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ABSTRACT

In the present work, randomly packed, curly fiber, spacer scattered, and spacer knitted
modules were fabricated and their performance in direct contact membrane distillation
employed lumen-side feed and shell-side feed was investigated, respectively. Experimental
results showed that the flux of different module configurations in shell-side feed operations
were lower than that in lumen-side feed operations. Modified modules showed higher flux
compared with randomly packed module and the spacer knitted module had the best
performance with 51.8% enhancement at 328 K in lumen-side feed performance. The module
flux increased as the feed flow rate increased, and all the modified modules showed relative
high flux even at a low feed flow rate, which confirmed the fluid improvement caused by
the spacers or wavy geometries. The overall heat transfer coefficient of modules ranged from
704 to 1,961 W/(m2 K) in lumen-side feed operations, while that was lower to be
425–645 W/(m2 K) in shell-side feed operations. In addition, higher heat transfer coefficients
and temperature polarization coefficient were observed with modified module configura-
tions. The sodium chloride tracer response technique was used to reveal the shell-side flow
pattern and distribution for various module designs. Results showed that the modified mod-
ule configurations can provide a better flow distribution in shell side with longer residence
time and smaller variance, thus higher thermal efficiency and flux could be accomplished.

Keywords: Hollow fiber module; Modification; Membrane distillation; Shell-side feed;
Lumen-side feed; Temperature polarization

1. Introduction

Membrane distillation (MD) is a thermally driven
process that vapor transports through non-wetted

hydrophobic pores, where the driving force is the
partial vapor pressure difference across the feed and
permeate sides. Compared with pressure-driven
membrane processes such as reverse osmosis and
nanofiltration, the advantages of MD includes: less
dependence on the initial feed salinity and*Corresponding author.
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theoretically 100% salt rejection; low membrane
fouling; mild operating conditions and less demand-
ing in membrane’s mechanical strength; feasibility to
utilize low-grade heat and renewable energy (e.g.
waste heat or solar power). Thus, it is a promising
technique for water desalination and high concentra-
tion wastewater treatment. There are four basic config-
urations of membrane distillation (MD), including
direct contact membrane distillation (DCMD), vacuum
membrane distillation, air gap membrane distillation,
and sweep gas membrane distillation [1]. And DCMD
is the most studied and simple mode among the con-
figurations [2].

Despite many attractive characteristics and lab-
scale studies, MD has not been widely implemented
in industry [3,4]. One of the main challenges is the
flow maldistribution and/or poor hydrodynamics in
the membrane module as well as the severe tempera-
ture polarization (TP) that compromises module per-
formance [1]. It is well recognized that the module is
the core part of membrane processes. The industrial
membrane separation requires large areas of mem-
brane surface to be economically and effectively pack-
aged [5]. Properly designed module will result in
enhanced productivity, decreased energy consump-
tions, and long membrane lifespan [6]. So there is an
urgent need for the development of proper membrane
modules.

Hollow fiber modules are preferable for industrial
applications due to their flexibility, larger membrane
area per unit volume, and high productivity [1]. Now
randomly packed module is widely used in MD
[7–11]. However, serious non-ideal flow distribution
such as channeling, bypassing was found in the shell
side of randomly packed modules, which resulted in
less active membrane area, insufficient mixing and
local loss of driving force, and hence low heat and
mass transfer efficiencies [12]. So many researchers
investigated strategies to improve MD performance
such as optimizing operation parameters and design-
ing novel modules to improve the flow distribution
and alleviate the TP phenomenon.

Some studies have focused on the effect of module
size, packing density, and fiber length on the module
productivity [13–15]. Yang et al. found that the driving
force decreased with the increasing fiber length due to
the rapid buildup of thermal boundary layers, which
reduced the temperature difference across the
membrane and inhibited the mass and heat transfer.
A critical length existed which is the operational
length to assure sufficient driving force along the fiber
to maintain a higher MD efficiency. In addition, the
MD coefficient decreased with increasing packing
density [15].

Some studies focused on the permeate flux
enhancement and TP mitigation by incorporating
proper flow alteration aids or modifying fiber geome-
tries to create secondary flows or eddies in the module
[12,16–19]. An early exploration on hollow fiber mod-
ule design by Schneider et al. investigated the effects
of module size and modified fiber geometries on the
transmembrane flux of the DCMD process. It showed
that larger modules could achieve uniform flow more
easily than smaller ones and certain hollow fiber
arrangements could lead to much higher fluxes than
those with straight woven fabric designs [16]. Marti-
nez-diez et al. reported two different separator config-
urations, open flow and screen separators for flux
enhancement in a DCMD module, and found that the
screen separator was more efficient due to turbulent
flow generation and suppression of TP [17]. In 2008,
Teoh et al. investigated different hollow fiber module
designs with baffles, spacers, and modified hollow
fiber geometries for flux enhancement in the MD pro-
cess. It was found that the application of window and
helical baffles resulted in 20 and 28% flux enhance-
ments, respectively, while hollow fiber configurations
with wavy geometries (twisted and braided) enabled
the highest flux enhancement to 36% [18].

Besides the DCMD performance, the flow distribu-
tion and TP analysis were also investigated in the
novel module configurations. Yang et al. applied tra-
cer response tests for the measurement of shell-side
flow distribution in different modules (structured
straight fibers, curly fibers, central tubling, spacer
wrapped and spacer knitted modules), and the results
showed that improved fiber geometries or arrange-
ments can provide a better flow distribution, thus
much lower pumping energy cost and higher thermal
efficiency could be accomplished. A significant flux
enhancement from 53 to 92% was found compared to
the conventional module and the curly fiber module
had the best performance [12]. In another work by
Yang et al. low field bench top nuclear magnetic reso-
nance imaging was used to investigate the hydrody-
namics in novel hollow fiber modules of randomly
packed, spacer knitted, curly and semi-curly fibers.
Valuable information including imaging, spatially
resolved velocity maps, and probability distributions
of velocity were acquired and revealed the existence
of reduced stagnant regions and significant transverse
flow at varied operating conditions in novel hollow
fiber modules. A better overall mixing was shown and
hence confirmed their better module performance [19].

All the above reported studies focused on the
DCMD process based on shell-side feed operation.
However, lumen-side feed is commonly adopted in
DCMD process [7–11]. And till now, no report is
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found to investigate the DCMD performance of
modified module configurations based on lumen-side
feed. And there is also lack of knowledge in the differ-
ence between shell-side feed and lumen-side feed
performance of modified modules.

Therefore, this work attempts to investigate the
DCMD performance of different modules on the
condition of lumen-side and shell-side feed. Randomly
packed, curly fibers, spacer scattered and spacer knit-
ted module were fabricated. The flux and heat transfer
analysis of lumen-side and shell-side feed operations
were investigated. In addition, the residence time dis-
tribution (RTD) based on sodium chloride tracer
response were also studied for various modules.

2. Experimental

2.1. Membrane

Polypropylene (PP) hollow fiber membrane
(Accurel PP Q3/2, Membrana, Germany) was used
and the characteristics are shown in Table 1.

2.2. Hollow fiber modules fabrication

Randomly packed module, curly fibers, spacer
scattered and spacer knitted module were fabricated
in this study just as seen in Fig. 1(a)–(d). Fig. 1(a)
shows a randomly packed module. To create curly
fibers, straight hollow fibers were inserted in a wryer
net and heated in an oven at 80˚C for 30 min in order
to induce a wavy shape on the fibers. And then the
wryer net was removed and the curly fibers were got
(Fig. 1(b)). For the spacer scattered module (Fig. 1(c)),
three pieces of sieve spacer were placed at both the
ends and middle of the module to make the fibers
scattered and equispaced. The spacer knitted module
was shown in Fig. 1(d). PP hollow fibers were knitted
into the mesh of the spacer and then packed in the
plexiglass tube.

The detailed information of various modules is
shown in Table 2. Each module was prepared by load-
ing 60 hollow fiber membranes into a plexiglass tube
with effective length of 180 mm. The effective mem-
brane area was 0.029 m2. The packing density was

15%. The ends of the module were sealed by epoxy
resin and curved for 48 h at room temperature.

2.3. Module performance evaluation

The DCMD performance of modules employing
lumen-side feed and shell-side feed was investigated
on the condition of different feed temperature
(308–328 K) and feed flow rate (1.0–2.5 L/min). A
laboratory scale DCMD setup, which is shown in our
previous work, was used for the performance evalua-
tion [11]. One percentage of sodium chloride solution
was used as the feed solution while the permeate solu-
tion was deionized water. The feed and permeate solu-
tions were pumped countercurrently through the
hollow fibers.

2.4. Tracer response tests

The tracer response tests were conducted using the
same DCMD setup to investigate the shell-side flow
distribution. Fig. 2 schematically shows the location of
tracer injection and effluent concentration monitors. At
room temperature, deionized water was pumped at
1.0 L/min into the shell side of the modules as the
feed solution (blank background solution) a pulse
input of sodium chloride was injected at the feed inlet.
The tracer response signal was measured using a con-
ductivity meter (±0.1 μS/cm) installed at the exit of
the effluent. The effluent signals were recorded via a
data-acquisition system. To obtain reproductive and
comparable results, the tracer tests for each module
were repeated 10 times under constant operating
conditions.

3. Theory

3.1. Heat transfer and TP coefficient analysis

TP commonly exists in MD processes, so the wall
temperatures may be significantly different from the
bulk temperatures [1,20]. TP coefficient (TPC, τ) can be
used to quantify the TP effect. TPC is a function of
both the feed and permeate boundary layers, which
are influenced by the fluid properties, operating
parameters, and hydrodynamic conditions. It is
defined as Eq. (1).

Table 1
Characteristics of PP hollow fiber membranes

Inner diameter Outer diameter Porosity Average pore size Thickness LEPw

0.7 mm 1.0 mm 80% 0.38 μm 0.15 mm 440 kPa
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TPC ¼ Tfm � Tpm

Tf � Tp
(1)

where Tf and Tp (K) is the bulk temperature of the
feed and permeate, respectively. And the Tfm and Tpm

(K) is the temperature at the membrane surface of the
feed and permeate, respectively.

To solve for the TPC, it is necessary to determine
the relation between the heat and mass transfer in the
direction from the hot feed to cold permeate. Follow-
ing modeling and assumptions are applied.

Fig. 1. Module designs and fabrication: (a) randomly packed module; (b) curly fiber module; (c) spacer scattered module;
(d) spacer knitted module.
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(1) The permeate flux N (L/(m2 h)) can be
expressed in terms of the transmembrane tem-
perature difference, when the pure water was
used as feed [20].

N ¼ C
dP

dT
jTm

ðTfm � TpmÞ (2)

where C is the mass transfer coefficient (kg/(m2 h kPa)),
Tm is the membrane temperature (K), and can be
estimated by (Tf + Tp)/2. dP/dT is the vapor pressure
gradient, and can be calculated based on the Clausius-
Clapeyron equation, as seen in Eq. (3).

dP

dT
jTm

¼ PkM
RT2

jTm
(3)

where k is the latent heat of vaporization (kJ/kg), M is
the molecular weight of water (M = 18 g/mol), R is
the gas constant (R = 8.314 J/(mol K)), and P (kPa) is
saturated vapor pressure and can be obtained from
Antoine equation (Eq. (4)) [21].

lgP ¼ A� B

Cþ t
(4)

where P (mmHg) was the water vapor pressure.
T (˚C) was the temperature. A, B, C is the constant
with values of 8.07, 1,730.63, 233.43, respectively.

(2) The heat transferred across the feed/permeate
boundary layers is equal to the overall heat
transfer across the membrane [20]. Eqs. (5) and
(6) define the heat transferred across the feed/
permeate boundary layers, respectively. And
Eq. (7) defines the heat transported across the
membrane, which consists of conductive heat
through membrane qc (W/m2) and the latent
heat transfer contributing to the water vapor
flux qv (W/m2):

qf ¼ hf Tf � Tfmð Þ (5)

qp ¼ hp Tpm � Tp

� �
(6)

qm ¼ qc þ qV ¼ km
dm

� �
Tfm � Tpm

� �þNk

¼ km
dm

� �
þ kC

dP

dT
jTm

ðTfm � TpmÞ ¼ hmðTfm � TpmÞ (7)

where hf and hp (W/(m2 K)) refers to the heat transfer
coefficient for the feed and permeate sides, respec-
tively; hm (W/(m2 K)) is the efficient heat transfer
coefficient based on the transmembrane temperature
difference, δm (m) is the wall thickness of membrane,
and km (W/(m K)) is the overall thermal conductivity
of the membrane. The effective conductivity km can be
estimated from the vapor and solid phase thermal
conductivities, just as shown in Eq. (8).

km ¼ ð1� eÞks þ ekv (8)

where ε is the membrane porosity (%), and ks and kv
are thermal conductivities for solid and gases in the
pores, respectively. In this study, ks and kv is 0.18 and

Table 2
Characteristics of hollow fiber membrane modules

Membrane module
configurations

Module housing
diameter (mm)

Membrane
(area/m2)

Effective fiber
length (mm)

No. of
fibers, n

Packing
density (%)

Randomly packed
module

20 0.029 180 60 15

Curly fiber module 20 0.029 180 60 15
Spacer scattered module 20 0.029 180 60 15
Spacer knitted module 20 0.029 150 60 15

Membrane
  Module

              NaCl solution
              1 mol/L, 2ml

Feed resevier

Pump

Conductivity detector

Fig. 2. Schematic diagram of tracer response experiment.
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0.026 W/(m K). The δm of the used PP hollow
fiber membrane is 0.15 mm, so the km/δm value is
366.5 W/(m2 K).

The following equations can be yield by
combining Eqs. (5)–(7). H (W/(m2 K)) is the overall
boundary layer heat transfer coefficient and equal to
1/(1/hf + 1/hp).

DT
Nk

¼ 1

dP=dT

1

kC
1þ km=dm

h

� �
þ 1

H
(9)

Parameter such as ΔT, N, λ, km/δm, as well as the
dP/dT are obtainable. The unknown parameters H and
C can be calculated from the intercept and the slope
by plotting DT

Nk and 1

dP=dT
[20]. And TPC can also be

calculated.

3.3. Residence time distribution (RTD)

The RTD can be used to assess the degree of mix-
ing and flow patterns within many kinds of reactors.
It is a common practice to use the probability function
E(t) to describe the distribution of residence times,
which can be evaluated by dividing temporal varia-
tion of tracer concentration (C(t)) in the membrane
shell side by the total mass of tracer injected in the
feed (

R1
0 CðtÞ dt), just as shown in Eq. (10) [22].

EðtÞ ¼ CðtÞR1
0 CðtÞ dt (10)

In the RTD tests, mean residence time (tm, s) is a key
parameter to describe the fluid flow in the shell.
According to the RTD curves, the mean residence time
can be calculated based on Eq. (11).

tm ¼
Z 1

0

tEðtÞ dt (11)

The theoretical residence time t, known as holdup
time, is equal to the actual vessel volume V divided
by the fluid flow rate Q0. In a hollow fiber MD mod-
ule the difference between t and tm shows the mixture
of fluid in the shell, i.e. a larger deviation might indi-
cate a longer contact time and hence, more effective
heat transferred across the membrane [12].

The spread in residence time is characterized by
the variance σ2 and it can be calculated based on
Eq. (12). A larger variance value indicates a wider
spread of residence time or more deviation from the
uniform flow pattern [22].

r2 ¼
Z 1

0

EðtÞðt� tmÞ2 dt (12)

4. Results and discussion

4.1. DCMD performance of different module configurations

Fig. 3 shows the permeate flux as a function of
feed temperature (Tf) for different module configura-
tions. The solid line represents the permeate flux
when the feed were pumped through the lumen side
(lumen-side feed), while the dashed line represents
the permeate flux when the feed were pumped
through the shell side (shell-side feed). Compared
with randomly packed module, all the three designed
modules showed improved flux both on the condition
of lumen-side and shell-side feed. The greatest flux
enhancement of 51.8% was observed at 328 K with the
spacer knitted module employed lumen-side feed.
While the flux enhancement of 30.2 and 38.8% was
observed at 328 K with curly fibers and spacer scat-
tered modules, respectively (lumen side feed). It is
known that the hydrophobic materials are repelled by
water and often cluster together in water which might
lead to a lower effective membrane surface area [18].
The spacers and curly fibers can directly prevent the
fibers from sticking together, thus the membranes can
be able to efficiently function in aqueous solutions.
And the spacers and un-straight geometry of hol-
low fibers may also act as a static mixer for the
shell-side to facilitate a meandering fluid flow, and
thereby achieve a well-mixed condition (discussed in

Fig. 3. Fluxes of different module configurations in DCMD
employed lumen-side and shell-side feed (Qf = Qp = 2.5
L/min, Tf = 308–328 K, Tp = 298 K).
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Section 4.4), which can help to mitigate the TP and
favors for heat transfer (discussed in Section 4.3).

It can be also observed from Fig. 3 that the flux of
modules employed lumen-side feed was higher than
that of modules employed in shell-side feed. For
example, the flux of spacer knitted module ranged
from 3.9 to 20.1 L/m2 h in lumen-side feed operation;
while it was lower to be 2.4–12.4 L/m2 h in shell-side
feed operation. In this study, the Qf and Qp was both
2.5 L/min, so the flow velocity of lumen side
(1.86 m/s) was much higher than that of shell side
(0.16 m/s) due to their different flow areas. Normally,
the TP in the feed side was higher than that in the
permeate side. A higher feed recirculating velocity can
help to reduce the thickness of the hot boundary layer
adjacent to membrane surface and maximize the driv-
ing force [12,23]. Furthermore, serious channeling,
bypassing, or dead zones in shell-side were avoided
in feed when the feed was pumped through the
lumen side. A more effective contract of hot feed and
membrane resulted in a higher permeate flux which
was confirmed by Fig. 3.

Feed velocity is a significant influencing parame-
ters on the permeate flux. As discussed previously,
the feed flow velocity is much higher in the lumen
side especially on the condition of low module pack-
ing density with thin hollow fibers. So when the feed
is pumped through the shell side, increased pumping
energy is required to provide a higher velocity to
obtain high flux. It is not an economical way to
improve flux, so DCMD employed lumen-side feed in
recommend.

4.2. Effect of feed flow rate on permeate flux for different
module configurations

The permeate flux at different feed flow rate both
on the condition of shell-side feed (dashed line) and
lumen-side feed (solid line) is shown in Fig. 4. When
the Qf increased from 1.0 to 2.5 L/min, the Vf was dif-
ferent in the shell and lumen side. When the feed was
pumped through the shell side, the Vf,shell was in a
lower range of 0.06–0.15 m/s, and the Vp,lumen was
0.72 m/s. And when the feed was pumped through
the lumen side, at the same flow rate (Qf, L/min), the
Vf,lumen increased to 0.7–1.8 m/s, and Vp,shell was
0.06 m/s. The feed velocity played an important role
in the DCMD process, so the module flux on the
condition of lumen-side feed was higher due to higher
feed flow velocity. The fluxlumen-side feed was observed
to be 5.3–9.8 L/m2 h, while the fluxshell-side feed was
only 3.6–5.5 L/m2 h.

The curly fiber, spacer scattered and spacer knitted
module showed relatively higher flux than randomly
packed module both on the condition of shell-side
feed and lumen-side feed at different Qf. And all the
modified module configurations showed relative high
flux even at a low Qf, which confirms the fluid
improvement caused by the spacers or wavy geome-
tries, and results in a higher flux even at low feed
flow rate. The flux enhancement of 15–33% on the
condition of shell-side feed was observed, while a
more significant improvement of 25–55% on the condi-
tion of lumen-side feed over the randomly packed
module was observed due to a more efficient heat
transfer in lumen side.

4.3. Temperature polarization coefficient and heat transfer
analysis

Base on Eq. (9), the overall heat transfer coefficient

H can be calculated from the intercept by plotting DT
Nk

and 1

dP=dT
. The overall heat transfer coefficients of dif-

ferent modules both on the condition of lumen-side
feed and shell-side feed are summarized in Table 3. It
can be seen from Table 3 that the overall heat transfer
coefficients of designed modules were all higher than
that of randomly packed module. Furthermore,
the heat transfer coefficient range from 704 to
1,961 W/(m2 K) on the condition of lumen-side feed,
which was larger than that of shell-side feed
operations (425–645 W/(m2 K)). The results were
inconsistent with the flux results (Fig. 3).

Fig. 4. DCMD performance of different module configura-
tions at different feed temperature (Tf = 318 K, Tp = 298 K,
Qf: 1.0–2.5 L/min; Qp: 1.0 L/min).
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The TPC analysis of different modules is shown in
Fig. 5. It can be seen that the TPC of each module on
the condition of lumen-side feed was higher than that
on the condition of shell-side feed. Lower TPC value
means higher thermal boundary layer resistance and
thus lower mass transfer coefficient and flux [21]. It
can be concluded that the TP was more serious in the
shell-side feed process, which was also confirmed by
the flux (Fig. 3) and heat transfer coefficient results
(Table 3). In this work, when the feed was pumped
through the shell side, the feed velocity was lower, so
the hot boundary layer became thicker and resulted in
a relative low driving force and flux.

Compared with randomly packed module, the
spacer knitted module shows the highest TPC
(0.77–0.65 at Tm = 303–313 K) followed by the spacer
scattered (0.66–0.53 at Tm = 303–313 K) and curly fiber
modules (0.58–0.46 at Tm = 303–313 K) (lumen-side
feed). That might be due to the application of spacer
and wavy geometries can facilitate a meandering fluid
flow in the shell side, thereby achieved a well-mixed

condition and a mitigation of TP. And also from
Fig. 5, it can be observed that the TPC decreased with
Tm which might be due to higher fluxes generated by
the higher vapor pressure gradient of dp/dT result
in an increase in the effective membrane transfer
coefficient hm [12].

4.4. Residence time distribution (RTD) tests

Fig. 6 depicts the effluent tracer concentration of
different modules as a function of time (first 30 s).
The solid lines and dots are the experimental data,
while the dots lines are the Gaussian distribution
curves that have symmetric shapes to simplify the
probability prediction. It can be seen from Fig. 6
that the RTD curves of the randomly packed mod-
ule had relatively wider dispersions and double
peaks that imply the existence of parallel flow paths
or channeling in the modules. The curly fiber,
spacer scattered and spacer knitted module showed
narrower RTD curves compared with that of the
randomly packed module, which showed a more
ideal pattern of flow in the module.

The statistical parameter based on the RTD curves,
the mean residence time tm, and the dimensionless
variance r2m, are summarized in Table 4. As seen in
Table 4, the mean residence time of randomly packed
module was 9.72 s, while that of curly fiber module,
spacer scattered, and spacer knitted module were
longer and to be 10.31, 10.45, and 10.62 s, respectively.
The longer residence time indicates the longer contact
time of fluid and membranes, which favors the mass
and heat transfer during DCMD process [22].

The variance r2m is also an important metric to
evaluate the flow distribution [12,24–26]. A smaller
variance indicates a narrower RTD curve dispersion
and a more ideal flow pattern [12]. As seen in Fig. 6,
the C(t) curve of curly fiber, spacer scattered and spacer
knitted module shows a relatively spiked shape that
indicates a reasonable uniform flow distribution which
is consistent with their small variances (0.0148, 0.0137,

Table 3
Overall heat transfer coefficient of different module configurations

Module configurations

Overall heat transfer coefficient H (W/(m2 K))

Shell-side feed Lumen-side feed

Randomly packed module 425 704
Curly fiber module 550 1,191
Spacer scattered module 562 1,333
Spacer knitted module 645 1,961

Fig. 5. Comparisons of the TP effect for various module con-
figurations (Tf = 308–328 K, Tp = 298 K, Qf: 1.0–2.5 L/min;
Qp: 1.0 L/min).
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0.0135). The RTD results were correlated with the mod-
ule performance which confirmed that the modified
module enabled more even flow distribution, and thus
an enhanced mass and heat transfer coefficient.

5. Conclusions

In this study, hollow fiber membrane modules with
spacer and curly geometries were designed. Their
DCMD performance and heat transfer analysis on the
condition of lumen-side feed and shell-side feed were

investigated compared with randomly packed module.
In addition, the flow distribution in shell side was con-
ducted. The main conclusions include:

(1) The flux of lumen-side feed operation was
higher than that of shell-side feed of different
modules. Compared with randomly packed
module, all the modified modules enabled
higher permeate flux and the spacer knitted
module has the best performance of 51.8% at
328 K in lumen-side feed performance.

Fig. 6. Effluent tracer concentration of various configurations (tracer: sodium chloride solution; Qp = 1.0 L/min,
Tp = 298 K).

Table 4
Overall RTD results for various configurations

Configurations Mean residence time tm (s) Variance r2m (dimensionless)

Randomly packed module 9.72 0.0222
Curly fiber module 10.31 0.0147
Spacer module 10.45 0.0137
Spacer knitted module 10.62 0.0135
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(2) Modified modules showed relative high flux
even at a low feed flow rate, which confirms
the fluid improvement caused by the spacers
or wavy geometries.

(3) Compared with randomly packed module,
higher H and TPC were observed with modi-
fied modules due to a well-mixed condition
caused by spacers and wavy fibers in the shell
side, which was in accordance with the flux.

(4) Longer residence time, smaller variances were
found in modified module configurations
based on RTD tests, which showed a more
ideal flow pattern in modified modules.

Above all, theoretically lumen-side feed is recom-
mended in DCMD process due to its high thermal effi-
ciency. Proper modification favors the mass and heat
transfer due to the creation of meandering flow rate
and mitigation of TP.
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