CH2O,inlet  Water concentration in the outlet of shell side (mol/m3) 

D  Diffusivity (m2/s) 

DH2O,s  Moisture diffusivity in air (m2/s) 

DH2O,m  Effective moisture diffusivity in membrane (m2/s) 

F  Body force (N) 

K  Turbulence kinetic energy (m2/s) 

L  Effective fiber length (m) 

N  Number of fiber 

P  Pressure (pa) 

Ri  Overall reaction rate of any species, mol/m3∙s 

T  Temperature (K) 

U  Velocity (m/s) 

U∞  Inlet velocity (m/s) 

UH2O,s  Velocity in the shell side (m/s) 

 

 

 

Greek letters 
 

𝜀  Energy dissipation rate (m2/s2/s), porosity 

µ  Dynamic viscosity (pa∙s) 

ρ  Density (kg/m3) 

δ  Thickness of membrane (m) 

η  Viscosity (kg/m∙s) 

𝜎𝑘   Effective Schmidt number for transport of K 

𝜎𝜀   Effective Schmidt number for transport of ε 
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Subscripts 
 

T  Turbulent 

 

 

Superscript 
 

T  Turbulent 

Sat  Saturation 

 

 

Abbreviations 
 

CFD  Computational fluid dynamics 

FEM  Finite element method 

HFMC  Hollow fiber membrane contactor 

RH  Relative humidity 

PVDF  Polyvinylidene fluoride 
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