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ABSTRACT

A novel air gap membrane distillation (AGMD) module for desalination with latent heat
recovery which consisted of parallel hollow fiber membranes and heat exchange hollow
fibers was successfully developed. The temperature profiles of AGMD module designed
with latent heat recovery along the radial direction and mass transfer coefficient across
membrane (Cm), Knudsen diffusion coefficient across membrane (CKm), molecular diffusion
coefficient across membrane (CMm), and molecular diffusion coefficient in air gap (CMa)
were obtained by establishing a heat and mass transfer model. The permeate flux (JD) was
highly sensitive to the hot feed inlet temperature, Thi. The maximum value of JD could reach
15.5 kg/m2 h for module 1 and 20.2 kg/m2 h for module 2 at Thi = 90˚C and Tci = 30˚C. The
value of actual mass transfer coefficient across the membrane was in close to the value of
Knudsen diffusion coefficient across the membrane, especially at high hot feed brine
temperature. The membrane wall was the main resistance for mass transfer and contributed
60–70% to the total mass transfer resistance. The heat transfer across the heat exchange
hollow fiber was the main heat transfer resistance and the heat transfer across the heat
exchange hollow fibers was only around 3,238.1 W/m2˚C. The temperature polarization
coefficient was introduced to measure the actual driving force.
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1. Introduction

Water shortage is one of the most serious global
challenges due to the exploding global population,
rapid industrialization, and water contamination [1,2].
Desalination technology is being studied as an
alternative solution to alleviate water resources crisis.
Desalination technology can be divided into two cate-

gories: (1) The thermal processes including the multi-
stage flash evaporation (MSF), multi-effect distillation
(MED), and vapor compression (VC); (2) The mem-
brane processes including reverse osmosis (RO) and
electrodialysis (ED). In 2013, 65% of the worldwide
installed desalination capacity was based on RO, while
MSF accounts for 22%, and MED for only 8% [3]. The
impetus to install desalination plants in many coastal
and metropolitan cities for providing freshwater comes
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from the dramatic improvements in energy consump-
tion and reducing investment costs for desalination
processes [4].

Membrane distillation (MD) has been known since
the 1960s, and developed rapidly in the 1980s with the
availability of new membrane material and membrane
preparation technology [5]. MD is a thermally driven
process, which utilizes water vapor pressure gradient
to drive the water vapor across a hydrophobic microp-
orous membrane. Based on different condensation
methods, there are mainly four MD configurations:
direct contact membrane distillation (DCMD),
sweeping gas membrane distillation (SGMD), air gap
membrane distillation (AGMD), and vacuum mem-
brane distillation (VMD). In comparison with tradi-
tional desalination processes, the advantages of the
MD are low operation temperature and pressure, high
salt rejection, and low influence of NaCl concentration
[5–8]. However, the main challenge for the commer-
cialization of large-scale MD desalination systems is
the high energy requirement [9]. In general, the energy
consumption in MD systems includes the energy for
heating the feed brine and the electricity needed for
the pumps and auxiliary devices. Now, many studies
are being focused on the design of novel membrane
module with energy recovery to decrease the energy
consumption. Singh and Sirkar [10] illustrated experi-
mentally AGMD module with internal heat recovery
using two sets of hollow fine fibers in one cylindrical
module kept in a vertical configuration. And the water
vapor flux was up to 25 kg/m2 h at higher brine inlet
temperatures. Cheng et al. [11] designed a novel hol-
low fiber AGMD module based on the hollow fiber
membranes and cooling fibers to improve the perme-
ate flux and to keep the advantage of the high thermal
efficiency of AGMD module. Yao et al. [12] developed
a continuous-effect membrane distillation (CEMD)
process by equipping hollow fiber-based AGMD
module which is operated in a countercurrent mode,
capable of internal heat recovery.

To achieve the goal of latent heat recovery, appro-
priate improvement to the MD module is required. In
the previous work [12,13], the long length AGMD
modules with latent heat recovery using heat
exchange hollow fibers were studied including the
feed inlet temperature, the feed concentration, and the
feed flow rate. And these studies were focused on
the overall performance of the AGMD module. But
the process of heat and mass transfer needs to be
further studied for optimal designing and numerical
simulation of AGMD module with energy recovery. In
this study, the short length AGMD module with 0.1 m
was prepared. The process of heat and mass transfer
in AGMD process was studied. The AGMD radial

temperature profiles Th, Thm, Tpm, Tpf, Tfc, Tcd, Tc, and
the mass transfer coefficients Cm, CKm, CMm, CMa were
obtained based on the basic transfer equations.

2. Theory

2.1. Mass transfer in AGMD

The heat and mass flows involved in this differen-
tial volume of AGMD module are indicated in Fig. 1.
The mass transfer in AGMD module includes two pro-
cesses: the mass transfer across membranes and the
mass transfer in the air gap.

The water vapor permeate flux JD can be expressed
as [14,15]:

Jm ¼ CmðPhm � PpmÞ ¼ Phm � Ppm

Rm
(1)

where Cm is the mass transfer coefficient across mem-
brane, Rm is the mass transfer resistance across mem-
brane. Phm and Ppm are the partial pressures of water
vapor on both sides of the membrane, respectively.

Mass transfer mechanism in the AGMD process
depends on the value of Knudsen number which is
defined as the ratio of the mean free path of the water
vapor molecule to the pore diameter of the membrane.
Rm can be described by molecular diffusion and
Knudsen diffusion [12,16,17].

The Knudsen diffusion resistance can be written as
[12]:

CKm ¼ 1

RKm
¼ edr

3sdm

8Mv

pRðTavg;m þ 273:15Þ
� �1

2

(2)

And the molecular diffusion resistance is [12]:
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Fig. 1. Heat and mass transfer in AGMD module.
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CMm ¼ 1

RMm
¼ e

sdm

Dv=aPt

PaMa

Mv

RðTavg;m þ 273:15Þ (3)

where τ is the membrane tortuosity, ε is the membrane
porosity, Mv is the molar mass of water vapor mole-
cule, Tavg,m is the mean temperature on both sides of
the membrane, Pt is the total pressure of water vapor
and air, PaMm is the log-mean air pressure at both
sides of the membrane, and Dv/a is the diffusion
coefficient of the vapor through the air calculated by
the Maxwell–Gilliland equation.

In the air gap, RMa can be described by molecular
diffusion because the value of air gap length is much
larger than the value of molecular free path of water
vapor [11].

CMa ¼ 1

RMa
¼ 1

da

Dv=aPt

PaMa

Mv

RðTavg;a þ 273:15Þ (4)

where Ppm and Ppf are the partial pressures of water
vapor within the air gap at Tpm and Tpf, respectively.
Tavg,a is the mean temperature within the air gap. PaMa

is the log-mean air pressure within the air gap.
The equilibrium vapor pressures P are calculated

using the Antoine equation [12].

PðTÞ ¼ 1; 000 exp 16:262� 3; 799:89

T þ 226:35

� �
(5)

The presence of sodium chloride influences the
equilibrium vapor pressures, Schofield [18] revised P
(T) using the method of activity coefficient and P was
calculated as:

P ¼ xwcwPðTÞ (6)

where xw is the molar concentration of water. γw is the
activity coefficient of water which is calculated by
[19–21].

cw ¼ 1� 0:5ð1� xwÞ � 10ð1� xwÞ2 (7)

2.2. Heat transfer in AGMD

The heat transfer process of AGMD is rather
complicated, which includes the heat transfer pro-
cess within hot feed liquid boundary layer, heat

transfer across membrane, heat transfer in air gap,
heat transfer in condensation film, heat transfer
across hollow fibers, and heat transfer within cold
brine liquid boundary layer. Each heat transfer
process is expressed as follows [11,12]:

the total heat transfer rate through the hot liquid
can be expressed as:

Qh ¼ hhðTh � ThmÞAh (8)

Heat transfer across membrane consists of vapor
potential heat QL and heat conduction Qs:

Qm ¼ Qs þQL (9)

Qs ¼ km

rim ln dom
dim

ðThm � TpmÞAm (10)

QL ¼ JDDHvAm (11)

where km is the thermal conductivity coefficient of
membrane and ΔHv is the evaporation heat of brine,
which can be expressed as [11,12]:

DHv ¼ 2:245� 103 þ 2:475ð373:0� ðT þ 273:15ÞÞ (12)

The thermal conductivity coefficient of membrane
km is calculated as:

Km ¼ eka þ ð1� eÞks (13)

where ka is the thermal conductivity coefficient of air
and ks is the thermal conductivity coefficient of
membrane material.

Heat transfer in air gap:

QL ¼ JDDHvAm (14)

Qs ¼ ka
da

ðTpm � Tpf ÞAa (15)

Heat transfer in the water vapor condensed film:

Qf ¼ hf ðTpf � TfcÞAf (16)

where hf is the heat transfer coefficient for the
condensed film. And hf can be expressed as [19,22]:
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hf ¼ 0:943
k3q2gDHv

lLðTpf � TfcÞ
� �1

4

(17)

Heat transfer across heat exchange hollow fibers:

Qd ¼ kd

rid ln
dod
did

ðTfc � TcdÞAd (18)

Heat transfer in the cold brine boundary:

Qc ¼ hcðTcd � TcÞAc (19)

The heat transfer coefficients for both hot flow and
cold flow can be calculated from the respective local
Nusselt number (Nu), which is defined as:

Nuh ¼ hhdim
kh

(20)

Nuc ¼ hcdid
kc

(21)

The maximum Re is below 1,000 and the flow is
laminar. For relative small radial permeation rate, Nu
can be estimated as 4.0 [12,23,24], which is an average
of Nu = 3.66 (for constant wall temperature) and
Nu = 4.36 (for constant flux).

2.3. Process evaluation

In the process of AGMD desalination, the mass
transfer flux JD is to measure the production capacity
of the AGMD module, which can be expressed as:

JD ¼ mp

Am
(22)

The actual driving force of mass transfer in AGMD
module is the water vapor pressure difference across
the membrane which arises from the temperature
difference between Thm and Tpf. The temperature
difference between Thm and Tpf is smaller than the
bulk temperature difference between Th and Tc.
The temperature polarization coefficient (TPC) can be
introduced to describe temperature polarization
phenomenon. TPC is defined as [12]:

TPC ¼ Thm � Tpf

Th � Tc
(23)

The calculation process of mass transfer resistances
Rm, RKm, RMm, and RMa were calculated in Eqs. (1)–(4).
In the experiment, the operating parameters including
the feed inlet temperature (Tci, Thi) and the feed flow
rate (mci, mhi) were set and remained the same. The
feed outlet temperature (Tco, Tho) and the permeate
water flow rate (mp) were obtained by the experiment.
Then the mass transfer flux (JD) can be calculated
according to Eq. (22).

Total heat transfer rate from the hot brine to the
cold brine (Qt) can be expressed as:

Qt ¼ cpmciðTco � TciÞ (24)

In desalination experiment, suitable heat preserva-
tion measures were adopted to reduce heat loss as far
as possible. In the previous experiments [13,14], the
heat loss only occupied 1–2% of the total heat transfer
rate from the hot side to the cold side. Now, a short
length AGMD module was used and the heat loss can
be neglected.

According to the energy conservation, the amount
of heat transferred through each of domains is equal
to one another at the steady state.

Qh ¼ Qm ¼ Qa ¼ Qf ¼ Qd ¼ Qc ¼ Qt (25)

Then, the AGMD radial temperature profiles Thm,
Tpm, Tpf, Tfc, Tcd and the mass transfer coefficients Cm,
CKm, CMm, Ca were obtained according to Eqs. (1)–(19).

3. Experimental

3.1. Membrane and membrane module

Fig. 2 shows the AGMD module structure.
Table 1 shows the characteristics of AGMD modules.
The microporous hydrophobic PP hollow fiber
membranes and the non-porous heat exchange PP
hollow fibers were kindly provided by Tianjin
Chemical Separating Technologies Co. Ltd, Tianjin,
China. The polypropylene nets were bought, which
were placed between each layer of hollow fiber
membranes and heat exchange hollow fibers to
adjust the width of air gap and to ensure the real
existence of air gap.

H. Geng et al. / Desalination and Water Treatment 57 (2016) 15276–15284 15279



3.2. Experimental apparatus

The experimental apparatus is schematically
depicted in Fig. 3. The AGMD process was operated
in a countercurrent flow configuration. The cold brine
of 7.0 wt.% NaCl solution in the thermostat A was
pumped into the heat exchange hollow fibers. The
cold brine temperature was maintained constant at
30˚C (±0.1˚C). In this AGMD module, the cold brine
temperature continues to increase as a result of receiv-
ing the latent heat of the distillate water vapor from
the hollow fiber membranes. To keep the cold brine
temperature unchanged or changed little, the large
cold brine flow rate (45 L/h) and the small hot brine
flow rate (15 L/h) were introduced. As a consequence
of that the cold brine changed only slightly in tem-
perature, about 1.5˚C. The hot brine of 7.0 wt.% NaCl
solution maintained constant at 70–90˚C (±0.1˚C) was
pumped into the inlet of hollow fiber membranes. The
temperatures of the feed at four points (two inlets and
two outlets) were measured with thermometers Pt100
with sensitivity at 0.1˚C. A good thermal insulation

was used to reduce the heat loss. After the whole
system was running at steady state, the condensed
water collected in a breaker was weighted and then
went to the thermostat B to keep the feed concentra-
tion unchanged.

4. Results and discussion

4.1. Effect of operating temperature on JD and TPC

The effects of hot brine inlet temperature (Thi) on
the permeate flux (JD) shown in the Fig. 4 is investi-
gated by varying Thi from 70 to 90˚C with an interval
of 5˚C. JD increases as Thi increases. The driving force
of mass transfer in AGMD process increases as Thi

increases because of the increase in the trans-mem-
brane vapor pressure difference resulting from the
increase in trans-membrane temperature difference. It
can be observed that JD is highly sensitive to the tem-
perature Thi. When T3 increases from 70 to 90˚C, JD
increases by 244.4% from 4.5 to 15.5 kg/m2 h. While
in Ref. [12], JD increased by 79% from 3.43 to
6.14 kg/m2 h in 0.62 m AGMD module, and JD only
increased by 35% when the AGMD module length
was increased to 1.07 m. The water vapor pressure
increases exponentially with the increase in tempera-
ture based on the Antoine equation, which makes the
driving force to increase. The measured experimental
JD at different operating conditions is repeatable. The
maximum experimental error in JD is −0.33 kg/m2 h
(3.1%) at Thi = 85˚C, Tci = 30˚C, and F = 15 L/h.

From Fig. 4, JD of the AGMD module 2 is larger
than that of the AGMD module 1. The Knudsen diffu-
sion resistance across membrane (RKm) is much larger
than the molecular diffusion resistance across mem-
brane (RMm) based on the calculation (Eqs. (2) and
(3)). RKm is 1,032,227 m2 Pa s/kg, but RMm is only
435,649 m2 Pa s/kg under the operating condition of

MD  Module

hollow fibers

membranes

polypropylene net

Fig. 2. Schematic presentation of AGMD-HF membrane
module.

Table 1
Characteristics of AGMD modules

Characteristics

AGMD Module

Module 1 Module 2

Membrane ID/OD (mm) 0.55/0.7 0.55/0.7
Membrane average pore size (μm) 0.20 0.37
Membrane porosity 69% 68%
Heat exchange hollow fiber ID/OD (mm) 0.4/0.52 0.4/0.52
Number of membranes 100 100
Effective length of module (m) 0.1 0.1
Effective internal membrane area (m2) 0.017 0.017
Number of heat exchange hollow fibers 200 200
Air gap width (mm) 0.5 0.5
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Thi = 90˚C, Tci = 30˚C, and F = 15 L/h. The mass
transfer mechanism across membrane in the ACMD
module depends on the value of the mean free path of
the water vapor molecule to the pore diameter of the
membrane. The Knudsen diffusion resistance domi-
nates the mass transfer process when the membrane
pore diameter is small. With the increase in the mem-
brane pore diameter, the domination of Knudsen
diffusion weakens, however, the molecular diffusion
strengthens, which is beneficial to increase JD.

Fig. 5 shows that TPC decreases as Thi increases.
TPC is proportional to the temperature difference
Thm − Tpf, but it is inversely proportional to the tem-
perature difference Th − Tc based on Eq. (23). The
temperature difference Th − Tc increases as Thi

increases. As shown in Fig. 4, JD increases with the
increase of Thi. The increasing JD involves more heat
flux through the liquid phases, and the temperature
gradient in the boundary liquid layers (Th − Thm)
increases because the convective heat transfer coeffi-
cient of water remains unchanged in the same flow
pattern. The heat transfer resistance of across the hol-
low fibers is primarily controlling when non-porous
PP hollow fibers are used as an internal heat exchan-
ger for recovery of latent heat [12]. The temperature
difference Tfc − Tcd also increases with the increase of
JD as shown in the Fig. 6. For this reason, TPC
decreases as Thi increases, and JD does not increase as
fast as the water vapor pressure. It is necessary to
enhance hh and hc for getting a high TPC and JD, such
as by reducing the membrane diameter and the
thickness of boundary layer, and meanwhile also to
enhance the heat transfer coefficient of the heat
exchange hollow fiber, such as by increasing the ther-
mal conductivity of membrane material or further
reducing the heat exchange hollow fiber thickness.

4.2. Heat and mass transfer in AGMD module

Table 2 shows the comparison of heat and mass
transfer coefficients between modules under the
operating condition of Thi = 90˚C, Tci = 30˚C, and
F = 15 L/h. It can be seen that the mass transfer coeffi-
cient in air gap (CMa) is much larger than the mass
transfer across the membrane. The mass transfer

Hot brine

Permeate water

Cold brine

Membranes

Heat-exchange 
fibers

Thermostat B

Magnetic pump

Thermostat A

Tho

Tco Thi

Tci

Fig. 3. Schematic diagram of AGMD experimental appara-
tus.
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Fig. 4. Effect of hot brine inlet temperature Thi on JD.
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Fig. 5. Effect of hot brine inlet temperature Thi on TPC.
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resistance in the air gap (RMa) occupied the total mass
transfer resistance (Rm + RMa) around 30.1% for
module 1 and 34.3% for module 2, respectively. Thus,
compared with the air gap, the membrane wall is the
main resistance for mass transfer. The mass transfer
across the membrane is the control procedure. To
increase the mass transfer across membrane, it is
necessary to enlarge the membrane pore diameter and
reduce the membrane thickness. When increasing the
membrane pore diameter, it may also affect liquid
entry pressure of water (LEPw) and solute rejection.
So, when choosing membrane and membrane pore
size used in MD desalination experiment, it is neces-
sary to ensure the operating pressure exceeds the
LEPw of the membrane based on the Laplace’s Law.

The heat transfer coefficient in the boundary layer
of hot side (hh) is about 4,874 W/m2˚C for module 1
and 5,864.4 W/m2˚C for module 2. But the heat trans-
fer across the heat exchange hollow fibers is only
3,238.1 W/m2˚C, which indicates that the heat transfer
across the heat exchange hollow fiber is the main heat

transfer resistance. Based on Eq. (18), the high thermal
conductivity of hollow fibers material and thin heat
exchange hollow fibers need to be used to increase the
heat transfer coefficient across heat exchange hollow
fibers.

4.2.1. Temperature profiles of AGMD along the radial
direction

Fig. 6 shows the calculated temperature profiles of
AGMD along the radial direction according to
Eqs. (8)–(19). The temperature drop in the air gap is
the highest because the heat transfer coefficient in the
air gap is the lowest, which agrees with the reported
result in Ref. [12]. The temperature drop in the air gap
(Tpm − Tpf) was 43.5˚C, which occupied the total tem-
perature drop (Th − Tc) around 84.7% for module 1
under the operating condition of Thi = 90˚C, Tci = 30˚C,
and F = 15 L/h.

The temperature drop across membrane is only
about 0.5–1.7˚C in spite of the large total bulk tem-
perature drop. The air gap in AGMD module gives an
extra resistance to mass transfer, which makes the
permeate flux of AGMD module lower than other MD
configurations. However, the heat transfer by heat
conduction only occupied the total heat transfer from
the hot brine to the cold brine around 5–20% and the
value can be up to 20–50% in DCMD module [25].
From the Fig. 6, the temperature drop across the con-
densed film is only 0.1–0.4˚C because of the high
water vapor condensation heat transfer coefficient
(14,505.4–14,566.7 W/m2˚C).

4.2.2. Effect of temperature on the mass transfer
coefficients (CKm, CMm, Cm, Ca)

Fig. 7 shows the effect of temperature on the mass
transfer coefficients (CKm, CMm, Cm, CMa). CKm, CMm,
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 85
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Fig. 6. Temperature profiles of AGMD module 1.

Table 2
Comparison of heat and mass transfer coefficients between two modulesa

Heat and transfer coefficients Module 1 Module 2

Boundary layer of hot side hh, W/m2˚C 4,874.1 5,864.4
Membrane wall km/rim ln (dom/dim), W/m2˚C 1,079.5 1,109.9

Cm, 10
−6 kg/m2 Pa s 1.35 1.60

CKm, 10
−6 kg/m2 Pa s 0.97 1.73

CMm, 10
−6 kg/m2 Pa s 3.07 3.01

Air gap ka/da, W/m2˚C 46 46
CMa, 10

−6 kg/m2 Pa s 3.11 3.07
Distillate film hf, W/m2˚C 14,505.4 14,512.3
Hollow fiber wall kd/rid ln (dod/did), W/m2˚C 3,238.1 3,238.1
Boundary layer of cold side hc, W/m2˚C 6,137.9 6,146.6

aOperating condition: Thi = 90˚C, Tci = 30˚C, and F = 15 L/h.
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Cm, and CMa decrease with the increase in the tem-
perature. According to Eqs. (2)–(4), the mass transfer
coefficients are inversely related to temperature. Com-
pared with the reported relationship between mass
transfer coefficient and temperature [12], the calcu-
lated values disagree with them because a short
AGMD module was used and the bulk temperature
was kept unchanged or changed little. The value of
CMm is lower than that of CMa. It indicates the mass
transfer across membrane constitutes the biggest mass
transfer resistance because of the large RKm. Based on
Eq. (2), CKm can be increased by enlarging the mem-
brane pore diameter and decreasing the membrane
thickness.

It can be seen from Fig. 7, the mass transfer
coefficient in air gap is the largest when the air gap
thickness is kept at a constant value of 0.5 mm.
Based on Eq. (4), the mass transfer resistance in the
air gap could be the biggest when the air gap thick-
ness was greater than 1.2 mm, which was studied in
the Ref.14. Increasing the air gap thickness will
decrease the packing density of AGMD module and
thus reduces pure water production capacity of per
unit area. When the air gap thickness was reduced
to 0.2 mm, it could easily form bridges between
membranes and heat exchange hollow fibers, and
much heat losses by heat conduction were measured
because the heat transfer coefficient of liquid is
greater than that of the gas. The value of actual
mass transfer coefficient across membrane is in close
to the value of Knudsen diffusion coefficient across
membrane, especially at high hot feed brine
temperature.

5. Conclusions

The heat and mass transfer in AGMD module with
internal latent heat recovery was analyzed in details.
The AGMD radial temperature profiles Th, Thm, Tpm,
Tpf, Tfc, Tcd, Tc, and the mass transfer coefficients Cm,
CKm, CMm, CMa were obtained.

(1) JD was highly sensitive to temperature Thi. The
maximum value of JD could reach 15.5 kg/m2 h
at Thi = 90˚C for AGMD module 1. Increasing
the membrane pore diameter could increase JD.
For module 2, the membrane pore diameter
was 0.37 μm, and JD could reach 20.2 kg/m2 h.

(2) CKm, CMm, Cm, and Ca decreased with the
increase in the temperature, Th. The value of
actual mass transfer coefficient across mem-
brane was in close to the value of Knudsen
diffusion coefficient across membrane, espe-
cially at high Th. The membrane wall was the
main resistance for mass transfer. To increase
the mass transfer across membrane, it is neces-
sary to enlarge the membrane pore diameter
and reduce the membrane thickness.

(3) The temperature profiles of AGMD along the
radial direction (Th, Thm, Tpm, Tpf, Tfc, Tcd, and
Tc) were got by establishing the heat and mass
transfer model. The temperature drop in the air
gap was the highest and occupied the total tem-
perature drop (Th − Tc) around 80–85%.

(4) The heat transfer across the heat exchange hol-
low fiber was the main heat transfer resistance
and the heat transfer across the heat exchange
hollow fibers was only around 3,238.1 W/m2˚C.
It is necessary to enhance the heat transfer
coefficient across the heat exchange hollow
fibers such as by reducing the hollow fibers’
thickness and the thermal conductivity of
hollow fiber material.
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Fig. 7. The effect of temperature on the mass transfer
coefficient in AGMD module 1.

Nomenclature

A — area, m2

Cp — specific heat, J/kg˚C
C — mass transfer coefficient, kg/m2Pa s
Cm — mass transfer coefficient across

membrane, kg/m2Pa s
CMm — molecular diffusion coefficient across

membrane, kg/m2Pa s
CKm — Knudsen diffusion coefficient across

membrane, kg/m2Pa s
CMa — molecular diffusion coefficient in air

gap, kg/m2Pa s
di — inside diameter of the fiber, m
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do — outside diameter of the fiber, m
dr — membrane pore size, m
h — convective heat transfer coefficient,

W/m2/˚C
ΔHv — enthalpy of water evaporation, J/kg
JD — water permeate flux, kg/m2/h
k — the thermal conductivity coefficient,

W/m˚C
P — pressure, Pa
RMm — molecular diffusion resistance across

membrane, m2 Pa s/kg
RMa — molecular diffusion resistance in air

gap, m2 Pa s/kg
RKm — Knudsen diffusion resistance across

membrane, m2 Pa s/kg
T — temperature,˚C
ε — membrane porosity
μ — kinematic viscosity, Pa s
δ — thickness, m

Subscripts
a — air gap
c — cold feed side
d — heat exchange hollow fibers
D — permeate water
f — condensate film
hm — hot feed side membrane surface
m — hollow fiber membrane
pf — distillate film surface
pm — membrane surface at air gap side
v — vapor
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