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Summary

Desulfurated flue gas in coal-fired power plants contains profuse water vapor

and latent heat, the recovery of which is crucial. Herein, a novel use of silicon

carbide (SiC) membranes to construct a transport membrane condenser (TMC)

for simultaneous water and waste heat recovery from high-moisture flue gas is

reported. The performances of water and heat recovery were systematically

compared between typical dense heat exchange materials (304 stainless steel

and perfluoroalkoxy [PFA]) and porous ceramic membranes (Al2O3 membrane

and SiC membrane). Porous ceramic membranes showed higher heat transfer

performance than dense materials, suggesting a non-negligible mass transfer

effect on heat transfer. Compared with the Al2O3 membrane, the SiC mem-

brane exhibited better water and heat recovery performance because of its

superior thermal conductivity. Using the SiC membrane as the heat exchange

material, a water flux of 11.3-44.4 kg�m−2�h−1 and a water recovery efficiency

of 46.5%-76.9% were achieved. The thermal resistance from the gas boundary

layer dominated the heat transfer process in SiC membrane condensers as the

thermal resistances from the membrane and condensate film were markedly

reduced. This study forms a basis for future investigations on heat transfer

enhancement of membrane condensers used for industrial moisture recovery.
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1 | INTRODUCTION

Considerable flue gas is produced during industrial pro-
cesses such as chemical production, power generation,
drying, flush quenching, and wet scrubbing. Typically,

the flue gas, containing moisture and thermal energy, is
directly exhausted into the atmosphere.1 Until 2040,
about 40% of the world's electricity will come from coal
annually.2 For coal-fired power plants, 3%-8% of the fuel
calorific value is lost in the form of the thermal energy of
the flue gas.3 Water vapor constitutes 12%-16% of the flue
gas.4 Hydrocarbon fuel combustion and wet flue gas
desulfurization process (WFGD) are the main sources of
moisture. The annual amount of water vapor discharged
after WFGD exceeds 100 million tons in China.5 If 20% of

Abbreviations: GTI, Gas Technology Institute; TMC, transport
membrane condenser; WFGD, wet flue gas desulfurization; PVDF, poly
(vinylidene fluoride); SPEEK, sulfonated poly(ether ether ketone); PFA,
perfluoroalkoxy; LMTD, logarithmic mean temperature difference.
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the water vapor and waste heat can be recovered, power
plants would be self-sufficient with processed water.6

Meanwhile, the utilization ratio of thermal energy would
obviously be improved. In addition, the direct emission
of high-humidity flue gas leads to visual pollution and a
series of environmental problems around power plants,
such as colored smoke plumes, gypsum rain,7 and low
atmospheric visibility.8 Capturing water vapor from flue
gas is key to solving these issues. From energy and envi-
ronment prospects, clean coal technology9 and waste-to-
energy10 have receiving a growing attention. Therefore, it
is imperative to recycle moisture from high-humidity flue
gas exhausted by coal-fired power plants.

Methods for recycling moisture from high-humidity flue
gas include condensation, absorption, and membrane tech-
nology.11 Condensation technology are widely used for
moisture recovery from flue gas.12-15 However, conventional
metal heat exchangers have some limitations.16 (a) Low-
temperature corrosion will reduce the lifespan of heat
exchangers and raise maintenance cost. (b) Further treat-
ment is required for low-quality recovered water. (c) The
mixture of condensate and fly ash may form a fouling layer
on the tube wall of metal heat exchangers seriously affect-
ing heat transfer efficiency. The fluorine plastic heat
exchanger, which can resist acid contaminant corrosion
and ash fouling, may be a substitute for the metal heat
exchanger.15 However, low heat conductivity restricts the
efficiency of using fluorine plastic heat exchangers, and
thus, modified plastic needs to be developed.17 In addition,
the feasibility of other methods for flue gas treatment is ver-
ified through experiments, such as open absorption system
and hybrid heat pump system. Open absorption system
could recover moisture and waste heat from gas-fired flue
gases. However, sulfides and oxynitrides from coal-fired flue
gas may deteriorate the recovery performance.18 The
greatest challenge is to reduce the energy consumption for
absorbent regeneration. Boiler efficiency can be significantly
improved using a novel hybrid heat pump system, which is
composed of two air preheaters, a two-stage heat exchang-
ing unit, and a mechanical compression heat pump. But
the installation cost of the system is expensive.19

Currently, membrane condensation has been investi-
gated as a promising technology for moisture recovery
from flue gas.20-22 Compared with conventional metal
heat exchangers, membrane condensers exhibit the
advantages of remarkable acid corrosion resistance, high
quality of recovered water, and easy cleaning. Three types
of membranes based on different transfer mechanisms
have been investigated. (a) Dense organic membranes:
the sulfonated poly(ether ether ketone) (SPEEK)
membranes,23 which are hydrophilic and have a high
water vapor selectivity, are used to separate water vapor
from other gases in the flue gas via the solution-diffusion

mechanism. However, the poor mechanical strengths of
these membranes and high energy consumption of the
joint vacuum equipment should be considered for practi-
cal use. (b) Porous organic membranes: the condensate
can be retained in the retentate side of hydrophobic
poly(vinylidene fluoride) (PVDF) membranes,24 whereas
dehumidified gases permeate through the membranes.
However, the air coolant and organic heat exchange
materials may lead to limited condensing heat transfer
performance. (c) Porous ceramic membranes: the Gas
Technology Institute (GTI) in the United States intro-
duced the novel concept of TMC based on hydrophilic
nanoporous ceramic membranes for water capture,
where the water vapor condenses in pores via capillary
condensation.25 The TMC unit was used to extract water
vapor and waste heat from coal-fired flue gas during an
800-hours continuous test,4 and a water recovery effi-
ciency of 40%-55% was achieved. Subsequently, a series of
comparable experiments demonstrated that the mass
transfer coefficients of nanoporous membrane tubes are
60%-80% higher than those of impermeable stainless steel
tubes at the same mean temperature difference.26 Further
research on the efficacy of TMCs was performed by Hu
et al.27 and Chen et al.28 Owing to the excellent chemical
stability, thermostability, mechanical strength, and heat
transfer performance of porous ceramic membranes,
TMCs have great potential for moisture recovery in the
complex flue environment.29

Previously, we investigated the feasibility of using
mono-30 and 19-channel31 tubular ceramic membranes
for water recovery. Then, we compared the heat and
mass transfer performances of ceramic membranes with
selective layers coated on the inner or outer side of the
substrate, respectively.32 Finally, we used the outer-side
coated mono-channel ceramic membranes to construct
TMCs for the pilot study.33 Based on the pilot study, 1 m2

of the Al2O3 ceramic membrane can only handle
330 m3�h−1 of flue gas because of the low temperature dif-
ference between the flue gas and cooling water.13 For a
typical 300 MW thermal power plant, the flue gas flow-
rate is about 106 m3�h−1.34 An extensive membrane area
is required for flue gas condensation, which results in
large space occupation and high investment in mem-
brane condensers. Thus, future investigations should
focus on enhancing the heat transfer performance of
TMCs to reduce the membrane area.

The thermal conductivity of heat exchange materials
significantly affects the heat transfer performance of con-
densers.35 Currently, mass-produced ceramic membranes
are made of Al2O3, TiO2, and ZrO2;

36 among these, Al2O3

membranes are widely used to construct ceramic
membrane-based condensers. However, the thermal con-
ductivity of Al2O3 is relatively low. Table 1 summarizes
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the thermal conductivities of different materials at room
temperature,37-39 revealing that SiC, which has extremely
high thermal conductivity, may be a potentially suitable
material to construct TMCs for water recovery from flue
gas. The thermal conductivity of ceramic materials is
affected by many factors such as pores.40 Preparing SiC
membrane with high thermal conductivity for flue gas
condensation is the focus of future work.

In this work, the SiC membrane was first proposed
for water and waste heat recovery from the high-
moisture flue gas following WFGD in coal-fired power
plants. The heat and mass transfer performances of the
SiC membrane were compared with those of the Al2O3

membrane, 304 stainless steel, and PFA. In addition,
the effects of operational parameters, including air
flowrate, flue gas temperature, cooling water flowrate,
cooling water temperature, and transmembrane pres-
sure difference, on water recovery performance were
studied. Thermal resistances in the membrane con-
denser were also analyzed and calculated. Our findings
may provide novel insights into heat transfer enhance-
ment of TMCs used for water and waste heat recovery
from flue gas.

2 | EXPERIMENT

2.1 | Materials

Four types of heat exchange materials, including a tubu-
lar SiC membrane, tubular Al2O3 membrane, 304 stainless
steel tube, and PFA tube, were used in our experiment
(Figure 1). The dense 304 stainless steel tube and PFA
tube were obtained from local hardware shops. The
porous tubular ceramic membranes were provided by
Nanjing Hongyi Ceramic Nanofiltration Membranes Co.,
Ltd., China. The separation layer of the tubular ceramic
membranes was coated on the inner side of the substrate.
The average pore sizes of the SiC and Al2O3 membranes
are both 0.4 μm. The geometric parameters of the experi-
mental materials are listed in Table 2.

2.2 | Experimental setup

Flue gas condensation experiments were conducted using a
home-made bench-scale condensation system (Figure 2).
The operational parameters applied in this work are listed
in Table 3. The shell-and-tube condenser was horizontally
arranged; this condenser comprised a heat exchange tube
(i.e., SiC membrane, Al2O3 membrane, 304 stainless steel
tube, or PFA tube) and a 304 stainless steel shell.

Artificial flue gas (a mixture of compressed air and
water vapor) was prepared by bubbling dry air into a steam
generator. A mass flow controller (MQV0050, Azbil,
Dalian, China) was used to measure the flowrate of dry air.
The power of the steam generator was regulated to control
the temperature of the artificial flue gas. An electric heater
was used to control the relative humidity of the flue gas.
Humidity (HMT337, Vaisala, Finland), temperature (MIK-
P202, Asmik, China), and pressure transmitters (MIK-
P300, Asmik, China) were installed near the inlet and out-
let of the membrane condenser to monitor the humidity,

TABLE 1 Thermal conductivities of different materials

Material (single
crystal)

Thermal conductivity/
W�m−1�K−1

ZrO2 2

TiO2 10

Al2O3 30

AlN 320

Si3N4 320

SiC 490

FIGURE 1 Photographs of the experimental materials [Colour

figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Parameters of the experimental materials

Material

Effective
length
(mm)

Inner
diameter
(mm)

Wall
thickness
(mm)

Tubular SiC
membrane

90 8 2.4

Tubular
Al2O3

membrane

90 8 2.4

304 stainless
steel tube

90 8 2.4

PFA tube 90 8 2
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temperature, and pressure of the artificial flue gas, respec-
tively. The pipes, tanks, and the outside of the condenser
were wrapped with rubber plastic materials to curb heat
exchange with the environment.

Cooling water was circulated on the shell side of the
condenser, whereas the flue gas flowed countercurrently in
the tube. The cooling water temperature was controlled
using a chiller. The cooling water flowrate was measured
using a glass rotameter. A slight negative pressure
(−20 kPa) was provided by the vacuum pump maintained
on the circulating water side of the experimental setup for
the condensate permeating through the membrane. The
volume change of the cooling water was monitored using
the level gage installed on the water tank. Once they
reached stable values, all operational parameters
(i.e., flowrate, temperature, humidity, and pressure) were
recorded using the data acquisition system (Nanjing Saint
Recovery Technology Co., Ltd., China) for 15 minutes at
an interval of 1 minute. No gas bubbles were observed in
the circulating water for all experiments, indicating that
the TMC has excellent selectivity toward condensable gas.

The uncertainties for the measurements were: volumetric
change ± 1.7%, gas flowrate ± 1%, gas side temperature
± 0.5%, water flowrate ±1.5%, water side temperature
± 0.5%, humidity ±1%, and pressure ± 0.1%.

3 | THEORY

3.1 | Heat and mass transfer processes

The condensing heat transfer of pure water vapor and
water vapor containing a small amount of non-
condensable gases has been extensively researched.41

However, the volumetric percentage of noncondensable
gases is more than 80% for the desulfurated flue gas. The
heat transfer process for flue gas that contains predomi-
nantly noncondensable gases is very different: with the
increasing volumetric percentage of noncondensable
gases, the thermal resistance from the noncondensable
gas boundary layer, rather than the condensate film,
gradually dominates the heat transfer process.

According to Colburn-Hougen's theory,42 the heat and
mass transfer mechanism can be simply illustrated in
Figure 3. The total heat (Qtotal) in condensation process
includes the sensible heat (Qs) and latent heat (Ql). The for-
mer is caused by the flue gas forced convection, and the lat-
ter is released by condensation of the vapor. As the flue gas
flows in the tubular heat exchange materials, the water
vapor in the gas bulk diffuses and condenses on the cold
surface of the tube wall. Then, a condensate film is formed
on the surface of the tube wall, and the noncondensable
gases generate the gas boundary layer between the conden-
sate film and gas bulk.43 The convective heat and mass

FIGURE 2 Schematic of the

experimental setup [Colour figure can be

viewed at wileyonlinelibrary.com]

TABLE 3 Operational parameters applied in this work

Parameter Value(s)

Air flowrate (SLM, 20�C, 101.325 kPa) 3, 6, 9, 12, 15

Flue gas temperature (�C) 50, 55, 60, 65, 70

Cooling water flowrate (L�min−1) 0.06, 0.2, 0.4, 0.6, 0.8

Cooling water temperature (�C) 10, 15, 20, 25, 30

Relative humidity (%) 100

Transmembrane pressure
difference (kPa)

2, 10, 15, 20
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transfer occur in the noncondensable gas boundary layer.
The temperature difference and vapor partial pressure dif-
ference between the gas bulk and interface are the driving
forces of heat and mass transfer. Condensation occurs at
the interface between the noncondensable gases and con-
densate. Then, the total heat transfers to the cooling water
side through the condensate film, tube wall, and cooling
water boundary layer.

The heat and mass transfer mechanisms for dense
and porous heat exchange materials are different.
Figure 4 shows the schematics of flue gas condensation
using dense and porous heat exchange materials. Vapor
condensation on the dense surface mostly follows the
principle of filmwise condensation where the conden-
sate film may deteriorate the heat and mass transfer.
For the ceramic membrane-based flue gas condenser,
the condensate can be continuously evacuated to the
cooling-water side through membrane pores with the
aid of the transmembrane pressure difference. The
pores are clogged by the condensate,30 and other non-
condensable gases such as SO2, NOx, and CO2 are
prevented from passing through the membrane. The
thermal resistance caused by the condensate film is
eliminated as no condensed water accumulation occurs
on the tube wall.27 The mass transfer inside the mem-
branes also contributes to the total heat transfer. In
addition, capillary condensation, which occurs in the
pores and displays excellent gas permeability and selec-
tivity, is a significant transport mechanism in mem-
brane condensers.4,26,27 The Kelvin equation is used to
describe capillary condensation:

ln
p
P0

= – 2σMcosθ
ρRTrp

ð1Þ

where P is the capillary condensation pressure (Pa), P0 is
the saturated vapor pressure for a planar interface (Pa), σ

is the surface tension (N�m−1), M is the molar mass of the
condensate (kg�mol−1), θ is the contact angle (deg), ρ is
the condensate density (kg�m−3), R is the gas constant
(J�mol−1�K−1), T is the temperature (K), and rp is the pore
radius (m).

3.2 | Heat transfer calculation

The total heat flow (Qt) is calculated using the following
expression:30

Qt =Cw _mw,inΔT + _mch Tð Þ ð2Þ

FIGURE 3 Heat and mass transfer

in the flue gas condensation process

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 4 Flue gas condenser configurations using A, dense

materials and B, porous materials [Colour figure can be viewed at

wileyonlinelibrary.com]
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where Cw is the specific heat capacity of water
(kJ�kg−1�K−1), h(T) is the specific enthalpy of water
(kJ�kg−1) at temperature T, ΔT is the temperature change
of the cooling water (K), ṁw,in is the mass flowrate of the
inlet cooling water (kg�h−1), and ṁc is the condensate
transfer rate (kg�h−1).

The overall heat transfer coefficient is a complicated
function of tube dimensions, material thermal conductiv-
ities, fluid properties, flowrates, and fouling thermal
resistances.17 Taking the internal surface of the heat
exchange tube as a reference, the overall heat transfer
coefficient (Ki) can be calculated as

K i =
Qt

AiΔTm
ð3Þ

where Ai is the effective internal surface area of the heat
exchange tube (m2), and ΔTm is the logarithmic mean
temperature difference (LMTD) (K) between the flue gas
and cooling water, which is given as follows:28,44

ΔTm =
Tfg,in−Tw,out
� �

− Tfg,out−Tw,in
� �

ln T fg,in−Tw,out

T fg,out−Tw,in

� � ð4Þ

where Tfg,in, Tfg,out, Tw,in, and Tw,out are the temperatures
(K) of the inlet flue gas, outlet flue gas, inlet cooling
water, and outlet cooling water, respectively.

The resistance-in-series model31 is used to describe
the heat transfer process of membrane condensation:

K i =
1

1
αi
+ Ai

2πλtL
lnro

ri
+ Ai

Ao

1
αo

,K iAi =
1P
Rth

ð5Þ

where ri and ro are the inner and outer radius of the heat
exchange tube (m); L is the length of tube (m); Ai and Ao

are the internal and external surface area of the heat
exchange tube (m2); λt is the tube wall thermal conductiv-
ity (W�m−1�K−1); αi is the total heat transfer coefficient of
flue gas side (including both convection and condensa-
tion) (W�m−2�K−1); αo is the convective heat transfer coef-
ficient in the cooling water side (W�m−2�K−1); Rth refers
to thermal resistance (K�W−1). The fouling thermal resis-
tances were neglected in the experimental conditions.

The thermal resistance in the tube wall (Rt) can be
expressed as

Rt =
1

2πλtL
ln
ro
ri

ð6Þ

where the thermal conductivity (λt) for porous membrane
wetted by water is determined by

λt = 1−γð Þλm + γλw ð7Þ

where γ is the porosity of the membrane, λm and λw are
the thermal conductivities (W�m−1�K−1) of the mem-
brane material and water, respectively. The porosities
of the SiC and Al2O3 tubes, which were determined
using Archimedes' method, are 46% and 36%,
respectively.

The thermal resistance in the cooling water boundary
layer (Rw) can be calculated as

Rw =
1

αoAo
ð8Þ

The flowrate of the recovered water is negligible
with respect to that of the cooling water45 (the differ-
ence in this work is two orders of magnitude). The
water flow in our experiment is in the laminar flow
state, and the convective heat transfer coefficient at
the wall-water interface (αo) can be estimated using
the Sieder-Tate correlation developed at constant
flowrate.46,47

αo =
λwNu
de

= 1:86×
λw
de

RePr
de
L

� �1
3 μ

μw

� �0:14

ð9Þ

where de is the equivalent diameter (m), Nu is the
Nusselt number, Pr is the Prandtl number, Re is the
Reynolds number, L is the tube length (m), and μ is the
viscosity (Pa�s).

The thermal resistance in the noncondensable gas
boundary layer (Rfg) can be determined using the follow-
ing expression:

Rfg =
1

K iAi
−Rt−Rw ð10Þ

3.3 | Water recovery performance
evaluation

Water flux and water recovery efficiency are crucial criteria
for assessing water recovery performance. The water flux
of ceramic membranes (Jw) can be determined as follows:

Jw =
_mw,out− _mw,in

Ai
=

ρΔv
2πriLΔt

ð11Þ

where ṁw,in and ṁw,out are the mass flowrates of the inlet
and outlet cooling water (kg�h−1), and Δv is the volumet-
ric change (m3) of the cooling water during the period of
time Δt (h).
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The mass transfer mechanisms of porous and dense
materials are different. For the comparable experiments
of water recovery performance in Sections 4.3.2 and 4.3.3,
the water flux (Jv) and water recovery efficiency (ηv) of
the four materials are determined by the flue gas
parameters:

Jv =
_mvap,in− _mvap,out

Ai
=

_mair xin−xoutð Þ
2πriL

ð12Þ

ηv =
_mvap,in− _mvap,out

_mvap,in
× 100%=

xin−xout
xin

× 100% ð13Þ

where ṁvap,in, ṁvap,out, ṁair are the mass flowrates of
inlet water vapors, outlet water vapors, and dry air
(kg�h−1), respectively. x is the mixing ratio (mass of water
vapor/mass of dry gas), which is obtained from the
Humidity Calculator software (Vaisala, Finland).

4 | RESULTS AND DISCUSSION

4.1 | Energy balance and uncertainty
analysis

Energy balance between the hot and cold fluids of a
condenser is the essential information required to
assess the reliability of the experimental system.48 A
series of condensation experiments of the four materials
was conducted under corresponding operational param-
eters. The energy changes of the flue gas side (qg) and
cooling water side (qw) can be calculated using the fol-
lowing equations:

qg =
_mfg,inhfg,in− _mfg,outhfg,out

Ai
ð14Þ

qw =
Cw _mw,inΔT + _mch Tð Þ

Ai
ð15Þ

where ṁfg,in and ṁfg,out are the mass flowrates (kg�h−1) of
the inlet and outlet flue gases, respectively, and h is the
specific enthalpy (kJ�kg−1). As shown in Figure 5, the
deviations between all of the qg and qw values fall within
±10%. These results indicate the good reliability of the
experimental system.

According to reference,17,43 the uncertainties of the
experimental results were calculated to analyze the
experimental errors. The maximum uncertainties of the
overall heat transfer coefficient (Ki), water flux (Jv), and
water recovery efficiency (ηv) are estimated to be 3.37%,
4.43%, and 3.61%, respectively.

4.2 | Heat transfer performance

Condensation experiments using different heat exchange
materials were performed under consistent operational
parameters in Table 3. The heat transfer performance of
condensers can be evaluated using the overall heat trans-
fer coefficient (Ki). As depicted in Figure 6, the sequence
of overall heat transfer coefficients for different heat
exchange materials is as follows: SiC membrane > Al2O3

membrane >304 stainless steel > PFA. Compared with
other materials, the SiC membrane achieves a higher
overall heat transfer coefficient at a lower temperature
difference under consistent operational parameters. The
overall heat transfer coefficients of the SiC membrane
vary from 297.1 to 730.2 W�m−2�K−1, which are 5%-16%,
8%-19%, and 35%-137% higher than those of the Al2O3

membrane, 304 stainless steel, and PFA, respectively.
Owing to its porous structure and high heat conductivity,
the SiC membrane exhibits a superior heat transfer per-
formance. In contrast, poor heat conducting performance
(0.26 W�m−1�K−1) weakens heat transfer across the PFA
tube, even though it has a thinner tube wall. The influ-
ence of mass transfer on the temperature distribution in
the membrane can be ignored, and the heat conduction
is the main heat transfer inside the tubular membrane.49

Figure 7 shows the thermal-conduction resistances of the
four tubes. The thermal resistance of the Al2O3 tube is
about 15 times higher than that of SiC tube. Thus, the
Al2O3 membrane shows a lower heat transfer perfor-
mance than the SiC membrane. In fact, the structure of
the SiC membrane used in our experiment is not optimal.
The heat transfer performance of SiC membranes can be
further enhanced by reducing the total porosity.50

FIGURE 5 Energy balance of the experimental system [Colour

figure can be viewed at wileyonlinelibrary.com]
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Porous ceramic membranes exhibit higher heat trans-
fer performance than conventional dense materials.
However, the overall heat transfer coefficient of the tubu-
lar Al2O3 membrane is at maximum 4% higher than that
of the 304 stainless steel tube, which is slightly different
from the results of Bao et al.26 This distinction can be
explained by several reasons. First, the difference in heat
transfer performance between porous membranes and
dense materials depends on the amount and flow state of
the condensate on the gas side. The heat exchange tube
used in this experiment is not long enough, resulting in
insufficient heat exchange and a thin condensate bound-
ary layer. The advantages of a porous structure cannot be
fully reflected. In addition, the flue gas velocity in this

experiment (1.4-7.1 m�s−1) is much higher than that in
Bao's experiment (0.5 m�s−1). The condensate is quickly
removed from the test section under the action of a huge
shear force at the gas-liquid interface51 and could not be
accumulated on the tube wall in time. Thus, the 304 stain-
less steel tube exhibits good heat transfer performance.

Finally, capillary condensation is a significant trans-
port mechanism of ceramic membranes. When the con-
densable gas component is determined, a relationship
exists among the relative pressure (the ratio of the capil-
lary condensation pressure to the plane saturated vapor
pressure), pore size, and flue gas temperature, as illus-
trated in Figure 8. The relative pressure significantly
increases as the pore size rises from 2 to 100 nm. When
the membrane pore size is larger than 100 nm, the
dimensionless relative pressure is approximately 1, indi-
cating that capillary condensation will never occur. Bao's
experiment is based on the nanoporous Al2O3 mem-
branes with pore sizes of 6-8 nm, whereas the average
pore size of the Al2O3 membrane used in this work is
0.4 μm. Consequently, the difference in heat transfer per-
formance between the tubular Al2O3 membrane and
304 stainless steel tube is not obvious in this study.

4.3 | Effects of operational parameters
on water recovery performance

4.3.1 | Transmembrane pressure
difference

The transmembrane pressure difference is the driving
force for the condensate permeating through ceramic

FIGURE 6 Heat transfer

performance of different heat exchange

materials. (Typical experimental

conditions: air flowrate, 9 SLM; flue gas

temperature, 60�C; cooling water
flowrate, 0.4 L�min−1; cooling water

temperature, 15�C; transmembrane

pressure difference, 20 kPa; A, flue gas

temperature, 50�C–70�C; B, air flowrate,
3-15 SLM; C, cooling water temperature,

30�C–10�C; D, cooling water flowrate,
0.06-0.8 L�min−1) [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 7 Thermal resistance of different tubular materials

[Colour figure can be viewed at wileyonlinelibrary.com]
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membranes. Figure 9 shows the influence of transmem-
brane pressure difference on the water flux of ceramic
membranes. The SiC membrane exhibits a higher water
flux than the Al2O3 membrane. As the transmembrane
pressure difference increased from 2 to 20 kPa, the water
flux of the SiC membrane remained constant at
25 kg�m−2�h−1; however, the water flux of the Al2O3

membrane increased from 11.2 to 23.5 kg�m−2�h−1 and
then remained constant. In comparison with Al2O3 mem-
brane, SiC membrane shows high hydrophilicity, which
provides opportunities for SiC membrane to effectively
and swiftly permeate water.36 Pure water permeabilities
of the SiC and Al2O3 membranes used in this study were
measured using a home-made cross-flow filtration device
at a transmembrane pressure of 0.1 MPa, which are
16 000 and 3000 L�m−2�h−1�bar−1, respectively. The mass
transfer resistances determined by Darcy's law52 of the
two ceramic membranes are 0.22 × 10−11 and
1.18 × 10−11 m−1, respectively. Membrane condensation
can be regarded as the process of condensation followed
permeation. As we know, water flux of membrane is pro-
portional to transmembrane pressure difference. Water
condensed via membrane condenser cannot be
completely recovered if the permeability of membrane is
poor and/or the transmembrane pressure difference is
low. Owing to poor permeability of the Al2O3 membrane,
the water flux of the Al2O3 membrane is far below that of
the SiC membrane under low transmembrane pressure
difference. As depicted in Figure 9, the water flux does
not change at high transmembrane pressure difference,

suggesting that the condensate on the membrane surface
is completely eliminated. The following experiments
were conducted at a transmembrane pressure difference
of 20 kPa to ensure no accumulation of condensate on
the surface of ceramic membranes.

In addition, compared with the mesoporous ceramic
membranes used in some studies,27,30,53 the macroporous
ceramic membranes used in this experiment can elimi-
nate a condensate film at a lower transmembrane pres-
sure difference (below 20 kPa) because of the higher
water permeability produced by large pores. The result
indicates that ceramic membranes with superior perme-
ability should be developed for moisture recovery to
reduce energy consumption.

4.3.2 | Flue-gas-side operational
parameters

Figure 10 illustrates the effects of flue-gas-side opera-
tional parameters on water recovery performance. Porous
ceramic membranes show higher water recovery perfor-
mance than conventional dense materials, and the SiC
membrane exhibits superior performance than the Al2O3

membrane. With increasing air flowrate and flue gas
temperature, the gap of water recovery performance
between these materials increases, suggesting that the
thermal resistance from the material rather than the
boundary layer becomes increasingly dominant in the
heat and mass transfer processes.

FIGURE 8 Effects of pore size and temperature on the

capillary condensation of water vapor [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 9 Water flux as a function of transmembrane

pressure difference. (Experimental conditions: air flowrate, 9 SLM;

flue gas temperature, 60�C; cooling water flowrate, 0.4 L�min−1;

cooling water temperature, 15�C) [Colour figure can be viewed at

wileyonlinelibrary.com]

10982 JI ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


Figure 10A, B depicts the influence of air flowrate
on water recovery performance. The air volume flow-
rate16 in the standard state (101.325 kPa, 20�C) is used
to represent the flue gas flowrate as the moisture con-
tent and volume flowrate of saturated wet flue gas vary
with the experimental temperature. With increasing air
flowrate, the water flux drastically increases. Taking the
SiC membrane as an example, the water flux increased
by 212% (from 11.33 to 35.32 kg�m−2�h−1) when the air
flowrate increased from 3 to 15 SLM. The high velocity
of the flue gas increases the turbulence on the gas side
and enhances the heat transfer process. The resistance
of water vapor diffusing through the noncondensable
gas boundary layer to the membrane surface is reduced

with the increasing flue gas velocity. Simultaneously,
more water vapor enters the membrane condenser at a
higher air flowrate. Consequently, a higher permeate
flux of water can be achieved. In contrast, the water
recovery efficiency decreases with the increasing air
flowrate. As the air flowrate increased from 3 to
15 SLM, the water recovery efficiency of the SiC mem-
brane decreased from 76.9% to 47.9%. The residence
time between the water vapor and condenser plays an
important role in water recovery efficiency. With the
increasing flue gas velocity, the residence time of flue
gas is shortened. Large amounts of unrecovered water
vapor within the outlet gas results in low condensation
efficiency. In short, enhancing condensing heat transfer

FIGURE 10 Water flux and recovery efficiency as functions of air flowrate A and B, and flue gas temperature C and D. (Typical

experimental conditions: air flowrate, 9 SLM; flue gas temperature, 60�C; cooling water flowrate, 0.4 L�min−1; cooling water temperature,

15�C; transmembrane pressure difference, 20 kPa) [Colour figure can be viewed at wileyonlinelibrary.com]
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and increasing the residence time of flue gas are neces-
sary for moisture recovery, for example, baffle plates are
extensively used in heat exchangers.54 However, the
pressure loss of condensers should be considered to pre-
vent the pressure change of the flue gas from affecting
the normal operation of other pieces of equipment in
power plants.

Figure 10C, D describes the influence of flue gas tem-
perature on water recovery performance. The water flux
across the membrane significantly increases with the
increasing flue gas temperature. Taking the SiC mem-
brane as an example, the water flux increased by 233%
(from 13.33 to 44.43 kg�m−2�h−1) when the flue gas tem-
perature increased from 50�C to 70�C. The result indi-
cates that the flue gas temperature has an important
effect on water flux. The flue gas condensation process is
enhanced because of the improved heat transfer driving
force (i.e., the temperature difference between the gas
bulk and the surface of the tube wall).44 In addition, the
increase in flue gas temperature generates a higher par-
tial pressure of the vapor when the relative humidity of
the flue gas is unchanged. When the flue gas temperature
increased from 50�C to 70�C, the water vapor partial
pressure in the flue gas varied from 12.38 to 31.25 kPa,
with an increase of 152%. The higher mass transfer driv-
ing force resulted from the higher vapor partial pressure
difference between the gas bulk and the membrane sur-
face effectively drives the condensation process. The
changes in the water recovery efficiency of different
materials show interesting trends. As the flue gas temper-
ature increased from 50�C to 70�C, the water recovery
efficiency of the SiC membrane slightly improved from
53.4% to 56.5% and then declined to 56.3%. However, the
water recovery efficiency of the PFA tube decreased from
37.5% to 26.8% within the gas temperature range. As we
know, the moisture content, which is relevant to inlet gas
temperature, is the main factor affecting the water recov-
ery performance.49 Both the water flux and moisture con-
tent of the inlet saturated flue gas rise with the increasing
gas temperature. Water recovery efficiency increases
when the measured water flux increases faster than the
inlet gas moisture content. However, when the moisture
content of the inlet gas is such high that the condenser
cannot effectively recover the water, the water recovery
efficiency declines. As a result, the changes in water
recovery efficiency exhibit different trends.

4.3.3 | Cooling-water-side operational
parameters

Figure 11 shows the variations in water recovery perfor-
mance with cooling-water-side operational parameters.

Consistent with the results in Section 4.3.2, the sequence
of water recovery performance for different heat
exchange materials is as follows: SiC membrane > Al2O3

membrane >304 stainless steel > PFA.
Figure 11A, B depicts the influence of the flowrate of

cooling water on water recovery performance. As the
cooling water flowrate increases, water recovery perfor-
mance slightly improves. Taking the SiC membrane as an
example, when the cooling water flowrate increased from
0.06 to 0.8 L�min−1, the water flux increased by 8% (from
22.94 to 24.77 kg�m−2�h−1). Meanwhile, the water recov-
ery efficiency increased from 52.5% to 56.5%. Compared
with the flowrate of flue gas, the cooling water flowrate
exhibits insignificant effects on the water recovery
performance,45 suggesting that the flue gas condensation
process is significantly affected by the magnitudes of the
thermal resistance in the noncondensable gas boundary
layer, rather than in the water boundary layer, relative to
the total thermal resistance. The ratio of the cooling
water flowrate to the flue gas flowrate is an important
parameter for assessing the efficiency of condensers.
Thus, under the premise of ensuring water recovery effi-
ciency, the cooling water flowrate should be reduced to
cut down the energy consumption of the fluid conveying
device.

Figure 11C, D describes the influence of cooling
water temperature on water recovery performance. As
the cooling water temperature increases, both water
flux and water recovery efficiency gradually decrease.
Taking the SiC membrane as an example, when the
cooling water temperature increased from 10�C to
30�C, the water flux decreased by 24% (from 25.19 to
20.29 kg�m−2�h−1). Meanwhile, the water recovery effi-
ciency decreased from 57.7% to 46.5%. The decrease in
temperature difference between the cold and hot fluids
deteriorates the heat and mass transfer. Obviously, the
water recovery performance could be significantly
enhanced using low-temperature water. However, the
temperature of cooling water is generally higher than
25�C in most thermal power plants.34 Low-temperature
water would increase the operating costs of power
plants. Air-cooling is reportedly feasible for flue gas
dehydration.55 Although air-cooling is not highly effi-
cient because of the lower specific heat capacity of air
than water, air is available and inexhaustible.

4.4 | Heat transfer enhancement

The heat transfer enhancement of heat exchangers gener-
ally includes three aspects: expanding the heat transfer
area (A), increasing the heat transfer temperature differ-
ence (ΔTm), and improving the heat transfer coefficient
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(K). For a designated thermal power plant, the equip-
ment space, flue gas temperature, and cooling water tem-
perature are determined. Thus, improving the heat
transfer coefficient (i.e., reducing the total thermal resis-
tance) is the most suitable method to enhance the heat
transfer performance.

The total thermal resistance in the flue gas condensa-
tion process can be regarded as the superposition of vari-
ous thermal resistances. As analyzed in Section 3,
thermal resistances in flue gas condensers originate from
four aspects: noncondensable gas boundary layer, con-
densate film, tube wall, and cooling water boundary
layer. Porous ceramic membranes can completely elimi-
nate the thermal resistance of the condensate film. Fur-
thermore, the thermal resistance in the tube wall can be

reduced using high thermal conductivity material
(e.g., SiC) as the membrane material. Figure 12 shows
the thermal resistance distribution of the SiC membrane
condenser under typical experimental conditions in this
experiment. The thermal resistance in the tube wall is
significantly lower than that in the boundary layers.
Although the Reynolds numbers of flue gas (1055-5277)
are much higher than those of water (39-522), the ther-
mal resistance in the gas boundary layer is still 2.2-6.8
times higher than that in the water boundary layer, indi-
cating that the thermal resistance in the gas boundary
layer is the key thermal resistance. Hence, heat transfer
enhancement by reducing the thermal resistance in the
noncondensable gas boundary layer should be investi-
gated in the future.

FIGURE 11 Water flux and recovery efficiency as functions of cooling water flowrate A and B, and cooling water temperature C and

D. (Typical experimental conditions: air flowrate, 9 SLM; flue gas temperature, 60�C; cooling water flowrate, 0.4 L�min−1; cooling water

temperature, 15�C; transmembrane pressure difference, 20 kPa) [Colour figure can be viewed at wileyonlinelibrary.com]
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5 | CONCLUSIONS

Herein, for the first time, we report a tubular SiC mem-
brane for water and heat recovery from high-moisture
flue gas. The heat transfer and water recovery perfor-
mances of a tubular SiC membrane were compared with
those of the tubular Al2O3 membrane, 304 stainless steel
tube, and PFA tube in terms of several important opera-
tional parameters (i.e., air flowrate, flue gas temperature,
cooling water flowrate, cooling water temperature, and
transmembrane pressure difference). The following con-
clusions are drawn from this work.

1. Porous ceramic membranes show better heat transfer
performance than conventional dense materials. The
overall heat transfer coefficients of the SiC membrane
are 5%-16% higher than those of the Al2O3 membrane,
suggesting that the SiC membrane is more suitable for
flue gas condensation. Moreover, the sequence of water
recovery performance for different heat exchange mate-
rials is as follows: SiC membrane > Al2O3 membrane
>304 stainless steel > PFA. Water flux of
11.3-44.4 kg�m−2�h−1 and water recovery efficiency of
46.5%-76.9% were achieved using the SiC membrane.

2. The transmembrane pressure difference has a little
effect on water flux when the condensate permeation
rate is higher than the flue gas condensation rate.
Increasing the flue gas flowrate improves the water
flux but reduces the water recovery efficiency. The
increase in flue gas temperature significantly
enhances the heat and mass transfer process,

generating improved water flux. Nevertheless, the flue
gas temperature only slightly affects water recovery
efficiency. As the flowrate of cooling water increases,
water recovery performance slightly improves. Water
flux and water recovery efficiency significantly reduce
as the cooling water temperature increases.

3. The thermal resistance in the noncondensable gas
boundary layer of SiC membrane condensers is two
orders of magnitude larger than that in the tube wall
and 2.2-6.8 times higher than that in the water bound-
ary layer. Thus, the convection-condensing heat trans-
fer on the gas side should be enhanced in a further
study.
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NOMENCLATURE
P capillary condensation pressure (Pa)
P0 saturated vapor pressure for a planar inter-

face (Pa)
M molar mass of the condensate (kg�mol−1)
R gas constant (J�mol−1�K−1)
T temperature (K)
rp pore radius (m)
Cw specific heat capacity of water (kJ�kg−1�K−1)
h specific enthalpy (kJ�kg−1)

FIGURE 12 Thermal resistance distribution of the SiC membrane condenser under typical experimental conditions. (Air flowrate, 3-15

SLM; flue gas temperature, 50�C–70�C; cooling water flowrate, 0.4 L�min−1; cooling water temperature, 15�C; transmembrane pressure

difference, 20 kPa) [Colour figure can be viewed at wileyonlinelibrary.com]
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ΔT temperature change of the cooling water (K)
ṁ mass flow rate (kg�h−1)
ṁc condensate transfer rate (kg�h−1).
Qt total heat flow (kJ�h−1)
Ai effective internal surface area of the heat

exchange tube (m2)
ΔTm logarithmic mean temperature difference (K)
Ki overall heat transfer coefficient (W�m−2�K−1)
r radius of the heat exchange tube (m)
Rth thermal resistance (K�W−1)
de equivalent diameter (m)
Nu Nusselt number
Pr Prandtl number
Re Reynolds number
L tube length (m)
Δv volumetric change (m3)
J water flux (kg�m−2�h−1)

GREEK SYMBOLS
σ surface tension (N�m−1)
θ contact angle (�)
α heat transfer coefficient (W�m−2�K−1)
ρ condensate density (kg�m−3)
λt tube wall thermal conductivity (W�m−1�K−1)
λm thermal conductivity of material (W�m−1�K−1)
λw thermal conductivity of water (W�m−1�K−1)
γ porosity of the membrane
μ viscosity (Pa�s)
ηv water recovery efficiency

SUBSCRIPTS
fg flue gas
w water
vap water vapor
in inlet
out outlet
i inner
o outer
t tube wall
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