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ABSTRACT

Traditional seawater desalination is an energy-intensive industry and desalination with new clean
renewable energy sources will become an important developing direction. Especially on ships and
in areas where there are serious fresh water or power shortage problems, the implement of sea-
water desalination with solar energy is of far-reaching practical significance. Based on the enhanced
heat transfer mechanism of the horizontal tube falling film evaporator, and the internal and exter-
nal fin tube condenser, a set of miniature low-temperature single-effect solar seawater desalination
device was developed. The designed parameters of the main heat transfer elements of the seawater
desalination system were obtained by mathematical simulation and the simulation experiment was
carried out by the simulated solar energy using electric heating tank. In the experiment, the transient
and steady-state performance of the system is tested The water producing rate, coefficients of the
falling film horizontal tube performance and coefficients of the condensing pipe performance under
different flow and temperature conditions are given, which provides an effective method for the
design of the miniature low-temperature solar desalination device. The results show that the system
has a high water producing rate and fresh water output efficiency under steady-state conditions
through a series of enhanced heat transfer measures. At present, the water producing rate can reach
1.6 L/h when the heating water temperature is 75°C-85°C, and the stable water producing rate can
reach 8 L/h. Relevant experimental data provide data support for the design of small desalination
plants.

Keywords: Seawater desalination; Low-temperature; Solar distillation; Transient and steady-state
experiments

1. Introduction

Fresh water is the key natural resource for human survival
and development. Since the 20th century, the requirement of
fresh water has been increasing drastically due to the explo-
sive growth of population and the development of industry.

It is discovered that 71% of the earth surface is covered by
water. However, only 3% is presented as portable water and
only 1% is accessible to human beings [1]. It is predicted that
close to 70% of the world population will be threatened
by the water-shortage problem and approximately 50% of
the world’s population lives within 200 km of the coast [2].
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Due to the geographical coincidence between water short-
age and high solar irradiance, solar energy has the highest
potential for water desalination applications [1]. The present
seawater desalination market has been dominated by three
processes of thermal evaporation, reverse osmosis and elec-
tro-dialysis (ED) [3-9]. However, these technologies need
high power consumption and are unsuitable for remote vil-
lages and small islands because of power supply problems
and limited space. Therefore, the study and development
of a miniature low-temperature solar seawater desalination
device is of great significance.

The thermal type seawater desalination is a very simple
process because the pure freshwater is obtained by condens-
ing the steam after evaporating seawater [10]. The distilla-
tion seawater desalination is one of the thermal evaporation
methods, which currently refers to a low-temperature dis-
tillation seawater desalination method. Low-temperature
distillation means that the top brine temperature does not
exceed 70°C. Fouling and corrosion are known to escalate at
high solution temperatures and the threshold for high salt
deposition from the saline solution is known to occur when
temperatures exceed 80°C [11]. When the temperature is
below 70°C, due to the lower temperature, the salt deposition
rate on the metal evaporator surface largely decrease, which
can significantly reduce seawater corrosion [12]. This tech-
nology has the advantages of low operating temperature and
minimal seawater reserves in the device (the device starts
up fast) [13] and is easy to be combined with solar-heating
systems. The energy-saving factor is developing rapidly, the
device scale is expanding, and the cost is declining.

Active solar distillation seawater desalination equipment
has developed rapidly in recent years. It overcomes the
shortcomings of passive solar distillation systems. Tiwari
and Sahota [14] reviewed the research on passive and
active solar distillation in detail. They also provided further
research targets and suggestions about solar stills for sustain-
able potable water production. Tiwari et al. [15] presented
exergoeconomic and enviroeconomic analyses of a partially
covered photovoltaic thermal (PVT) flat plate collector (FPC)-
integrated solar distillation system known as PVT-FPC active
solar distillation system. The performance had been valued
and compared with earlier researches. Reddy and Sharon
[16] proposed an active multistage series solar distillation
and its performance, environmental benefits and economic
feasibility were assessed by conducting 3E (energy—environ-
ment-economic) analyses using a developed mathematical
model. Chandrashekara and Avadhesh [17] presented an
overall review and a technical assessment of various and
up-to-date developments in single and multi-effect solar
stills. The problem of unit development and the impact on
the environment were solved during the development and
operation of static configuration. El-Sebaii and El-Bialy [18]
reviewed the works on solar distillation, its present status in
the world and its future perspective. The review also included
water sources, water demand, availability of potable water,
and purification methods. Srikantha [19] designed and devel-
oped an active vacuum distillation solar water purification
device. This device has attracted considerable attention and
increased the possibility of autonomous construction of the
system in rural areas through low costs. Ithape et al. [20]
analyzed the effects of different parameters on the performance

of a solar distillation system, and Hansen and Murugavel
[21] conducted experimental studies on a new hybrid solar
desalination system on different novel absorber structures.

The designed simulation of the distilling seawater desali-
nation device in the aforementioned literature is quite dif-
ferent from the actual working conditions. For example, the
system thermodynamic model does not study the influencing
factors of water production. In the scope of research in distil-
lation field, steam is taken as a heat source in some thermo-
dynamic models, but steam is currently used in multi-effect
and large-scale distilled seawater desalination plants. Only
few desalination technologies refer to small-scale thermal
desalination plants.

Siddique et al. [22] did a comparative analysis for small-
scale low pressure ‘single-effect distillation” and ‘single-stage
flash’ solar-driven barometric desalination units. They con-
cluded that the solar-driven barometric SED type units have
a considerably better performance over the SSF type units
in all comparison aspects including heat input rate, seawa-
ter feed rate and costs. So this article selected SED type to
develop a small-scale low-temperature solar distillation
seawater desalination device based on the enhanced heat
transfer mechanism of horizontal-tube falling-film evapora-
tion and internal and external fin tubes condensation. Solar
energy is utilized as a heat source. Compared with fossil
fuel energy source, solar energy has the advantages of safety
and environmental protection. Combining the two systems
of solar energy collection and distillation process is a sus-
tainable seawater desalination technology. A heat transfer
experimental platform was built. A pipe heater was used to
simulate solar energy as hot water input and an industrial
chiller was used to simulate cold water input. Transient and
steady-state experiments were performed on the system. In
the experiment, the heat transfer component’s data of tem-
perature difference and output were recorded with flow rate
and water temperature variance in the horizontal tube falling
film evaporator, the internal and external fin condenser tubes
and temperature. The experimental relation between various
parameters and water producing performance is given.

2. Introduction to the miniature solar low-temperature
distillation seawater desalination system

The miniature low-temperature solar desalination device
is composed of a main evaporation chamber and peripheral
pipelines. The evaporation chamber mainly includes a hori-
zontal-tube falling-film evaporator, an internal and external
fin condenser, an atomizing spray, and freshwater collec-
tors. The peripheral pipelines mainly include a simulated
solar-heating electric heater, a simulated cooling source, a
circulating spray pipe, solenoid valves, automatic control
components, and connecting pipelines. The operating princi-
ple of the device can be described as follows.

The miniature low-temperature solar desalination device
mainly adopts the following enhanced heat transfer process:
horizontal cross-tube falling-film evaporation, convection
heat transfer in the horizontal tube, internal and external
fin condensation, convection heat transfer in the tube and
so on. These processes make the miniature seawater desali-
nation system have a high heat transfer performance. The
simulated solar electric heating hot water outlet is connected
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to the inlet of falling-film horizontal tube in the evapora-
tion chamber tank. The energy released by hot water in the
falling-film horizontal tube goes through the tube wall and
evaporates the liquid film on the outer wall of the horizon-
tal pipe. The hot steam rises to release heat and condenses
at the internal and external fin condenser tube to generate
fresh water. The fresh water drops into the freshwater stor-
age via a freshwater collection line. When the freshwater
volume reaches the set point, the valve connecting to the
evaporation chamber is closed and the valve at ventage is
opened to allow the fresh water to flow out.

In Fig. 1, ball valve: 1, 2, 3, 4, 5, 6, 7, §; filter: 9, 10, 11;
one-way pump: 12, 13, 14; thermocouple: 15, 16, 17, 18, 19;
flowmeter: 20, 21, 22; one-way valve: 23; liquid level meter:
24; pressure meter: 25, 26; seawater for cooling circulation:
27; pretreated seawater: 28; solar collector: 29; freshwater
collector: 30; spray: 31; condenser tube: 32; vacuum pump:
33; freshwater storage tank: 34.

The vacuum degree required by the system is provided
by the vacuum pump. All principal components are wrapped
with asbestos cloth to restrain heat transfer with the environ-
ment. After one-time spray is completed, circulating spray
starts. The circulating spray pump presses the seawater in
the tank towards the atomizing spray head. The sprayed
seawater evaporates on the surface of horizontal pipes.
The circulating process continues until the salinity of circu-
lating water exceeds 100 g/kg. Then waste brine is drained
and new feed water is ejected into the tank to start a new
circle. The photo of desalination plant is shown in Fig. 2 and
energy direction is shown in Fig. 3.

2.1. Horizontal-tube falling-film evaporator

Due to several advantages such as heat transfer with small
temperature difference, suiting low-temperature evaporation,

high heat transfer coefficient and so on, horizontal tube
evaporating technology has been the main technology in
low-temperature desalination technology. In this system,
the horizontal tube is arranged with several layers and two
adjacent layers are cross-arranged. Such horizontal tube dis-
tribution makes seawater be sprayed evenly on each hori-
zontal tube surface from the spray head above. Seawater and
the working fluid in tubes can lead to a greater level of heat
transfer.

The length, width and height of the evaporator are 20 cm,
respectively. The vertical space between the two adjacent
layers is 22.5 mm. The center distance of the two adjacent
horizontal tubes in the same layer is 25 mm. The horizontal
tube is manufactured with copper and its inner diameter is
8 mm with 2 mm wall thickness. The four vertical square
walls are 304 stainless steel plates with 2 mm thickness.
The 3D model and physical drawings are shown in Fig. 4.

2.2. Internal and external fin condenser tubes

The condenser adopts a new type of internal and exter-
nal fin tube with a high heat transfer coefficient, in which
the material is copper—nickel alloy. After annealing, the
condenser is manufactured with a hob and has excellent cor-
rosion resistance performance. Its main parameters are as
follows: fin thickness 6f= 0.35 mm, fin spacing Sf= 0.73 mm,
fin height H = 1.8 mm, fin tube inner minimum diame-
ter d,= 14.6 mm, and fin tube outer maximum diameter
df= 18.25 mm, as shown in Fig. 5.

2.3. Atomized spray device

The bottom of the atomizing sprayer consists of four
atomizing spray heads, and the spray heads are evenly dis-
tributed circularly. When the spray heads are under the
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Fig. 2. Miniature low-temperature solar desalination setup.

pressure of 0.4 MPa, the atomized particle diameter is refined
to 65 um. The particles in this size form a water film layer on
the evaporator. Spray heads made by acid-proof material can
quantitatively spray sea water under the control of flow valve.

As shown in Fig. 6, the spray device is used in combi-
nation with the falling-film horizontal tube evaporator. The
head pressure of sprayer is approximately 0.4 Mpa with an
adjustable flow rate range of 0.3-1.5 L/min.

2.4. System control process

Upper computer program is software control platform
programmed by C#. PC starts serial communication with
controller (STM32) after clicking start button in the upper
computer program. Serial communication is based on R5485

Evaporator Energy Input

Pretreated Seawater Freshwater

Brine

Condenser Energy Output

Fig. 3. Water balance diagram.
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bus. The pin output of STM32 is connected to signal level
converting module to control electric relay module. The pro-
gram actuates electric relay to open upper node valve and
start pump. All solenoid valves are supplied with 12 V and
all pumps are supplied with 24 V. Then the device starts
operation. Meanwhile, the voltage signal of the tempera-
ture, flow and pressure of each node is produced by thermal
couple sensors, Hall flow sensors and pressure transmitter,
respectively. The voltage signals are read into data collector
by analog-digital conversion module and then upload to
PC to plot graphs via serial communication.

3. Steady-state mathematical model of a miniature
low-temperature distillation seawater desalination system

In this study, the low-temperature distillation seawa-
ter desalination system is taken as the research object, and
a steady-state mathematical model is established, which
includes the material and energy balance of the system.
The above-mentioned balance is conducive to understand-
ing the system material-energy relationship. The mathemat-
ical model can be used to calculate the expression of heat
transfer coefficient at transverse tube and condenser pipe.
The following assumptions are made to simplify the system
model:

* The produced water vapor is pure water (namely the
salinity of the water vapor is 0).

® Other gases except water vapor are non-condensable.

* The property of water both in liquid phase and gas phase
is homogeneous, respectively.

¢ The system operates at relatively low temperatures, and
the tank has good thermal insulation properties; there-
fore, the heat loss between the system and the environ-
ment is neglected.

¢ In the water temperature changing process, the latent heat
of vaporization and the specific heat capacity of water did
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Fig. 4. Horizontal tube falling film evaporator.
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Fig. 6. Atomizing spray device.



Z. Mao et al. / Desalination and Water Treatment 170 (2019) 24-37 29

not change much in this paper, so the latent heat and spe-
cific heat capacity of water are taken as the constant values.

® The heat transfer is mainly carried out in stationary state,
so other forms of energy are not taken into account.

3.1. Mass and energy balance

Temperature, mass flow rate and salinity of different
objects in the desalination system are listed in Table 1. The
equation for the water balance is expressed as:

M, =M, +M, @

where M, M,, M_represent the mass flow rate of the spray
part, steam and concentrated brine, respectively.
The equation for the salt balance is expressed as:

Mnxl = MCXZ (2)

where X, and X, represent the salinity of the spray seawater
and concentrated brine, respectively.

The energy balance equation in the falling-film horizon-
tal tube evaporator can be expressed as:

C,[M(T,~T)+M,(T,~T,) | +M, =C (T, - T,)M, ®3)

Similarly, the energy balance in the condensing fin pipe
can be expressed as:

C,(T,-T,)M, =C,(T,-T,)M, +rM, 4)

where r represents water latent heat of vaporization and
C, represent water specific heat capacity.

3.2. Balance of gas phase transition process

Based on supposition (iv), the whole system is hermetic.
Only water vapor and non-condensable gases participate in
reaction. So Raoult Theorem (Eq. (5)) condition is matched.

(P, +py)V =nRT ®)

where p, is the pressure of saturated steam, p, is the pres-
sure of non-condensable gases at the initial time, V and T

Raoult Theorem, supposition (ii) and pressure distribution
proportion, following equations are acquired.

P, =(1-x)p, (6)
P, =p, 7)
P=P, +P,=(1-x)p, +p, 8
P, =y,P ©)

where y, is the proportion of water vapor, x is the concen-
tration of solution, P, is the pressure of water vapor varying
with time and P, is the pressure of non-condensable gases
varying with time.

According to Level Rule, the quantity of water vapor can
be determined in this phase. Ratio of gas to liquid is ratio
of “lever arms” based on Level Rule, shown as Eq. (10).

ni:(l—x)—y; 10

m, ]/jq_yA

where 1 and n, represent the quantity of gas and liquid,
respectively. y, represents the proportion of saturated
steam in all gases and is a constant. So, when 1-x =y satis-
fies, it reaches the balanced point. The balanced point and
quantitative analysis are calculated based on systematic
parameters.

Vacuum degree in operation process is decreased to
-81.2, namely 20.1 kPa. Under 90°C condition, pressure of
saturated steam is 70.14 kPa. So the concentration of solu-
tion can be calculated.

P, 70.14

x=1-y,=1-—-"4A =1~ =0.
potp,  7014+201

223 (11)

Then the ratio of water vapor to all gases is calculated.

P,  (1-x)p, (1-0.223)x70.14

are the volume and absolute temperature, n is the number Ya= P, +P, B (1 _ x)p; +p, - (1 _ 0_223)>< 70.14 +20.1 =0731
of moles of gas; and R is the ideal gas constant. Based on (12)
Table 1
Temperature, mass flow rate and salinity of various objects in the desalination system
Object Temperature (°C) Mass flow rate (kg/h) Salinity (%)
Spray seawater T, M, X,
Steam T, M, 0
Strong brine T, M, X,
Freshwater T, M, 0
Heating water input T M 0
Heating water output T, ¢ 0
Cooling water input T, M 0
Cooling water output T, f 0
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According to Egs. (11) and (12), after evaporation, the
concentration of evaporated liquid is 22.3% and the ratio
of steam to all gases is 73.1%.

3.3. Calculation of the cross-section heat transfer coefficient

The coefficient of heat transfer in the process of heat
exchange can be obtained from the horizontal pipe para-
meters and seawater spray flow.

3.3.1. Calculation of heat transfer coefficient in
horizontal tube part

Forced convection is a mechanism, or type of transport
in which fluid motion is generated by an external source.
In the horizontal tube, hot water flow is motivated by the
pump, so that the heat transfer in the tube is considered
as forced convection. The heat transfer coefficient & can be
determined by the following Eq. (13) [23]:

(13)

where Nu is the Nusselt number of the fluid, d, is the equiv-
alent diameter of the pipe, and A is the fluid heat conductivity.
The subscript f indicates that the parameter is determined
by the average temperature of the fluid, and the subscript
W indicates that the parameter is determined by the average
wall temperature.

The flow of high-temperature water in the tube is turbu-
lent, and its Nusselt number Nu is calculated as follows [23]:

Nu, =0.023Re}*Pr;* (14)
u fd
Re, = (15)
U5
v C
pr, = 2L S (16)
Fa A
f

Re is the Reynolds number of the fluid, Pr is the Planck
number. u, is the flow velocity determined by the fluid
average temperature, d is the pipe inner diameter, v, is the
kinematic viscosity of fluid determined by the fluid aver-
age temperature, a is thermal diffusivity, ), is the viscosity
of fluid determined by the fluid average temperature, c is
specific heat capacity with certain pressure, A, is the fluid
heat conductivity determined by the fluid average temper-
ature. Correction is taken into consideration, so Eq. (17) can
be acquired.

Nu, =0.023Re}" Pr;* g 6,8, 17)
where ¢, is the entrance effect correction factor which con-
siders how inlet may influence heat transfer coefficient .

0.7
For short tubes whose I/d <60, g, =1+ [tllj . The length and

inner diameter of straight part of the horizontal tube are 200
0.7

and 8 mm, respectively, so in Eq. (17), g, =1+ [220] =1.105.

g, is the temperature correction factor considering the effect

of temperature distribution in boundary layer on heat trans-
fer coefficient /1. Here, the working medium is heated liquid,
n . . . . .
sog, = [f] . 1 is the viscosity of fluid and the meaning of
subscription has been illustrated before. ¢, is curving tube
effect correction factor. As for the horizontal tube evaporator,
the tubes are arranged in several layers and the straight
part is far longer than curving part, so ¢, = 1. Therefore,
Nusselt number can be calculated by Eq. (18).

(18)

1.1
Nu, =0.025Re!" Pr!* (an
n

The equation is suitable under the condition that 0.7 <
PrfS 120, 10% < Refs 1.2 x 105, é< 60.

3.3.2. Principle of heat transfer outside tube in evaporation
process

The heat transfer process outside the tube in the evapora-
tion section can be regarded as the phase transition process
of the water film on the surface of the circular tube. Pressure
in the evaporator is 0.6 standard atmospheric pressure,
therefore, surface phase transition heat transfer coefficient
can be calculated by Eq. (19) [23] which is suitable for the
condition that pressure is in the range of (0.2 ~ 101) x 10°Pa.

h = 0.1448A8*%p" = 0.564"7p"** (19)
where At = (t —t)°C is superheat degree of tube wall and ¢
is tube wall temperature, t_is steam saturation temperature
under corresponding pressure, g (W/m?) is wall heat flux,
p (Pa) is water spoiling absolute pressure. The equation is
suitable under the condition that the influence of the tubes
between each other is ignored.

3.4. Calculation of the heat transfer coefficient of
the condensing section

The type of fin is rectangular cross-section straight fin.
The fin efficiency mn, can be computed by the following
formula [24]:

tanh ( mH ’) 20)
nﬁn - mH/
3
r_ f
H' = Hf + > (21)

where H, is the fin height (m); o, is the fin thickness (m)
shown in Fig. 7; m is a coefficient that can be calculated
by Eq. (22):
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Cooling Water Input: T7, My Cooling Water Output: Tg, My

Steam: T,, My
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Fig. 7. Input and output of mass and energy in the desalination
system.

. g (22)

fin™ f

In Eq. (22), h, is the fin surface thermal conductance with
water vapor, W/(m? K); P is the fin cross-sectional perime-
ter along the fin height direction, m; A, is the fin material
thermal conductivity, W/(m K).

The total heat transfer coefficient of fin tube based on
the total surface area A, of fin side can be calculated by the

following formula [24]: ’

k, = 1
FTTA A, 1

hA - AA B,

w

(23)

where 1), is the overall fin surface efficiency, n,= (A, + 1 A)/
A,and A = A +A,. A, is plain area between fins, m?% A, is the
fm surface area, m2 A, is the refrigerant-side heat exchange
area, m? h, is the surface conductance with cooling water
in the condenser, W/(m* K); A_ is the thermal conductivity
of condenser wall, W/(m K); o is the condensing tube wall
thickness, m

3.5. Theoretical analysis of physical state transition process
In one-way irreversible process:

evaporation system

H,0 H,0O(g)

HZO(g) condensation system HZO( p)

where H,O presents seawater, H,O(g) presents water vapor,
H,O(p) presents pure water. H,0, H,O(g), H,O(p) are pre-
sented with A, B, C, respectively.

The brackets indicate the amount of substance in the
seawater desalination system and its unit is mol. For exam-
ple, [A] means the amount of substance of seawater in the
system. Water is input constantly and remains at [A],
namely [A]~N ([A]O,cs). [A] satisfies a normal distribution
in which mathematic expectation is [A], and variance is o

I(t) represents pure water output rate and the unit is mol/L,
which refers to the freshwater flowing outside and separated
from the system. Based on reaction rates in kinetics, the theo-
retical process is as follows:

d[A] (4]

(24)
@ =k[A]-k][B] (25)
dElf] =k,[B]+1(t) (26)

Then time-dependent differential equation is acquired.

=404, 5041

K, [ AJ . (27)

k

[C] =1[kzlJekz' +h[A] t-

2

Both k, and k, are constants and their units both are s™.
Based on the properties of analytical solution function, total
seawater in the device keeps constant. As the evolution with

k[A],
k
k
[[BJ %MJ and pure water will output constantl}zl at

2 0[‘@%[@0}

the value of k [A]
3.6. Water desalination system stability

this system (t — ), steam tends to be constant at

To take the derivative of Eq. (26) and then combine
with Eq. (25), in addition, from Eq. (26) it is known that

k, [BJ = % - l(t), so Eq. (28) is acquired.

(28)

[+k}[c] Kk [A]+p()

In Eq. (28), there is relationship of p(t) = [kz + ;Jl (t)
With Laplace transform, Eq. (28), is converted to Eq. (29).

(kk,A(s)+ P(s))

C(s):

29
s*+k,s @)

Considering the actual meaning of P(s) is a loop feedback,
Eq. (30) can be obtained.

p(t)= (l+l )[C]

[, and [, are constants. Then the analytical expression of
output Eq. (31) is acquired by the gain in the forward and
loop gain function of feedback system.

(30)
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klkZ
C(s)= WA(S) (31)

The condition for system stability is that the situation
which makes the system break down does not happen.
In time domain, the stability condition is that its square is
integrable. In addition, in frequency domain after Laplace
transform, the stability condition equivalent to the positive
number domain is convergence, which means zero point is
in negative number domain. The mathematical expression
is as follows:

A>0

-k, VA (32)
2

0

where A = (lz+k2 )2 —4[,. The most optimum stable domain is
acquired.

k
12_0,0<11<\/272

(33)

This means when production is in the range of 0 to E,
2

the system is stable. When the system is impacted by outside
impacts, it can recover to stable state and continue the work
very soon.

So far, working process in the desalination device and sys-
tem performance analysis are finished. In addition, the theo-
retical values of corresponding production (freshwater, steam)
are obtained and the stable working condition for the system is
decided finally. In the following part, experimental fitting and
analysis will be discussed.

4. Experimental results and analysis

The experiment is conducted indoors, with ambient tem-
perature from 20°C to 25°C and an ambient relative humidity
of 50%-70%. The effects of temperature and flow on water
yield are measured. Both transient and steady-state water
production performances of the small desalination plant are
also obtained. Variable-controlling approach is adopted in
our experiments.

4.1. Transient performance analysis of the device

Achieving a stable state in a relatively short period of
time is important to improve desalination efficiency. In the
transient performance experiment of the system, the water
temperature of the horizontal-tube falling-film evaporator
is set at 80°C, the internal and external fin condenser water
temperature is set at 20°C, and the spray flow rate is set at
0.4 L/min. The salt water is placed at the tank bottom, and
water yield is recorded every 5 min after the device startup.
The corresponding temperature values are measured using
a thermocouple and read by a computer.

In the 60 min after system startup, the relationship
between total water yield with time is shown in Fig. 8 and

the relationship between water yield every 5 min and time
is shown Fig. 9. The operating parameters of the system
are as follows: heating water flow of the horizontal-tube
falling-film evaporator is 3 + 0.25 L/min; heating water tem-
perature is 80°C + 2.5°C; internal and external fin condenser
cold water flow is 8 + 0.5 L/min, cold water temperature
is 20°C + 1°C; and circulation spray pump flow = 0.4 = 0.1
L/min. Fig. 10 illustrates how the circulating water tem-
perature in the tank changes with the time.

Figs. 8 and 9 show that the cumulative freshwater output
increases as time increases. Meanwhile, the water produc-
tion rate first increases and then decreases. The fresh water
yield of the system reaches maximum in approximately 25
min. After that, the rate of freshwater production decreases
for the reason that system vacuum is reducing. Before the
system operates, the vacuum environment is provided by a
vacuum pump and the vacuum is no longer complemented
during system operation. After the system vacuum level
becomes stable, the water production rate of the system
becomes basically stable at approximately 40 min. When the
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Fig. 8. Variations in total water yield after the system starts up.
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Fig. 9. Variations in water yield every 5 min.
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Fig. 10. Variations of the water temperature in the tank after the
system starts up.

system is running, the system temperature generally rises
and is basically stable at approximately 25 min.

4.2. Steady-state performance analysis of the device

The steady-state performance of the device is an import-
ant index to measure the stability and reliability of the
device. In steady-state condition, a high water yield indi-
cates a good system performance. Therefore, the steady-state
performance of the system is meaningful to be tested.

In this part, unless the parameter is set as the variable
to be researched, the initial parameters are set as follows:
heating water flow of the horizontal-tube falling-film eva-
porator is 3 + 0.25 L/min; heating water temperature is
80°C + 2.5°C; internal and external fin condenser cold water
flow is 8 + 0.5 L/min, cold water temperature is 20°C + 1°C;
and circulation spray pump flow = 0.4 + 0.1 L/min.

4.2.1. Steady-state water production performance of the device

Under the condition of stable operation (heat balance
state), when the heating water temperature is 80°C + 2.5°C,
the effects of different hot water flows on the water yield
every 10 min and on the temperature difference between
inlet and outlet of evaporators are shown in Fig. 11.

Fig. 11 demonstrates that, as the hot water flow increases,
the water production rate also increases. In addition, pro-
duction rate of 4 L/min is more than 1.5 times than that of
1.5 L/min. However, larger flow also leads to higher power
consumption. An evaluation index for the effect of flow on
water yield will be presented in the next section. The effect
of hot water temperature on freshwater yield under fixed
horizontal pipe flow is shown in Fig. 12.

Fig. 12 illustrates that a higher heating water temperature
in the evaporator results in higher production rate of fresh
water. Production rate under the temperature of 80°C is more
than 1.5 times higher than that of 70°C. The system performs
better at producing water at higher temperature. The effi-
ciency reaches optimum when heating water temperature is
controlled in the range of 75°C-85°C.

—#— Temperature Difference

—aA— Water Yield every 10 ming
234 418
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Fig. 11. Effect of hot water flow in horizontal tubes on water
output every 10 min and temperature differences between inlet
and outlet of horizontal tubes.
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Fig. 12. Variation in water yield every 10 min as hot water
temperature changes.

Under the condition of stable operation, namely heat
balance state, and a cooling water temperature of 20°C, the
effects of different cold water flows on the water yield every
10 min is shown in Fig. 13.

Fig. 13 shows that, as the flow increases, the water pro-
duction rate also increases. In addition, production rate of
10 L/min cold water flow is as twice as that of 5 L/min cold
water flow. An evaluation index for the effect of flow on
water yield is proposed in the next section.

4.2.2. Steady-state performance ratio of the device

A thermodynamic performance evaluation index based
on the first law of thermodynamics for the thermal seawater
desalination device is adopted. The thermodynamic perfor-
mance index refers to the heat consumption of per unit fresh-
water production g. The thermal system evaluation index
determined by the first law of thermodynamics varies with
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Fig. 13. Variation in cumulative water yield with the change in
condenser pipe flow.

different distillation desalination principles. For a single-ef-
fect solar desalination device, the system heat source comes
from hot water working fluid heated by solar power. The ther-
mal performance index is expressed by the heat consumption
rate g per unit freshwater output.

9

M (34)

q

d

where Q, refers to heat released by hot water working fluid
(kJ/h) and M, refers to freshwater yield (t/h). The relation-
ship between hot water flow and heat consumption rate g
in this desalination system is shown as Fig. 14.

The diagram shows that the heat consumption rate
decreases with the increment of hot water flow in the
horizontal tube. The analyzed reason is that the higher hot
water flow rate causes higher thermal energy input and
higher flow velocity. The former leads to better heat transfer

7
6—F\‘\.\-\u\

e

Heat Consumption Rate x10*J/kg

T T
1.5 2.0 23 3.0 3.5 4.0
Hot Water Flow/L-min”

Fig. 14. Variation in performance ratio with the change in hot
water flow.

efficiency but the latter counters. The positive influence of
higher energy input exceeds the negative influence of higher
flow velocity. Therefore, energy consumption of freshwater
production per unit reduces. However, this parameter of
energy consumption can only compare the amount of fresh-
water produced by the same thermal energy. In fact, the energy
required for the system is not only the heat source but also
the pump and other devices. As a result, performance ratio
(PR) is appropriate to be chosen as the comprehensive perfor-
mance index of the system instead of heat consumption rate.

The performance ratio PR [25] of the seawater desalina-
tion device is an important index for the system performance
assessment. A large performance ratio shows a superior
system performance. According to the input-output relation-
ship, the steady-state performance ratio of the device is given
as the following form:

Mehfg

R=— <% (35)

Q+ PAt
where M (kg/h) is the water yield of the seawater desalina-
tion system; hfg (kJ/kg) is the latent heat of water vaporiza-
tion, approximately = 2,350 k]/kg; Q (K]) is the total input
thermal energy; P, (kW) is the mechanical power consumed
by the seawater desalination system; At (s) is the operation
time.

When the temperature of heating water is 80°C, internal
and external fin condenser cold water flow is 8 £ 0.5 L/min,
cold water temperature is 20°C + 1°C and circulation spray
pump flow = 0.4 + 0.1 L/min, the relationship between dif-
ferent hot water flows and performance ratio is illustrated
in Fig. 15.

Fig. 15 shows that the performance ratio increases first
and then decreases with the increment of hot water flow.
The flow rate of hot water should be set in the best range of
2-3 L/min by the comprehensive consideration of the device
energy consumption and water production.

The flow coefficient of the seawater desalination sys-
tem is an important reference coefficient for designing prin-
cipal components. The flows of other components can be
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Fig. 15. Effect of hot water flow on performance ratio PR.
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determined based on one set flow. The flow coefficient is
given by the following formula:

k-2
Qﬂ

where K is the flow coefficient of the seawater desalination
system; Q, (L/min) is a set flow; Q (L/min) is the flow of a
component selected according to the set flow.

In this study, spraying flow is constantly set as 0.4 L/
min, therefore according to Fig. 15, the flow coefficient of
the horizontal pipe (the ratio of spraying flow to horizontal
pipe flow) is the best in the range of 0.15-0.2.

When the cooling water temperature is set at 20°C, the
relationship between the different condensing water flow
rates and the performance ratio is shown in Fig. 16.

Fig. 16 shows that with the increment of the cold water
flow rate, the performance ratio increases first and then
gradually decreases. The flow rate of cold water should be
set in the range of 7-9 L/min in comprehensive consider-
ation of the device energy consumption and water produc-
tion. Under the condition that spraying flow has been set
as 0.4 L/min, the condensing water flow coefficient (ratio of
spraying flow to condensing fin tube flow) is optimal in the
range of 0.045-0.055.

The average salinity of produced water is approximately
96 mg/kg. The World Health Organization standard for pota-
ble water is 500 mg/kg [1]. Therefore, water produced by
this desalination system satisfies the potable water standard.
Since the set salinity of discharged brine is 100 g/kg, its salinity
is more than 1,000 times as the produced water’s. The experi-
mental results are compared with similar researches. Feng et
al. [26] designed and manufactured a plate-type distillation
desalination device based on the thermodynamics principle
of PHE. They pointed out hot water inlet temperature and
flow are important factors influencing distillation fresh-
water production rate. Production rate linearly increases
as temperature and hot water flow rise, respectively. These
results are identical to ours (shown in Figs. 11 and 12). In
addition, they discovered there was an optimal middle value
of feed water flow. However, our team conducted more
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Fig. 16. Effect of cold water flow on performance ratio PR.

experiments about transient state performance and explored
how cold water influencing production rate in steady state.
Luca et al. [27] designed and tested a single-effect thermal
desalination plant in order to recover the thermal power out-
put from a 1 kWe Stirling engine. The maximum fresh water
production can be higher than 7 L/h and the plant average
efficiency was about 1.3 L/kWh of energy input with min-
imum and maximum values equal to 1.16 and 1.42 L/kWh.
Moreover, they explored the effect of evaporator tank sat-
uration temperature, temperature difference between the
heating fluid and the salt water, heating fluid flow rate on
thermal power input, fresh water production, heat transfer
coefficient and plant efficiency, respectively. The influence
of hot flow rate is in good agreement with our study but
they also ignored the effect of cold water flow rate. More
work relevant to energy consumption of freshwater per liter
and heat transfer coefficient of each component is planned
to carry out in order to better evaluate the miniature low-
temperature solar seawater desalination plant.

5. Conclusion

The study evaluates the transient and steady-state perfor-
mance of a lightweight low-temperature distillation seawater
desalination device and obtains the following experimental
conclusions:

e The system has a high water production rate under
steady-state conditions. When the temperature of heating
water is set between 75°C-85°C, the steady-state water
production rate can reach above 8 L/h.

e The device adapts several methods such as horizon-
tal-tube falling-film evaporation, atomization spraying,
internal and external fin tube condensation and so on to
intensify heat transfer and improve the freshwater out-
put efficiency. The device starts up fast and fresh water
outputs within 1 min operation after startup. At approx-
imately 25 min, fresh water producing rate peaks. The
water production rate in the system is stable in approx-
imately 40 min. When the entire device is running, the
system temperature generally increases and is stabilized
within 25 min. The steady-state performance ratio of the
device can reach approximately 4.

e To comprehensively evaluate both water producing rate
and energy consumption of the device, the desalination
system performance can be evaluated by the steady per-
formance ratio. The operation state is optimal when the
horizontal tube flow rate is in the range of 2-3 L/min and
the flow coefficient is in the range of 0.15-0.2. Similarly,
the operation state reaches best when the cold water
flow rate in the inner and outer fin condenser pipes is in
the range of 7-9 L/min and the flow coefficient is in the
range of 0.045-0.055.

In the future, our team plan to combine the vacuum cham-
ber technology with fin condenser and replace film-falling
horizontal tube with plate heat exchanger to further improve
heat transfer efficiency. In addition, we consider utilizing
venturi tube instead of vacuum pump to achieve the goal of
keeping desalination system vacuum. With these improve-
ments, we aim at further developing heat transfer efficiency
in the desalination system.
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Fin thickness

Fin spacing

Fin height

Fin tube inner minimum diameter

Fin tube outer maximum diameter

Water latent heat of vaporization

Water specific heat capacity

Spray seawater temperature

Steam temperature in the tank

Strong brine temperature

Freshwater temperature

Heating water input temperature

Heating water output temperature

Cooling water input temperature

Cooling water output temperature

Spray seawater mass flow rate

Steam mass flow rate

Strong brine mass flow rate

Freshwater mass flow rate

Heating water mass flow rate

Cooling water mass flow rate

Salinity of spray seawater

Salinity of strong brine

Pressure of saturated steam

Pressure of non-condensable gases at the initial
time

Volume of gases in main tank

Temperature of gases in main tank

Number of moles of gases in main tank

Ideal gas constant

Proportion of water vapor in main tank
Concentration of solution in main tank
Pressure of water vapor varying with time in
main tank

Pressure of non-condensable gas varying with
time in main tank

Quantity of gas in main tank

Quantity of liquid in main tank

Proportion of saturated steam in main tank
Heat transfer coefficient

Nusselt number of fluid

Equivalent diameter of pipe

Fluid heat conductivity

Fluid heat conductivity determined by the fluid
average temperature

Reynolds number determined by fluid average
temperature

Flow velocity determined by the fluid average
temperature

Pipe inner diameter

Kinematic viscosity of fluid determined by the
fluid average temperature
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—  Thermal diffusivity

—  Viscosity of fluid determined by the fluid aver-
age temperature

—  Viscosity of fluid determined by the average
wall temperature

—  Specific heat capacity with certain pressure

—  Entrance effect correction factor

—  Temperature correction factor

—  Curving tube effect correction factor

—  Tube wall temperature

— Steam saturation temperature under correspon-
ding pressure

—  Wall heat flux

—  Water spoiling absolute pressure

—  Fin efficiency

—  Coefficient for fin calculation

—  Finsurface thermal conductance with water vapor

—  Fin cross-sectional perimeter along the fin
height direction

—  Fin material thermal conductivity

—  Overall fin surface efficiency

—  Plain area between fins

—  Fin surface area

—  Refrigerant-side heat exchange area

—  Surface conductance with cooling water in the
condenser

—  Thermal conductivity of condenser wall

—  Condensing tube wall thickness

—  Seawater

—  Water vapor

—  Pure water

—  Constant

—  Constant

—  Constant

—  Constant
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