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ABSTRACT

Freshwater on the Earth is in short supply, and water resources are unevenly distributed. In order
to solve the problem of water shortage, countries are striving to develop desalination technology.
In this study, we described the calculation and experiment of the air-gap diffusion distillation (AGDD)
in seawater desalination with MATLAB. The influence of the operating parameters was studied.
The results showed that the inlet temperature of the hot liquid had a greater influence on the heat
transfer coefficient than the cold liquid. Under the same conditions, the inlet temperature of the hot
liquid increased 10°C, the local heat transfer coefficient increased 42.5%; but the inlet temperature
of the cold liquid increased 10°C, the local heat transfer coefficient only increased 6%. And when
the thickness and height of air-gap, inlet temperatures of cold and hot fluid, the mass flow rate of
cold fluid were 5 mm, 0.9 m, 20°C, 65°C and 5 kg h™' respectively, the water production flux is up
to 0.937 kg m? h™', and the water recovery rate is 3.37% which is much higher than similar research
about air-gap membrane distillation. During the experiment, changes in operating parameters had

no effect on the desalination rate of AGDD, and its desalination rate was higher than 99.8%.
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1. Introduction

The Earth is rich in water resources. 71% of the Earth’s
surface is covered with water resources. However, freshwa-
ter resources are extremely scarce and salt-water accounts
for 94.47% of the water. For the remaining freshwater
resources, long-term frozen freshwater resources such as
polar ice and alpine glaciers account for 87%, and rivers,
lakes, and shallow groundwater account for only 0.26%
of the total freshwater. This part of the water is also water
that human beings can actually use. In 1977, the UN-Water
Conference proposed that water would soon become a
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serious social crisis, and the next crisis after the oil crisis
would be water [1].

In order to solve the problem of water shortage,
countries are striving to develop desalination technol-
ogy. In the 1950s, the United States, Japan, and Europe
began to research and the industrial application of
desalination, and desalination technology was raised
to a strategic height to promote the development and
application of this technology. By the end of 2017, more
than 160 countries and regions around the world had
utilized desalination technology, and nearly 20,000
desalinated plants had been built or were under con-
struction. The total desalination capacity was about
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104.32 million tons/d [2]. Desalination methods are
mainly divided into three categories: heat treatment,
membrane treatment, and chemical methods [3].
Membrane distillation (MD) is a combination of mem-
brane separation technology and evaporation technology.
According to the different methods of permeation to the
cold side for condensation, MD is classified into four cat-
egories: direct contact membrane distillation (DCMD),
air-gap membrane distillation (AGMD), vacuum mem-
brane distillation (VMD) and sweeping gas membrane
distillation (SGMD) [4,5]. Adham et al. [6] evaluated the
feasibility of membrane distillation desalination and
studied the performance of a membrane under differ-
ent operating conditions. Unal et al. [7] used an exper-
imental method to remove boron from geothermal water
using AGMD. The study showed that high heat loss was
one of the main factors affecting the application of the
membrane distillation systems. Mengual et al. [8] stud-
ied VMD in a capillary membrane module and evalu-
ated the heat transfer coefficients in both the lumen and
the shell side of the membrane module by experience.
Hogan et al. [9] used solar energy to heat seawater in the
MD device, which could produce 50 kg of freshwater per
day. Zakrzewska et al. [10] compared the effects of various
separation methods for low-level radioactive wastewater.
The results showed that the membrane separation had
significant advantages. The MD had a very high rejec-
tion rate, and it could concentrate the radioactive waste-
water in a small volume. Khayet et al. [11] developed a
Monte Carlo (MC) simulation model to study heat and
mass transfer through hydrophobic membranes apply-
ing DCMD process. This model was designed to be com-
prehensive in its approach. It can predict simultaneously
the DCMD process vapor flux (permeability) and mem-
brane surface temperatures, taking into consideration
the effects of the applied membrane physical properties.
Andrjesdéttir et al. [12] compared the experimental results
of DCMD with deionized water and aqueous salt solutions
of NaCl with concentration levels of up to 15 ppm as feed
to study heat and mass transfer in DCMD, and found that
a decrease in permeate flux with increasing salinity, and an
increase in permeate yield was observed for higher feed
temperatures. Huang et al. [13] studied the conjugate heat
and mass transfer of SGMD in a hollow fiber membrane
tube bank with an in-line arrangement, and they investi-
gated the influences of various longitudinal and trans-
verse pitch-to-diameter ratios on the conjugate heat and
mass transfer. Cong et al. [14] used the surface-modified
multi-layer porous ceramic tubes as microporous hydro-
phobic membrane to applied in membrane distillation.
They found that the modified porous ceramic tubes were
successfully applied in MD with a lab-scale AGMD sys-
tem, the salt rejection rates of all the tests were <99.9%
with over 16 h of continuous running. Cheng et al. [15]
proposed a design of counter-current AGMD of the hollow
fiber module (AGMD-HF) to improve the permeate flux
and to keep the advantage of the high thermal efficiency
in air-gap membrane distillation (AGMD) for desalina-
tion when the velocity of cold solution side and hot tube
side is 2 L min™, the temperature of cold solution side is
20°C, the temperature of hot tube side is 60°C, packing

density is 0.6, air/vapor gap kinematic viscosity is 0.2 mm,
the mass vapor flux is 3.5 kg m? h™’. Singh et al. [16] stud-
ied desalination by AGMD using a two hollow-fiber-set
membrane module, in their study, when the hot brine
inlet temperature varying between 70°C and 94°C, and the
inlet hot brine pressure goes up to 138 kPa. The hot brine
flow rate was 75 mL min™. The cooling water was intro-
duced at 20°C in all cases at a flow rate of 150 mL min™.
The highest water vapor flux is around 28 kg m?h™.

MD distillation has the advantages of high separation
efficiency, mild operating conditions, and low require-
ments on the mechanical strength of the membrane.
Compared to other membrane distillation, AGMD has the
following advantages: (1) The structure is simple, operating
under normal pressure; (2) The existence of air-gap reduces
heat loss, and well weakens the temperature polarization
effect and improves thermal efficiency; (3) It has high tech-
nical adaptability, few restrictions, flexible and simple oper-
ation. However the preparation of membranes is complex,
expensive, and requires regular cleaning. So in order to
adopt the advantages of AGMD and avoid the disadvan-
tages caused by the existence of the membrane, the air-gap
diffusion distillation (AGDD) was proposed.

AGDD studied in this paper has similarity with the
AGMD. In the AGDD model, we canceled the hydrophobic
membrane from the AGMD, and the hot channel was filled
with a highly hydrophilic porous medium. Because the
water in the porous medium is not saturated, the water
cannot overflow through the porous medium into the air-
gap, which was proved by that the desalination rate of
all experiments is higher than 99.8%. The presence of the
porous media reduced the mass transfer resistance in dif-
fusion. The porous medium increases the effective diffusion
area and enhances the disturbance of the hot liquid so that
the mainstream of the fluid and the boundary layer can
exchange heat fully and increases freshwater production.
What’s more, the AGDD could use low-grade heat as an
external heat source to reduce energy consumption.

2. Physical model of AGDD

As shown in Fig. 1, the cold fluid flowed into the
cold channel from the bottom of the condenser and then
flowed out from the top of the condenser. The fluid was
heated by the external heat source, then the fluid flowed
in the hot channel (the hot channel is precisely the porous
medium) from the top of the evaporator and then flowed
out from the bottom of the evaporator. When the device
was running, the water vapor evaporated at the inter-
face between the porous layer of the hot channel and
the air-gap, and then diffused in the air-gap. When the
water vapor touched the cold plate, the vapor released
the heat and condensed on the cold plate, and the con-
densed water flowed down the condensing plate due
to the action of gravity. Then freshwater was collected
under the bottom of the device. The device operated
at atmospheric pressure, and it was insulated from the
external environment by wrapping the insulation layer
outside the device. The hot fluid and cold fluid flows in
the channel went in different directions. The hot channel
was covered with a highly hydrophilic porous medium.
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Fig. 1. Physical model of AGDD in seawater desalination.

3. Heat and mass transfer analysis of AGDD in seawater
desalination

The AGDD in the seawater desalination device was
composed of two parallel plates, a porous sponge, an air-
gap layer, and a cold fluid flow channel. In order to analyze
the heat and mass transfer in the device better, the follow-
ing assumptions were made for the mathematical model
of AGDD in seawater desalination [17]:

® The device had no heat exchange with the outside envi-
ronment. Thus, the device did not have heat loss.

¢ The system was running in a steady state.

® The cold fluid and the hot liquid flowed in the channel
only in the x-direction.

® The natural convection and the radiation in the air-gap
were ignored, and it was considered that the only heat
exchange in the air-gap was heat conduction in the
y-axis direction.

® The surface of the porous medium was infiltrated, and
the liquid film on the surface of the porous medium was
ignored.

As shown in Fig. 2, the micro-element method was used
for the analysis.

3.1. Heat passing through the hot channel

The hot channel was filled with a porous medium,
and the hot fluid flowed in the porous medium. When the
device was running in a steady-state, the porous medium
was infiltrated with seawater, the flow of the hot fluid in
the hot runner was slow, and the heat exchange mode in the
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Fig. 2. Mathematical model of the AGDD in seawater desalina-

tion.

hot runner could be regarded as conduction. The heat flux
calculation formula [18]:

g (%)== - (1)

where k, is the thermal conductivity in the hot channel
(W m™ K™), seen in [19,20]; T, is the temperature of seawater
(K); T,, is the temperature of the water vapor in the inter-
face of the hot channel and the air-gap (K); b is hot channel
width (m).

3.2. Heat passing through the air-gap

There were three heat exchange methods in the air-gap
layer, including conduction, natural convection, and radia-
tion. Since the vapor was diffused in the air-gap, the natural
convection and radiation in the air-gap were weak, and they
could be ignored. The hot liquid evaporated in the interface
between the porous medium and the air-gap. The vapor
diffused in the air-gap and released heat on the cold plate.
The heat passing through the air-gap (g,) could be divided
into two parts. One type of heat, the latent heat of vaporiza-
tion, was taken by the water vaporization process, and the
other heat is transferred through the air-gap by conduc-
tion. Since the thickness of the liquid film was much thin-
ner than the thickness of the air-gap, it could be negligible.
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The formula of heat passing through the air-gap could be
simplified as follows:

T.-T
q,(x)= ]v(x)xyﬁ-kﬂ% @)
where | is the diffusion flux of water vapor in air-gas
(kg m? s), y is latent heat of water evaporation (J kg7);
k, is thermal conductivity of air-gap (W m™ K7); T, is
the temperature of condensate film (K); o, is thickness of

air-gap (m).

3.3. Diffusion flux in the air-gap

When the device was running steadily, on the surface
of the porous medium, the vapor evaporated continuously
and diffused from the hot side to the cold side, driven by
the pressure difference of the vapor. The diffusion flux could
be calculated by the following formula [17]:

D, (x)M,
J.(x)= %(Pha,sw(x)—ﬂf,sw(X)) ®)
where D,, is diffusion coefficient of water vapor in

air (m? s 1) P, .. is the partial pressure of the water vapor
in the mterface “of the hot channel and the air- gap (Pa), and
P, is the partial pressure of the water vapor in the con-
densate film (Pa), seen in [21,22]; R is universal gas con-
stant (J] mol™ K7); T, is the average temperature from
the interface of the hot channel and the air-gap to the

condensate film (K).

3.4. Heat passing through the liquid film

The vapor released the heat and condensed on the sur-
face of the cooling plate. The condensed freshwater flowed
down under the action of gravity, and it was collected at
the bottom of the device according to the law of mass con-
servation. The freshwater production of the device could be
obtained with the following formula:

L,

mg (x) = J.]v (x)de (4)

0

where B is hot channel thickness (m).

3.5. Heat passing through the cold channel

The heat of the condensate film passed through the cold
plate to the cold channel. The method of the heat transfer in
the cold plate was heat conduction. The heat flux of the cold
plate could be calculated by the following formula:

0. (x) _ kCW(Tfp(z)_Tpc(x)) )

cw

where k_ is thermal conductivity of cooling plate

(W m™ K7); o_ is thickness of cooling plate (m); T, is the

temperature between the cold plate and the condensate
film (K); T is the temperature between the cold plate and
cold channel (K).

The heat passing through the cold plate was absorbed
by the seawater in the cold channel:

9.(x)=h(T,.(x)-T.(x)) 6)

where h_is convective heat transfer coefficient of the cold
channel (W m= K™), it could be obtained by the following
formula [23]; T is the temperature of the cold channel (K).

3.6. Quantity of heat from the external heat source

The cold fluid flowed out from the top of the condenser
and it was heated by and external heat source. The hot fluid
flowed into the hot channel from the top of the evaporator.
The quantity of heat provided by the external heat source
could be calculated by the following formula:

Quep, =, (H = H) @
where m_is mass flow rate of cold fluid (kg h™); H" is the
enthalpy of heat fluid inlet (J kg™); H* is the enthalpy of
cold fluid outlet (J kg™).

The local heat transfer coefficient in the interface of the
hot channel and the air-gap is as follows [24]:

i (1) =2 (®)

The average heat transfer coefficient is in the interface
of the hot channel and the air-gap as follows:

B (%) = 2— ©)
where L is air-gap height (m).

4. Experiment for the AGDD in the seawater desalination
4.1. Experimental system

The schematic diagram of set-up and the photograph
of the actual set-up of AGDD in the seawater desalination
test bench is shown in Fig. 3. The heat source was pro-
vided by an electric heating rod, and the heat of the electric
heating rod was controlled by the transformer and the reg-
ulated power source, which could change the inlet tempera-
ture of the hot fluid. By adjusting the valve of the pump to
control the mass flow rate of the fluid, and the thickness of
the air-gap layer was controlled by increasing or decreasing
the air-gap layer frame. The temperature of the fluid in the
cryogenic flume was controlled in order to control the inlet
temperature of the cold fluid. The experimental distillation
apparatus and the outer surface of the pipeline were cov-
ered with a thermal insulation sponge to reduce the heat
loss. A measuring cylinder was placed at the bottom of the
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Fig. 3. Diagram of the AGDD seawater desalination experiment: (a) Schematic diagram of the AGDD set-up and (b) photograph of

the actual set-up.

freshwater outlet of the air-gap layer to collect freshwater.
The structure parameters and materials of the device are
listed in Table 1.

4.2. Experimental procedures

The main research purpose of this paper is to explore
the influence of operating parameters on performance
of the AGDD. The feed solution used in the experi-
ment is NaCl aqueous with 3.5 wt.%. During experiment

procedure, the feed solution enters the condenser unit
through the pump, and through the flow meter and
cryogenic flume to control mass fluid rate and inlet
temperature of the cold fluid separately to meet the require-
ments. The cold fluid flows through the condenser from the
bottom up absorbs the condensation heat of water vapor,
and then it is heated again by the heat resource. The inlet
temperature of the hot fluid is controlled by the heat of the
electric heating rod. And then the hot fluid flows through
the hot channel (porous media) from top to bottom under
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the action of gravity, at the same time, part of the fluid
evaporates to produce water vapor, the vapor diffuses
through air-gap to the condensation plate and condenses
on it to becomes freshwater and release latent heat. At last,
the freshwater flows from the bottom of the device and
is collected by a measuring cylinder, the concentrated
solution in the hot channel flows into the water tank.

The temperature is measured by thermal resistance, and dis-
play on the computer through the data acquisition instrument.

After the device runs stably (the parameters are basi-
cally unchanged), the data acquisition system starts to
record, and the measuring cylinder starts to collect and
produce freshwater. Each experiment runs for half an hour
as a group. After 30 min, the data acquisition system auto-
matically saves the temperature data measured by the

Table 1
Structure parameters and materials of the device

Item Material Thickness Length Height
(mm) (mm) (mm)
End plate PMMA: 25 240 1,100
Polymethyl
methacrylate
Porous medium PVAsponge 5 200 900
Air-gap / 5 200 900
Cold plate SUS 316L 1 240 1,100
Table 2

Equipment and measuring instruments involved in the experiment

85

thermal resistance, and uses an electronic scale to measure
the quality of the water collected in the measuring cylinder.
Each group of experiments is repeated three times, and the
average value was taken at the end.

The equipment and measuring instruments involved in
the experiment are shown in Table 2.

4.3. Porous media

Porous media used in the AGDD is polyvinyl alcohol
(PVA) sponge, its main chemical composition is polyvinyl
alcohol. It has strong hydrophilicity and will not denature at
high temperature. The pore size of the PVA sponge used in
this article is about 100 microns. Fig. 4 is the physical image
and electron microscope image of the sponge respectively.

The concept of uncertainty was different with the mea-
surement error. There are many factors that affect the uncer-
tainty of an experiment. The experimental environment
and experimental equipment will have a strong or weak
influence on the test results of the experiment.

The uncertainty of the experimental measurement was
calculated, and the maximal combined standard uncer-
tainty can be obtained under the given conditions [24] and
results are listed in Table 3.

5. Analysis of the research results

The method of controlling variables was used to study
the effects of the cold fluid inlet temperature, hot fluid inlet
temperature, mass flow rate, air-gap thickness and air-gap

Item Type Accuracy Measuring range
Thermal resistance WPZ PT100 (three-wire) +(0.15+0.002 Itl) °C -70°C~500°C
Flow meter Glass rotameter LZB-4 2.50% 10-100 mL h!
Data acquisition instrument IM MX100 / /

Pump WS246 / 20 L min™*
Electronic scale Hochoice 05g 0-2,000 g
Cryogenic flume AC5600B +0.05°C 5°C~100°C

@

Fig. 4. (a) Physical image and (b) electron microscope image of the sponge.

(b)
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Table 3
Calculation of the maximal combined standard uncertainty

Parameters Symbol Measuring range Maximal combined standard uncertainty
Inlet temperature of the hot fluid tin 50.0°C~65.0°C 0.45°C
Inlet temperature of the cold fluid tn 20.0°C~30.0°C 0.37°C
Mass flow rate m" 2.0~5.0 Lh™ 0.16 Lh™
height. The program calculation results were compared with = (00 simulated temperare-oF cold low
the experimental results, which could prove the trustwor- 70 ® {750 measured temperature of cold flow
thiness of the program calculation. The grid was divided - ::‘ﬁig% ;ﬁiﬁ;ﬁi’iﬂ{iﬁiﬁ:ﬁfﬁ;‘i ?,fKZI ﬁf,’lf
in the x-direction, the size of the grid was 0.01 m, and the ¢ < =63C simulated temperature of cold flow
heat transfer coefficient in each grid area was calculated in 01 ¢ e Iiig:é st 1211;§§ji§1‘;§§§?lf,ﬂdﬂ2?;‘
MATLAB. A scatter plot was drawn with the obtained data. 1 % . 147=63C measured temperature of hot flow
504 % : % *
5.1. Influence of the hot fluid inlet temperature o ¥ N : N .
When the inlet temperatures of the hot liquid were Zw{ % ' : . v 5 *
50°C and 65°C, the temperature distribution of the hot Wy 4 . v :
channel and the cold channel in the x-direction was as 55 B g b
shown in Fig. 5. The deviation between the calculation Vg
results and the experimental results was only 0.579°C,
the deviation was small, and the trend of the change was 20 i i ; . . .
0.0 02 04 0.6 0.8 1.0

consistent. With the increase of x, the temperatures of the
hot and cold flow channels decreased. As shown in Fig. 5,
when t" = 65°C, the slope of the temperature was larger
in the x-direction, and the temperature difference between
the hot channel and cold channels was larger. After cal-
culating the data, we found that when the inlet tempera-
ture of the hot liquid was 50°C the temperature difference
between the cold and the hot channels was about 9.1°C.
When the inlet temperature of the hot liquid was 55°C,
the temperature difference between the hot and cold flow
channels was about 10.6°C. When the inlet temperature of
the hot liquid was 60°C, the temperature difference was
about 11.2°C, and when the inlet temperature of the hot
liquid was 65°C, the temperature difference between the
hot and cold channels was about 12.3°C. When the inlet
temperature of the hot fluid was raised from 50°C to 65°C,
the temperature difference between the hot and cold flow
channels increased, the driving force of water vapor diffu-
sion in the air-gap increased, and the freshwater produc-
tion increased from 0.02676 to 0.11369 kg h™!, which was an
increase of 100.3%. Q,  increased by 31.1%, according to
the formula of the gained output ratio (GOR) [25]:

m
GOR =—L (10)
mﬂ
- (11)
¥

where v is the latent heat of vaporization, it can be taken
as 2326 kJ kg™ [26]; m, is the amount of water vapor con-
sumed by the external heat source (kg s); m, is freshwater
productive rate (kg s™).

By comparing Figs. 5 and 6, it can be seen that with the
increase of ti", the average temperature of the distillation

x Cm)

Fig. 5. Temperature distribution of the cold and hot fluid.
(th=30°C; 0 =8 mm; m" =3 kg h™'; L =0.9 m).

70 4

60

50

CW/ - K)

%40

h

30 4

20 v T T T T T v v v
-0.2 0.0 0.2 0.4 0.6 08 1.0

x Cm)

Fig. 6. Effect of the hot fluid inlet temperature on the local heat
transfer coefficient (" =30°C; =8 mm; m" =3 kg h™"; L=0.9 m).

unit increased, the local heat transfer coefficient increased,
and the slope of the heat transfer coefficient was larger
in the x-direction. This rule was consistent with the tem-
perature in the x-direction. The increase of m,  was faster.
Therefore, the GOR increased, and the deviations between
the calculated results and the experimental values of m, and
GOR were 5.37% and 6.29%, respectively. The data could
be plotted as shown in Figs. 7 and 8.
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5.2. Influence of the cold fluid inlet temperature

When the inlet temperature of the cold fluid was 20°C
or 30°C, the temperature distribution in the x-direction
was as shown in Fig. 9. The deviation between the cal-
culation results and the experimental results was only
0.757°C and the trend was consistent. When t = 20°C, the
slope of the temperature and the local heat transfer coef-
ficient was larger in the x-direction, and the temperature
difference between the hot channel and the cold channel
was larger. When t" = 20°C, the temperature difference
between the cold liquid and the hot liquid was about
12.7°C. When tin = 25°C, the temperature difference was
about 10.6°C. When t" = 30°C, the temperature differ-
ence was about 8.2°C. By comparing Figs. 9 and 10, with
the increase of t", the average temperature of the distil-
lation unit increased, the local heat transfer coefficient
increased, and the slope of the heat transfer coefficient
was smaller in the x-direction. This rule was consistent
with the temperature in the x-direction.

Il \Vecasured
I Simulated

0.10 4

0.08

— 0.06

E 0.04

0.02 4

0.00 -
48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67

th|n (“C)

Fig. 7. Effect of the inlet temperature of the hot fluid on the fresh-
water production (t‘c“ =30°C; 0 =8 mm; m‘c“ =3kgh’;L=09 m).
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Fig. 8. Effect of the inlet temperature of the hot fluid on the GOR
(tn=30°C; 0 =8 mm; m"=3kgh™; L=0.9 m).

When the temperature difference decreased, the driv-
ing force of the water vapor in the air-gap became weaker,
m, was reduced by 21.5%, and Q, , was reduced by 35.7%.
According to the formula of the GOR, the GOR rose.
The deviations between the calculated and experimental
values of m, and GOR were 5.7% and 2.8%, respectively.
The data could be plotted as shown in Figs. 11 and 12.

5.3. Influence of the mass flow rate

When the mass flow rate of the cold fluid was 2 or
5 kg h™, the temperature distribution of the cold and
hot flow channels was as shown in Fig. 13. The devia-
tion between the calculation results and the experimental
results was only 0.5°C and the trend was consistent. As can
be seen from the graph, the temperatures of the hot and
cold channels decreased with the x-increases. When the
mass flow rate was 2 kg h™, the slope of the temperature
was smaller in the x-direction. The temperature difference

60 — [ - t,m=20C simulated temperature of cold flow
® 1 ==20C measwed temperature of cold flow
A 1 m=20C sunulated temperature of hot flow
55 4 ¥ 12=20C measured temperature of hot flow
C sunulated temperature of cold flow
- m=30T measured temperature of cold flow
50 4 & ¢ 1°=30T simulated temperature of hot flow
: b 4 e 12=30C measured temperature of hot flow
45 - voifooe
o1 e A S, S
z v A
O 40+ L v *
] * .
- = + <
»>
- 354 ] ol
. 2 | r ts
L]
L} * ¥
30+ H *
[}
& ]
L) [ ]
20 T T T ¥ T v T T T % 1
0.0 0.2 0.4 06 08 1.0
x Cm)

Fig. 9. Temperature distribution of the cold and hot fluid
(tn=50°C; 5=8 mm; m"=2kgh™; L=0.9 m).
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Fig. 10. Effect of the cold fluid inlet temperature on the local heat
transfer coefficient (£ = 50°C; d = 8 mm; m" =2 kg h™; L =0.9 m).
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between the hot and cold channel increased with the
increase of the mass flow rate. When the mass flow rate
was 2 kg h7, the temperature difference between the hot
and the cold liquids was about 8.2°C. When the mass flow
rate was 3 kg h™, the temperature difference between the
hot and the cold liquid was about 10°C. When the mass
flow rate was 4 kg h7, the temperature difference was
about 11.4°C. When the mass flow rate was 5 kg h™, the
temperature difference was about 12.3°C, the diffusion
driving force of the water vapor in the air-gap increased
with the increase of the temperature difference.

As shown in Fig. 14, with the increase of the m™", the
slope of the local heat transfer coefficient was smaller in
the x-direction. This rule was consistent with the tempera-
ture in the x-direction. And when the mass flow rate below
2.5 kg h7, the larger the mass flow rate, the smaller the local

I Vecasured

I Simulated
0.05

18 19 20 21 22 23 24 25

t in (DC)

Cc

26 27 28 29 30 31 32

Fig. 11. Effect of the inlet temperature of the cold fluid on the
freshwater production (t* = 50°C; 6 = 8 mm; m" = 2 kg h™;
L=0.9 m).
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Fig. 12. Effect of the inlet temperature of the cold fluid on the
GOR (tr=50°C; o =8 mm; m" =2 kg h™; L =0.9 m).

heat transfer coefficient. However; when the mass flow rate
more than 2.5 kg h™, the result is exactly the opposite, the
larger the mass flow rate, the larger the local heat transfer
coefficient. As shown in Fig. 15, the average heat transfer
coefficient in the x-direction increased with the increase of
the mass flow rate, when the mass flow rate increased from
2 to 9 kg h™, the average heat transfer coefficient increased
by 8.18%.

The results also explained the phenomenon that water
production increases as the mass flow rate increases and
GOR decreases as the mass flow rate increases, it could
be shown in Figs. 16 and 17. When the mass flow rate
increased from 2 to 5 kg h™, m, increases from 0.0317 to
0.0448 kg h™, which was an increase of 41.3%. At the same
time, the amount of external heat exchange required also
increased. Q,  increased from 17.45 W to 65.36 W, an
increase of 274.56%, which was larger than the increase

=) kgh simulated temperature of cold flow
o/h measured temperature of cold flow

55— A m, g/h simulated temperature of hot flow
v m, g/h measured temperature of hot flow
4 m, g/ simulated temperature of cold flow
> m 2/h measured temperature of cold flow
50 t; w ¢ m 2/h simulated temperature of hot flow
SR o m2=5 kel ;measured temperature of hot flow
45 Sk M Rae
a. X .M‘":-’.:‘t.
_ LI "-XI;:A,“ *
9040— ‘l:::‘ "’i':,!
g X
= 1 l:,.,_::::' s
35 AR S gL
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Fig. 13. Temperature distribution of the cold and hot fluid
(tr=50°C; t‘c" =20°C; 0=8 mm; L =0.9 m).
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Fig. 14. Effect of the mass flow rate on the local heat transfer coef-
ficient (" = 50°C; £" =20°C; =8 mm; L = 0.9 m).
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Fig. 15. Effect of the mass flow rate on the average heat transfer
coefficient (t" = 50°C; t" = 20°C; d = 8 mm; L = 0.9 m).
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Fig. 16. Effect of the mass flow rate on the freshwater production
(tin=50°C; #r=20°C; d=8 mm; L =0.9 m).

of . According to the formula of the GOR, the GOR was
reduced. The deviations between the calculated and experi-
mental values of the mn, and the GOR were 10.56% and 3.13%,
respectively. The data could then be plotted as shown in
Figs. 16 and 17.

5.4. Comparison with other studies

In this study, the water production flux is 0.937
kg m? h™, when the thickness and height of air-gap, inlet
temperatures of cold and hot fluid, mass flow rate of cold
fluid were 5 mm, 0.9 m, 20°C, 65°C and 5 kg h™ respec-
tively. In Cheng et al.’s study [15], they proposed a design
of counter current AGMD of the hollow fiber module,
when the velocity of cold solution side and hot tube side
is 2 L min™, the temperature of the cold solution side is
20°C, the temperature of the hot tube side is 80°C, packing
density is 0.6, the air-gap thickness is 0.2 mm, the module

I Veasured
I Simulated

GOR

m." (kg/)

Fig. 17. Effect of the mass flow rate on the GOR (t* = 50°C;
tn=20°C; 0 =8 mm; L =0.9 m).

length is 0.35 m, the mass vapor flux is 3.5 kg m? h™'. Under
same mass flow rate of cold fluid, the freshwater produc-
tion of this paper is about 1.6 time than theirs. Compared
with Cheng et al.” results [15], the value of water produc-
tion flux in this study is small, but the mass flow rates of
AGDD is far less than theirs, the water recovery rate is
3.37% which in Cheng et al.’s study is only 1.42%, and the
AGDD operates at atmospheric pressure, the equipment is
easy to operate and the material cost is low.

6. Conclusions

¢ The inlet temperature of the hot flow channel increased,
both the freshwater production and the GOR increased.
In order to obtain a higher inlet temperature for the hot
flow channel, high temperature heat source was required
to heat cold fluid ("), at the same time, the heat-resis-
tant temperature of the hot flow channel nonmetallic
materials for this study should be considered less than
70°C; so the device was suitable for a low-grade heat
source such as solar energy or industrial waste heat
greater than 70°C, the amount of heating provided by the
low-grade heat source was abundant.

e The inlet temperature of the cold liquid was reduced,
or the mass flow rate increased; and then the fresh-
water production increased, but the GOR decreased.
If need to ensure the freshwater production and obtain
a higher GOR at the same time, then it was necessary
to choose the optimal cold liquid inlet temperature and
mass flow rate.

® The local heat transfer coefficient decreased as the x
increases, and if the inlet temperature of the cold liquid
or the hot liquid increased, the local heat transfer coef-
ficient would increase. The inlet temperature of the hot
liquid had a greater influence on the local heat transfer
coefficient than the cold liquid. Under the same condi-
tions, the inlet temperature of the hot liquid increased
10°C, the local heat transfer coefficient increased 42.5%
(at x = 0); but the inlet temperature of the cold liquid
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increased 10°C, the local heat transfer coefficient only
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increased 6% (at x = 0).
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Micro-element area, m?
Hot channel width, m

Diffusion coefficient of water vapor in air,
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Enthalpy, J kg™

Heat transfer coefficient, W m™ K-!
Diffusion flux, kg m? s

Thermal conductivity, W m™ K™
Air-gap height, m
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Mass flow rate, kg h™
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Partial pressure, Pa

Heat flux, W m2s™

Universal gas constant, ] mol™ K™
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Temperature, K

Temperature, °C

Mole fraction

Latent heat of water evaporation, ] kg™

Thickness, m

Porosity of porous media
Dynamic viscosity, Pa s
Density, kg m™

Solution mass concentration

Air-gap
Condensate film
Average

Cold fluid
Cooling plate

Between the cold plate and the condensate

film

Air

Hot fluid

Between the hot channel and the air-gap
Porous

Between the cold plate and cold channel
Seawater

Average heat transfer

Local heat transfer

Water vapor

Water
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