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a b s t r a c t
In this work, a new design of baffle is suggested in order to investigate the potential enhancement of 
mass and heat transfer fluxes in a hollow fiber membrane distillation module using Computational 
Fluid Dynamic (CFD) analysis. The number of baffle, gap height and the packing density are investi-
gated in order to maintain the trade-off between the enhancement of mass flux and the pressure drop 
increase across baffles. The CFD simulation is performed in order to predict local mass fluxes, the tem-
perature polarization coefficient (TPC), as well as the thermal efficiency of the hollow fiber membrane 
distillation at different design parameters. The CFD simulation results showed that the membrane 
module of 1.25-diameter pitch (50% packing density), eight baffle supports per unit length and at 0.075 
mm gap is a good compromise between performance enhancement and pressure drop across baffles. 
The numerical results indicated that by adding baffles to hollow fiber membrane distillation, the mass 
flux is enhanced by 25% higher than that of the original module design. This is due to a reduction in 
thermal boundary layer resistance and increase in mass-transfer coefficient of the membrane distil-
lation. The TPC of the module with a baffle is 16% higher than that of the module without a baffle. 
This increase is mainly due to the presence of turbulence flow as a result of improved hydrodynamic 
process. Accordingly, the thermal efficiency also increases by 16% due to enhancement made in both 
mass flux and TPC. However, the downside of adding baffles is relatively higher pumping power in 
the order of 20% higher than traditional module.
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1. Introduction

Membrane distillation is emerging technology that 
requires low-grade energy consumption compared with 
other technologies such as multi stage flash (MSF) or reverse 
osmosis (RO). The membrane distillation technology in 
desalination processes provides continuous vapor separation 
and can be modular and flexible for scale up. A review into 
membrane distillation process types has been illustrated else-
where [1–3] which include four configurations: direct contact 

membrane distillation (DCMD), air gap membrane distilla-
tion (AGMD), vacuum membrane distillation (VMD) and 
sweeping gas membrane distillation (SGMD).

The performance of a hollow fiber bundle most com-
monly is predicted assuming all fibers possess identical 
geometry and transport properties. Additionally, the lumen 
and shell flow rates are assumed to be identical for each 
fiber. The bundle performance is determined by calculating 
the performance of single fiber. By knowing the boundary 
layer resistance, the mass and heat balances of the feed and 
permeates streams can be reduced to a set of ordinary differ-
ential equations in co-current or countercurrent contacting. 
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The two-dimensional (2D) conservation equations within 
a domain surrounding a single fiber can be solved using 
Computational Fluid Dynamic (CFD) tool [4]. The CFD 
analysis is beneficial to visualizing the flow field (including 
velocity, pressure, temperature and concentration) at 
any location in a defined flow field. The CFD simulations 
involving Navier–Strokes equations have been employed to 
provide more reliable and comprehensive information on 
flow fields [4–6]. 

CFD simulation of single-fiber hollow fiber module with-
out and with annular baffles attached to the shell wall was 
performed and presented in [7]. The temperature polariza-
tion coefficient (TPC) decreases significantly with increasing 
mass-transfer coefficient of the membrane (C) value regard-
less of the existence of baffles. An improvement in TPC is 
reported with the presence of baffles. However, the process 
design of fiber bundle arrangement with baffle into vessel 
has not addressed yet. Additionally, the effect of various 
gap spaces around fiber along fiber on the hydraulic energy 
consumption has not addressed yet. CFD simulations to 
investigate the effectiveness of different promoter enhancers 
in single fiber DCMD module are presented in [8]. The sim-
ulation results showed that the combined annular baffle and 
floating spacers has a significant improvement in the heat 
transfer coefficient; however, the hydraulic energy is com-
paratively high. The configuration with appropriate floating 
spacer and without baffle shows is a good compromise for 
achieving and enhanced permeation flux with rather low 
pumping power. Yet, the baffles and floating spacer config-
uration for multi-fiber and bundle of fibers arrangement are 
needed to be addressed and evaluated. 

Flux enhancement effects of different hollow fiber mem-
brane module designs with baffles, spacers and modified 
hollow fiber geometries were experimentally investigated 
[9]. The results showed that the window-baffled and heli-
cal-baffled modules enhance the heat transfer coefficient by 
20% and 28%, respectively. Twisted and braided module led 
to flux enhancement by 36% without inserting any external 
turbulent promoter.

The effect of spacer orientation and filament spacing on 
shear stress distribution and temperature polarization in 
DCMD modules has been studied using CFD analysis [10]. 
In this work, the spacer filled channel was contained a large 
number of cells; however, the flow becomes fully developed 
after passing the first few cells. The feed and distillate flow 
directions were countercurrent, and the inlet velocities were 
set equal to 5 m/s. The CFD simulation results indicated that 
when the spacer filaments are in direct contact with the mem-
brane surface, stagnant zones are created and the tempera-
ture polarization is reduced. On the other hand, when the 
spacer filaments do not touch the membrane, a high veloc-
ity zone at the membrane surface improves shear stress as 
well as the heat transfer rate [10]. Experimental evaluation 
of using different type of baffles with hollow fiber showed 
that spacer-knitted module has the best performance and the 
mass flux improvement is significant in the laminar region. 
The temperature polarization effect phenomenon can be mit-
igated by the module with curly fibers [11]. 

The 2D model in DCMD under laminar flow conditions 
had been studied [12]. The CFD model is experimentally ver-
ified using a single-fiber module, which contained only one 

straight fiber. In this lab-scale membrane distillation module, 
the PVFD hollow fiber membrane is assembled into Teflon 
housing. The hot salt feed (3.5% NaCl) is circulated in the 
shell while permeate water (pure) is passed though the fiber. 
Analysis of heat and mass transfer indicated that the hydro-
dynamics in the feed side might have an important role in 
improving membrane distillation performance.

Significant efforts have been devoted to include the baf-
fles which extend radially in the shell in order to improve 
mass transfer and improve flow uniformity in the shell region 
as well [13,14]. Also, an adequate number of works have 
used the promoter enhancer using either baffles or spacers in 
order to suppress the temperature polarization in membrane 
distillation process. However, investigating whether baf-
fles or spacers are suitable for commercial size module and 
investigating the effect of its geometry are rarely addressed. 
The aim of this work is to evaluate a new annular baffle con-
figuration proposed for bundle of hollow fiber membranes 
enclosed in pressure vessel. The baffle is designed to be used 
as promoter enhancer, to support fibers with shell, and addi-
tionally to prevent fiber clustering due to hydrophobicity. 
Development of 2D CFD model in order to investigate the 
effect of the gap clearance, the number of baffles, and packing 
density will be presented. Investigating the trade-off between 
improved membrane distillation performance and hydraulic 
energy consumption is presented.

2. Mathematical model approach

2.1. Module description

Fig. 1 shows 3D drawing of the bundle of hollow fibers 
membrane which is assembled within baffles. The module 
arrangement is similar of shell and tube heat exchanger in 
which the bundle ends are embedded in tube sheet. The space 
between two tube-support there are baffles. The tube sheet is 
created to allow separate fluid communication with the fiber 
interior (lumens) and exterior (shell) spaces. The lumens are 
open along the tube sheet. Upon sealing the tube sheet to the 
case, separate manifolds on the case exterior allow the intro-
duction and removal of fluid streams to the lumen and shell 
spaces. The feed can be introduced to either the lumen or 
shell. A permeate sweep also may be fed to the module. The 
sweep mixes with the permeate and can improve the module 

Fig. 1. 3D drawing of bundle of hollow fiber membrane distilla-
tion with supporting baffles.
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performance by creating potential vapor pressure difference 
across membrane.

The baffle is used as tube support in order to prevent clus-
tering of the fiber. This bundle of fibers passes through the 
baffles and is enclosed in the shell (vessel). The horizontal dis-
tance between baffles is considered as design parameter which 
needs to be evaluated and investigated its impact on the mem-
brane distillation module performance. The distance between 
fibers functions as the fiber diameter which is defined by pitch 
which varies from 1.25 to 2. The packing density which rep-
resents the volume of fibers to the volume of enclosed shell 
vessel is needed to be evaluated and investigated its impact 
on mass and heat transfer and pressure drop within module. 
In order to facilitate the hot seawater flow within shell side 
annular gap around each fiber is designed in the tube support 
as shown in Fig. 2. The annular gap (clearance) between fiber 
and the baffle sheet is designed to facilitate the flow of seawa-
ter feed and to create high turbulence flow in order to improve 
the mass flux through. A number of baffles are distributed in 
equal distance along the module length in order to support 
the fibers inside the shell. The hot seawater feed is directed to 
the shell side at the left end of the vessel while the pure water 
is passed through the inner diameter of the fibers countercur-
rent flow. The shell vessel length is designed as 1 m length 
which is the same length of the fibers. The flow in the shell side 
assumed uniform and parallel to the fiber length. The pitch 
between fibers is a function of the fiber outside diameter (D). It 
is assumed that the height of the gap around the fiber is sym-
metrically aligned with gap center. 

2.2. Computational domain and boundary conditions

 The overall governing transport equations for the feed, 
the permeate, local mass flux, thermal efficiency convection 
heat transfer, temperature polarization, local Reynolds num-
ber and hydraulic energy consumption are illustrated in the 
Appendix 1. Fig. 3 shows the boundary conditions of a single 
hollow fiber with baffle modules. Uniform velocity and tem-
perature are specified at the entrance of the feed and perme-
ate sides. 

A baseline for process performance can be determined by 
assuming the fibers are uniform (identical inner and outer radii) and 
uniformly spaced. Additionally, baseline performance predictions 
assume the fluid distribution is uniform from the external ports on 
the case through the manifolds to the lumen and shell. The perfor-
mance of this “ideal” device can be determined by analyzing the 
performance of a single fiber. The low feed velocity is specified as 
0.06 m s−1 (laminar flow, Ref = 836), while the permeate velocity 
is specified as 0.42 m s−1 (laminar flow, Rep = 460). The hot feed 
temperature varies from 327 to 337 K, while the inlet permeate 
temperature is fixed at 294 K. The outlet pressure is specified as 
atmospheric pressure.

The properties of the polymeric membrane can be 
expressed as follows:

φm = φms (1–ε) + εφmg (1)

where general variable symbols, φms and φmg, are the properties 
(density, specific heat and thermal conductivity) of the membrane 
material and vapor, respectively, ε is the porosity of the membrane. 
In the present study, hydrophobic polyvinylidenefluoride (PVDF) 
membrane porosity, 0.83, was used [12]. Other relevant testing flu-
ids and properties of the PVDF hollow fiber membrane are listed in 
Tables 1 and 2, respectively. The specifications of the PVDF hollow 
fibers and modules are listed in Table 3.

In order to optimize the grid structure, in the radial direc-
tion a grid scale of 5 × 10−6 m is chosen for the bulk permeate 
and membrane. The triangular grid is chosen for the bulk feed 
(shell side); while in the axial direction a universal grid scale 
of 1 × 10−4 m is employed. The 2D grid configuration along 
fiber length is shown in Fig. 3. In the current membrane dis-
tillation system, the effect of the hollow fiber membrane sur-
face roughness on the wall boundary conditions is ignored 
as it has a magnitude of 10−8 m, which is far smaller than 
the grid scale. The simulation is carried out using ANSYS 
Fluent 14.5, with SIMPLE (semi-implicit method for pressure 
linked equations) algorithm for pressure–velocity coupling 
and QUICK (quadratic upstream interpolation for convec-
tive kinetics) algorithm for discretization of the conservation 
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equations. Interpolation for convective kinetics algorithm is 
used for discretization of the conservation equations. The 
convergence criterion of 10–6 was chosen for convergence. 
Based on the above operating conditions, a laminar model 
was applied to the conservation equations for the traditional 
module; while in a modified configuration, a realizable k-ε 
model with enhanced wall treatment is employed to simulate 
the turbulence induced by the introduction of baffles.

3. Results and discussion

3.1. Model validation 

The presented CFD model is validated using experi-
mental and simulation results of single fiber of 0.25-m-long 
hollow fiber published in [12]. The comparison is performed 
under the same operating and design conditions illustrated 
in Tables 1–3. Fig. 4 shows the distribution of the local mass 
flux along the fiber length for the present model and the ref-
erenced results [12]. The simulation data are in good agree-
ment with the reference model since the maximum deviation 
of 1% is noted between the current model and the reference 
model. Fig. 5 shows TPC distribution along the fiber that var-
ies between 0.68 and 0.7 for present work and reference data 
of [12], respectively. A maximum deviation between the two 
models is calculated to be around 2%.

3.2. The effect of baffle orientation

Fig. 6(a) shows the velocity distribution on the feed side 
of the membrane fiber at different gap heights (0.05, 0.075 
and 0.1 mm). This figure, also, shows that by decreasing the 
gap height, the velocity through the gap increases which cre-
ates eddy streams on the back side of the baffle. This is due to 
high water velocity through the gap and the sudden enlarge-
ment. These eddy streams create turbulence in the down-
stream of the baffle which reduce the thermal boundary layer 
around the fiber and improve the mass flux. Fig. 6(b) illus-
trates the CFD simulation results of a typical pressure distri-
bution along a single fiber with baffle at different gap height 

Fig. 3. CFD domain of single fiber in 2D and mesh generation.

Table 1
Properties of the fluids [17]

Material Density
(kg m−3)

Specific heat
(J kg−1 K−1)

Thermal conductivity
(W m−1 K−1)

Viscosity 
×10−4 Pa s

3.5% seawater (323 K) 1,013.2 4,064.8 0.642 5.86

Pure water (303 K) 995.2 4,182.1 0.613 8.38

Table 2
Properties of the PVDF membrane [12]

Material Density
(kg m−3)

Specific heat
(J kg−1 K−1)

Thermal conductivity
(W m−1 K−1)

PVDF 1,775 1,325 0.2622
Vapor* 0.554 2,014 0.0261
Membrane 302.2 1,896.9 0.0662

*Properties of vapor obtain from the database of ANSYS Fluent 14.5.

Table 3
PVDF membrane properties and module specification 

Membrane properties Module specifications

Material Dimension Porosity ε (%) Shell diameter 
ds = 100 mm

No. of fibers N 
977, 1,211, 1,639, 2,563

PVDF Ro: 0.725 mm 
δm: 275 μm

83 Effective fiber length 
L = 1 m 

Packing density 
20%, 25%, 35%, 50%



39A.N. Mabrouk et al. / Desalination and Water Treatment 58 (2017) 35–45

 

0.0015

0.0016

0.0017

0.0018

0.0019

0.002

0.0021

0 0.2 0.4 0.6 0.8 1

M
as

s f
lu

x 
,K

g.
s-1

.m
-2

Dimensionless fiber length

Ref. Model [12] Present model

Fig. 4. The distributions of local mass flux along the fiber length 
(L = 0.25 m).

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1

Te
m

pe
ra

tu
re

 p
ol

ar
iz

at
io

n 
co

ef
fic

ie
nt

Dimensionless fiber length

Present model Ref. Model [12]

Fig. 5. TPC distributions along the fiber length (L = 0.25 m).

Fig. 6(a). Velocity contour at various gap height (φ = 1.25D, C = 2 × 10–7 kg m–2 s–1 Pa–1, L = 1 m).

Fig. 6(b). Pressure distribution at different gap height (φ = 1.25D, C = 2 × 10–7 kg m–2 s–1 Pa–1, L = 1 m).

Fig. 6(c). Temperature distribution at different gap height (φ = 1.25D, C = 2 × 10–7 kg m–2 s–1 Pa–1, L = 1 m).
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(0.05, 0.075 and 0.1 mm). The results show that comparatively 
high pressure drop occurs across the baffle because of the 
flow contraction occurs through small gap height. Fig. 6(c) 
shows temperature distribution at different gap height (0.05, 
0.075 and 0.1 mm) in the vicinity of the hollow fiber wall. 
Gradient in temperature is notable in the region that far away 
baffle which reflect the thermal boundary layer resistance. 
However, at the baffle gap, the temperature gradient is very 
small to notice which indicates the baffle gap suppresses the 
thermal boundary layer resistance which would improve the 
mass transfer of membrane distillation process. 

Fig. 7 shows the local velocity distribution in the feed 
side where eight baffles are allocated along a meter-length 
fiber at equal distances and the gap height is maintained as 
0.075 mm. The velocity profile peak is occurring at the baffle 
due to the small gap between the inner diameter of the baffle 
and the outer diameter of the fiber. However, the fluid veloc-
ity tends to recover and regain its original momentum after 
passing through the baffle. It can also be seen that the fluid 
flow remains laminar (Ref = 836) adjacent to the wall before 
reaching the baffle where the flow velocity is at its normal 
value. The presence of an array of baffles not only increases 
turbulence in the bulk fluid stream as shown in Fig. 6(a) but 
also interrupts the build-up of boundary layer formation on 
the membrane surface as well as prevents the particles sus-
pended in the feed, which are more prone to deposit on the 
membrane surface that may adversely decline the perme-
ation flux.

Fig. 8 shows Reynolds number feed flow variation along 
the module length where eight baffles are allocated along a 
meter-length fiber at equal distances and the gap height is 
maintained as 0.075 mm. The Reynolds number peak occurs 
at the gap which is explained by high flow velocity through 
the gap as shown in Fig. 7. 

Fig. 9 shows the distribution of feed side pressure drop 
along membrane fiber. A sudden drop in the local pressure 
would occur at the gap as a result of the friction and the eddy 
formation. The amount of pressure drop along the length of 
the module can be determined from the difference in total 
pressure between the inlet (x = 0 m) and outlet (x = 1 m) which 
is calculated in the order of 5 kPa.

Fig. 10 shows that the simulated convection heat transfer 

coefficient in the feed side. The peaks values of the convec-
tion heat transfer coefficient occur at gaps are due to exis-
tence of the turbulence flow. The average convection heat 
transfer coefficient of the baffled module is 30% higher than 
that of the original module. This significant improvement 
in heat-transfer coefficients is achieved by introducing the 
baffle which suppresses the build-up of the boundary layers 
consequently decreasing the thermal polarization effect.

Fig. 11 shows that the average values of the vapor mass 
flux increase with decreased gap height. This is mainly due to 
reduction in the thermal boundary layer thickness. The mass 
flux reaches its peak at gap height of 0.025 mm compared 
with the original module (without baffle). The mass flux for 
both the original and the baffled module decreases along 
the fiber length. This is due to low thickness of the thermal 
boundary layer at the entrance region comparatively to the 
progressively increases until it reaches the fiber outlet.

Fig. 12 shows that the average thermal efficiencies (ηh) 
increases as the gap height decreases. The average ther-
mal efficiency ηh varies from 0.35 to 0.55 when the gap 
height decreases from 0.1 to 0.025 mm. The enhancement 
in average thermal efficiency is calculated to be 12% at gap 
height = 0.1 mm and 22% at gap height = 0.025 mm.

Fig. 13 shows that the mass flux increases with increas-
ing numbers of baffles. This is due to formation of extended 
turbulent flow zones which are created by the baffles. Fig. 13 
also shows that the potential improvement in the mass flux 
loses its impact when the number of baffles becomes greater 
than eight, as turbulence in the module also reaches its peak. 

Fig. 14 shows the effect of the number of the baffles on 
the temperature polarization coefficient (TPC) at gap height 
of 0.075 mm. The noticeable increase in the local TPC occurs 
at gaps. This is mainly due to the reduction in the thickness 
of thermal layer at the baffle. The average value of the TPC 
along the fiber length in the baffle module is 16% higher than 
that of the original module.

Fig. 15 shows the required specific hydraulic energy 
consumption (SHEC) at different number of baffles to push 
the water feed through the shell side. This figure shows that 
the required pumping power increases as the number of 
baffles increase. Also, the SHEC increases as the gap height 
decreases. This is mainly due to increase in the pressure drop 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1

Fe
ed

 V
el

oc
ity

 , 
m

.s-1

Fiber Length ,m

Vf

Fig.7. Feed velocity distribution along module fiber length (gap 
= 0.075 mm).

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

0 0.2 0.4 0.6 0.8 1

R
ey

no
ld

s n
um

be
r 

, (
 R

e 
)

Fiber Length ,m

Ref

Fig. 8. Reynolds number of feed flow along module length (gap 
= 0.075 mm).



41A.N. Mabrouk et al. / Desalination and Water Treatment 58 (2017) 35–45

across baffle as a result of high velocity flow passing through 
the gaps. 

3.3. Effect of packed density

The packing density of membrane fibers when it is installed 
as the bundle in 4-inch vessel varies from 20% to 50% according 
to the pitch variation as shown in Table 4. The number of packed 
fibers is calculated as 977, 1,211, 1,639 and 2,563 at pitches of 
2D, 1.75D, 1.5D and 1.25D, respectively. Accordingly, the total 
calculated surface area of the fibers in the vessel is 4.5, 5.5, 7.5 and 
11.7 m2. 

Fig. 16 shows that the module water production increases 
as the pitch decreases (high packing density). This is mainly 
due to higher surface area of the membrane as well as the 

Fig. 9. Feed pressure distribution along module fiber length 
(eight baffles).

Fig. 10. Convection heat transfer coefficient variation along the 
module length (gap = 0.075 mm).

Fig. 11. Mass flux variation at various gap heights (eight baffles).

Fig. 12. Thermal efficiency distribution along the fiber length 
(eight baffles).

Fig. 13. The mass flux variation at different number of baffles 
(gap = 0.075 mm).
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high water velocity created around fibers. The water produc-
tion rate for eight baffles module with 1.25D pitch (50% pack-
ing density), and gap height of 0.075 mm is 25% higher than 
that of the original module.

Fig. 17 shows that the hydraulic energy consumption in 
the baffle module is relatively higher at small pitches. This 
is mainly due to increase in the friction pressure drop that 
occurs at high velocity through the gap. At packing density of 
50% (pitch = 1.25D) and gap height of 0.075 mm, the specific 
energy consumption of the baffle module is 21% higher than 
the original module.

Figs. 16 and 17 show that the small pitch (i.e., high pack-
ing density) is recommended from the module production 
point of view; however, the high packing density configu-
ration encounters high pressure drop within the module. 
Therefore, a compromise between high module production 
and acceptable specific energy consumption is the governing 
factor that needs to be balanced on a case-by-case basis. The 
trade-off between performance enhancement and hydrau-
lic energy consumption is compromised and determined 
at 1.25D pitch, eight baffle supports and at a gap height of 
0.075 mm.

4. Conclusions

 A new baffle is proposed to enhance the local mass flux 
and thermal efficiency of the hollow fiber membrane distilla-
tion. The baffles are designed to assemble a bundle of hollow 
fibers to prevent fiber clustering and to structurally support 
the bundle of fibers. They are also used as a diffuser turbu-
lence promoter. Using CFD analysis, the contribution of the 
baffle sheet is summarized as follows:

–  The average mass flux is 25% higher than that of the 
original module. 

–  The average TPC is 16% higher than that of the original 
modules. 

–  The average thermal efficiency (η) is 16% higher than 
the original module.

–  The water production rate per module is 25% higher 
than that of the original module.

High packing density module is recommended from 
the module production point of view; however, the high 

Fig. 14. The TPC distribution along the module length (gap = 
0.075 mm).

Fig. 15. The effect of various gaps and numbers of baffles on 
SHEC.

Table 4
Packed density variation

Pitch (φ) 1.25 D 1.5 D 1.75 D 2 D

No. of fiber N = 2,563 N = 1,639 N = 1,211 N = 977
Packed density 50% 35% 25% 20%
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packing density configuration encounters higher pres-
sure drop. Therefore, a compromise between high packing 
density module (high production) and acceptable specific 
pumping energy consumption is the governing factor that 
needs to be balanced on a case-by-case basis. The trade-off 
between performance enhancement and hydraulic energy 
consumption is compromised and determined at 1.25D pitch 
(50% packing density), eight baffle supports and at a gap 
height of 0.075 mm.

Nomenclature

A — Membrane area, m2

C —  Mass transfer coefficient of the membrane, 
kg m−2 s−1 Pa−1

Cp — Specific heat capacity of material, J kg−1 K−1

D — Hollow fiber outer diameter, m
d — Hollow fiber inner diameter, m
h — Heat transfer coefficient of fluid, W m−2 K−1

SHEC — Specific hydraulic energy consumption, J kg−1

k — Thermal conductivity, W m−1 K−1

L — Length of module or hollow fiber, m
LHT — Latent heat of vaporization of water, J kg−1

Nm — Transmembrane mass flux, kg m−2 s−1

Nu — Nusselt number
P — Water vapor pressure, Pa
Pr — Prandtl number
q — Heat flux, W m−2

Re — Reynolds number
Rmi — Inner radii of hollow fiber
Rmo — Outer radii of hollow fiber, m
Sh — Source term of energy transport equation, J m−3 s−1

ν — Velocity of feed or permeate, m s−1

V — Volume flow rate, m3/sec
x, r — Axial, radial direction in cylindrical coordinate, m

Greek symbols
ηh — Thermal efficiency
μ — Viscosity, Pa s
ρ — Density, kg m−3

ε — Membrane porosity, %
δm — Membrane thickness, μm

Subscripts
b — Bulk average value
f — Feed
fi, fo — Entrance, outlet of feed
fm — On feed-side membrane surface
m — Membrane, or membrane surface
p — Permeate
pi, po — Entrance, outlet of permeate
pm — On permeate-side membrane surface
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Appendix 1

Mathematical model 

A. Governing transport equations

The overall governing transport equations for the feed 
permeate and membrane, local mass flux, convection heat 
transfer, temperature polarization, local Reynolds number, 
and hydraulic energy consumption are as follows [3, 4, 12]:

The continuity equation: 

∇ ⋅ ⋅ =( )ρ ν
 0  (1)

The momentum transport equation:

∇ ⋅ = ∇ + ∇ ⋅ +
=

( ) ( )ρνν ρ τ ρ
 

g  (2)

where τ
=

is the stress tensor, which can be expressed as follows:

τ µ ν ν ν
=

= ∇ + ∇ − ∇ + ∇ ⋅










  T I) 2
3  (3)

The energy conservation equation:

∇ ⋅ = ∇ ⋅ ∇ +( ) ( )ρν
C T k T Sp n  (4)

where k is the heat conductivity; Sh is the heat-source term for 
the feed or permeate on the membrane surface, and indicates 
the amount of latent heat generated by evaporation at the hot 
side membrane surface and subsequently released through 
condensation at the cold-side membrane surface. It can be 
written as follows:

S
q
r

r R S
q
r

r Rn n= → = = → =MD
mi

MD
moand

δ δ  (5)

where qMD is the heat flux on the feed side membrane surface; 
r is the radial direction; δr is the chosen grid thickness in the 
r direction. Rmi and Rmo are the inner and outer radial of the 
fiber, respectively. 

At membrane wall: no-slip condition, conjugate heat 
conduction:

q R q R q R q R

T R T R T R T R
f m p

f m m p

|   

|   
mo m mo mi mi

mo mo mi mi

= =

= =

,

,  (6)

B. Mass and heat transfer 

The local transmembrane mass flux Nm is calculated by the sim-
plest form of vapor flux, which is given as a linear function of 
vapor pressure difference across the membrane such as [15–20]:

Nm C dP
dT

T T= −( )mf mp
 (7)

where the gradient dp/dT is given by Antoine equation:

dP
dT

T
T

m

m

=

−
−
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exp .

( )  (8)

where C is the mass transfer coefficient of the membrane, 
which is equal to 2.0 × 10−7 kg m−2 s−1 Pa−1.

The saturated vapor pressure at the membrane interface 
temperature is calculated from the Antoine equation [18]:

P
Tm

= −
−









exp .23 238 3841

45  (9)

where Tm = (Tbf+Tbp)/2.
The heat transfer across the liquid films (feed side qf or 

permeate side qp) can be expressed as [12]:

q qf p=
 (10)
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q h T h T Tf f f f= ∆ = −( )bf mf  (11)

q h T h T Tp p p p= ∆ = −( )mp bp  (12)

where hf and hp can be calculated using Eqs. (11) and (12) 
based on membrane wall temperatures Tmf, Tmp and average 
bulk temperature for feed and permeate Tbf and Tbp, respec-
tively. 

The total heat transport in membrane distillation consists 
of conductive heat through the membrane and the latent heat 
contributing to the vapor flux [12]:

q q q h T T N LHc v m mMD mf mp Tmf= + = − +( ) .
 (13) 

The hm is the heat transfer coefficient of the hydrophobic 
membrane, which can be calculated from the thermal con-
ductivities of the hydrophobic membrane polymer (kms) and 
the thermal conductivity coefficients of vapor within the 
membrane pore (kmg).
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where ε and km are the membrane porosity and thermal con-
ductivity of the hydrophobic membrane, respectively.

Where LHTmf LHTmf is the latent heat of evaporation (J kg−1), 
which is calculated as follows [17]: 

LH mf

mf

Tmf T
T

=

+ −

2501 897149
0 001192217 0 0000152

.
. .

− 2.407064037 

8863 3T
mf

 (15)

where Tmf, temperature in °C.
The temperature polarization coefficient (TPC) is defined 

as the ratio between the actual driving force and the theo-
retical driving force [18–20]; as a result the TPC is expressed 
mathematically as follows:

TPC mf mp

bf bp

=
−

−

T T

T T
 (16)

The thermal efficiency ηth is the fraction of the heat trans-
fer that contributes to the evaporation [6]:

ηth
m T

f

m T

m T m

N
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N
N h T T dm do
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fm fm

fm fm pm. ( ) /
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C. The hydraulic energy consumption (HEC)

To fully evaluate these fibers of various geometries, two 
important process metrics, water production (kg.day–1) and 
hydraulic energy consumption (HEC), were calculated and 
compared among various modules.

The Reynolds number is calculated as follows:

R
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f f
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ρ eq

µ
 (18)
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where Pt, tube pitch, D, tube fiber outside diameter. Rep, Tfi 
and Tbi are Reynolds number and inlet bulk temperature of 
feed and permeate, respectively. The term, vf (feed velocity), 
is obtained from CFD simulations.

HEC =
∆p
N Am

×
×

ν

 (20)

where A is the total membrane area of fibers, V is the volume flow 
rate m3 /sec, and ∆p is the differential pressure between feed inlet 
and outlet.


