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Abstract: Treatment methods for high-salt wastewater mainly consist of physical methods, chemical
methods and biological methods. However, there are some problems, such as slow treatment speed,
high investment costs and low treatment efficiency. To address NaCl solutions, in this study, a
circulatory flash system was designed based on gas-liquid equilibrium, mass conservation equation
and energy conservation equation. A circulatory flash evaporation simulation and a static flash
evaporation experiment were conducted on NaCl solutions under various operating conditions
to investigate the effects of heating temperature, flash pressure and initial NaCl concentration
on the circulatory flash evaporation system. The significance of each factor’s influence on the
evaporation fraction and energy consumption was examined through static flash experiments. The
simulation results demonstrated that increasing the heating temperature, decreasing the flash pressure
and having a higher initial NaCl concentration could enhance the treatment capacity of high-salt
wastewater. The flow rate of vapor outlets increased with higher heating temperature but decreased
as the flash pressure rose. The experimental results demonstrated that flash evaporation pressure
was the primary factor influencing both the evaporation fraction and the energy consumption per
unit mass of vapor produced. It was observed that with an increase in heating temperature, the flash
pressure decreased and there was a corresponding decrease in energy consumption per unit mass of
vapor produced. The optimal experimental conditions were achieved at a heating temperature of
99 °C, a flash pressure of 15 kPa, and an initial NaCl concentration of 20%.

Keywords: circulatory flash evaporation; static flash evaporation; heat and mass transfer; high-salt
wastewater treatment; energy consumption analysis

1. Introduction

“High-salt wastewater” refers to wastewater rich in organic matter, in which the mass
fraction of salt substances is greater than or equal to 1% or the total dissolved solids (TDS)
are greater than or equal to 3.5%. The salts are mainly C1~, SO42~, Na*, Ca?*, Mg?* and
other substances [1]. This kind of wastewater comes from a wide range of sources, mainly
in the industrial production processes of the chemical industry, electric power generation,
metallurgy, pharmaceutical production, petroleum, paper making, printing and dyeing,
food processing, and seawater desalination [2]. At present, there are many conventional
reduction treatment processes for high-salt wastewater, such as biochemical treatment [3],
membrane permeability [4], heat treatment [5] and so on. The advantage of biochemical
treatment is its low cost, but the treatment cycle is long, and the effect is poor when dealing
with toxic substances that are difficult to degrade. The membrane permeation method
has the advantages of simple operation, stable water production and low cost, but there
are some problems, such as membrane fouling and blockage. The heat treatment method,
which mainly includes multi-stage flash evaporation (MSF) [6], multi-effect evaporation
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(MED) [7] and mechanical vapor recompression evaporation (MVR) [8], has the advantages
of mature process and stable operation, but scale phenomena form easily in the evaporator,
thereby reducing the life of the evaporator.

Flash crystallization technology refers to a heat treatment method wherein a high-
pressure solution is introduced into a low-pressure environment, resulting in the rapid
vaporization and saturation of the solution, followed by the precipitation of crystalline
salt [9]. Compared to conventional high-salt wastewater treatment processes, this method
exhibits the advantages of reduced energy consumption, enhanced evaporation efficiency
and resistance to scaling. It is particularly suitable for the evaporative crystallization of
highly concentrated liquids prone to scaling. According to whether the liquid has horizontal
initial velocity in the process of flash evaporation, flash evaporation can be divided into
static flash evaporation and circulatory flash evaporation.

Static flash evaporation is the basic form of flash evaporation, which completely shows
the complete process of flash liquid transforming from the initial equilibrium state to the
unstable state and finally reaching the new equilibrium state [10]. Therefore, static flash
evaporation is the starting point of the study of the flash phenomenon. Gopalakrishna
et al. [11] conducted a flash evaporation experiment on a pure water and 3.5% NaCl
solution and proposed a formula for calculating flash evaporation amount by measuring
the height change of liquid film in the superheating range of 0.5-10 °C. Saury et al. [12]
conducted an experimental study on flash evaporation of pure water, and the results
showed that flash evaporation tended to the limit value after some time, and evaporation
increased with the increase of the initial temperature of the solution and decreased with
the increase of the initial pressure of the solution. Liu et al. [13] conducted experiments
on the flash evaporation process of NaCl droplets in a vacuum environment, and the
results showed that with an increase of NaCl concentration, the droplet evaporation rate
decreased and the droplet temperature change slowed down; with the decrease of ambient
pressure, the droplet evaporation rate increased. As the initial temperature increased or the
droplet size decreased, the droplet evaporation rate increased and the droplet temperature
changed faster. Zhang et al. [14] conducted flash experiments with NaCl solution with a
concentration of 0-15%, and the results showed that a higher concentration of NaCl could
inhibit the change of gas and liquid phase in the flash process, reduced the flash rate and
weakened the boiling heat transfer intensity. Yang et al. [15] studied the static flash process
of NaCl solution and analyzed the variation law of flash mass under different conditions.
The results showed that superheating and liquid level height were important parameters
affecting evaporation quality, and evaporation mass increased with the increase of liquid
level height and superheating. Zhang et al. [16] conducted experimental studies on NaCl
solution under different working conditions, and the results showed that the concentration
of NaCl had no significant effect on the flash rate, and the flash rate gradually decreased
with the increase of superheat.

Circulatory flash evaporation is a kind of flash evaporation extracted from the back-
ground of industrial continuous production. Due to the existence of horizontal velocity
in flash film, the temperature change and boiling form of flash film are different from
those of static flash evaporation. In the circulatory flash evaporation study, Wang et al. [17]
conducted a flash evaporation experiment with a NaCl solution with a concentration of
15% and analyzed the effects of different parameters on the non-equilibrium fraction. The
results showed that the non-equilibrium fraction decreased with the increase of the flash
rate; when the circulatory flash rate was the same, the non-equilibrium fraction decreased
with the increase of superheat and equilibrium pressure. Zhang et al. [18] conducted
flash experiments on pure water, and the results showed that when the liquid film height
and superheat were constant, the non-equilibrium fraction decreased with the increase
of flash pressure and circulating flow rate; when the flash pressure, circulatory flow rate
and superheat were constant, the non-equilibrium fraction increased with the increase of
liquid film height. Wang et al. [10] conducted an experimental study on the flash rate of
NaCl solution, and the results showed that the circulatory flash rate increased with the
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increase of the circulatory flow rate and the equilibrium pressure. The circulatory flash
rate decreased with the increase of NaCl concentration and liquid level height; with the
increase of superheat, the flash rate decreased first and then increased. Zhang et al. [19]
conducted an experimental study on the non-equilibrium fraction of NaCl solution and
analyzed the effects of different mass flow rate, liquid level height, flash pressure and NaCl
concentration on the non-equilibrium fraction. The results showed that under the same
superheated condition, the non-equilibrium fraction decreased with the increase of mass
flow rate and flash pressure, and increased with the increase of liquid level height and
NaCl concentration. Wang et al. [20] analyzed the energy and exergy of NaCl solution
circulatory flash process, and the result showed that as the liquid level height and NaCl
concentration decreased, the energy utilization rate increased, and increased equilibrium
pressure could improve the energy utilization rate.

At present, flash technology had been widely used in desalination [21], sewage treat-
ment [22], drying technology and other industrial applications. In previous studies, scholars
have analyzed the effects of circulatory flow rate, flash pressure, initial solution concen-
tration and solution superheating on evaporation rate and imbalance fraction during
circulatory flash evaporation. This study takes NaCl solution as the research object, con-
ducts research on the evaporation characteristics of high-salt wastewater, uses range and
variance analysis methods to explore the significance of different factors on the flash evapo-
ration process, studies the changes in energy consumption and evaporation fraction under
different factors and obtains the optimal operating conditions. Research is conducted on
the steady-state performance of the circulatory flash evaporation system to establish a
steady-state mathematical model of the circulatory flash evaporation system and verify the
theoretical model of the system based on experimental results. Changes in flow rate and
concentration at various operating points within the system under different parameters are
also studied, providing a basis for parameter control of the circulatory flash evaporation
system. The study of these parameters plays an important role in further improving the
efficiency of circulatory flash evaporation, reducing energy consumption, and achieving
industrial application.

2. Circulatory Flash Evaporation System

The circulatory flash evaporation system is shown in Figure 1. The system is built
based on the equations of conservation of energy and conservation of mass, and is a heat
flow recirculation loop. The circulatory flash evaporation system mainly consists of a heater,
a flash crystallizer, a vacuum pump, a solid-liquid separator, a flow control valve and
two solution pumps. Initially, the high-salt wastewater flows into the heater inlet, is heated
to the target temperature by the heater and then enters the flash crystallizer. After being
concentrated and evaporated, the vapor produced by flash evaporation is discharged from
the outlet of the flash crystallizer, while the concentrated liquid enters the solid-liquid
separator. After being separated by a solid-liquid separator, the crystalline salt precipitated
through flash evaporation is discharged from the outlet of the solid-liquid separator, while
the remaining brine enters the heater.

During the simulation, the circulatory flash evaporation process was modeled as
a steady-state phenomenon using Engineering Equation Solver (V10.561) software for
computational analysis, with negligible consideration given to heat dissipation within
the system. According to the principle of gas-liquid equilibrium, the liquid level in both
the heater and flash crystallizer was maintained at a constant height. Therefore, after
undergoing multiple cycles, the high-salt wastewater introduced into the flash crystallizer
eventually transforms into a highly concentrated solution.
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Figure 1. Schematic diagram of circulatory flash evaporation system.

3. Experimental and Theory
3.1. Experimental
3.1.1. Experimental Method

The experimental system mainly consists of a heater, a flash crystallizer, a vacuum
pump, a control cabinet and a flow control valve. The flash evaporator is a key component
of the circulating flash evaporation system, which is a barrel with an inner diameter of
0.6 m and a height of 1.2 m. To prevent scaling on the walls of the crystallizer, the flash
evaporation crystallizer is equipped with blades inside and controlled by a top motor. At
the top of the flash crystallizer, there is a vacuum gauge with a maximum range of 0.1 MPa
and a temperature gauge with a maximum range of 100 °C, and a T-type thermocouple
is installed inside. The heater is a stainless steel barrel with a diameter of 0.8 m and a
heating coil at the bottom, with a T-type thermocouple installed inside. The vacuum pump
creates a low-pressure environment in the flash crystallizer. The control cabinet is used for
displaying the thermocouple temperature and controlling the equipment’s start and stop.

The high-salt wastewater used in the experiment is a self-prepared NaCl solution. For
the experiment, the heater was switched on and the high-salt wastewater was heated to the
target temperature. Then the vacuum pump was opened, and the flash crystallizer pressure
was adjusted to the target pressure through the vacuum pump. During the final stage, the
flow control valve was opened to adjust the flow at the inlet of the flash crystallizer. During
the experiment, the vapor generated by flash evaporation was discharged from the top
outlet of the flash crystallizer. After the flash was completed, the vacuum pump was closed
and the bottom outlet of the flash crystallizer was opened. After the pressure relief of the
flash crystallizer was completed, the concentrated liquid was discharged from the bottom
outlet of the flash crystallizer.

During the experiment, the evaporation fraction and the energy consumption per unit
mass of vapor produced were used as evaluation indexes for the static flash evaporation
experiments. The evaporation fraction is defined as the ratio of the mass of evaporated
vapor to the mass of the initial solution. The calculation formula is Equation (1),

My — Moyt
r _ (1)
where m,,; is the mass of solution at the exit of the flash crystallizer, and min is the inlet
solution mass of the flash crystallizer.
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The energy consumption of the static flash evaporation experiment mainly consisted of
the heater energy consumption and the vacuum pump energy consumption. The calculation
formula is Equation (2),

Qanr = Qn+Qy )

where Qj, is the heater energy consumption, Qy is the vacuum pump energy consump-
tion, and Q,y is the total energy consumption. Heater energy consumption refers to the
energy consumption required by heating the solution from room temperature to the target
temperature, which is calculated based on heater power and the heating time. Vacuum
pump energy consumption indicates the energy consumption required by the vacuum
pump to maintain the pressure inside the flash crystallizer, which is calculated based on
vacuum pump power and flash duration. Total energy consumption refers to the sum of
heater energy consumption and vacuum pump energy consumption, which is the energy
consumption required for each complete operation of the experimental system.

The energy consumption per unit mass of vapor produced Qy is defined as the energy
consumption required to generate 1 kg of vapor. When treating the same weight of high-salt
wastewater, the larger the energy consumption per unit mass of vapor produced, the larger
the energy consumption consumed by the system. The calculation formula is Equation (3):

Qun

My — Mout

Qx = (3)

3.1.2. Experimental Design

Heating temperature, flash pressure and initial NaCl concentration were important
factors affecting evaporation fraction and energy consumption per unit mass of vapor
produced. Orthogonal experiments were used to study the degree of influence of differ-
ent factors on the evaporation fraction and energy consumption per unit mass of vapor
produced and obtain the optimum operating conditions. Control variable experiments
were used to further investigate the effects of heating temperature and flash pressure on
evaporation fraction and energy consumption per unit mass of vapor produced under
optimum operating conditions.

Orthogonal experiments were selective based on a designed orthogonal table. The
range analysis method was used to process the data to obtain the importance of the factors
influencing the results and the best working conditions. When the range of the factor was
larger, the impact of the factor on the result was greater, and when the range of the factor
was smaller, the impact of the factor on the result was smaller. Analysis of variance could
be used to verify the range analysis results and obtain the significance of each factor’s
influence on the experimental results. The significance of the influence of the factor on the
result could be judged according to the significance of the factor; when the significance
of the factor was smaller, the impact of the factor on the result was greater, and when the
significance of the factor was lager, the impact of the factor on the result was smaller. The
orthogonal method was used to set up sixteen sets of orthogonal experimental conditions
with three factors and four levels; the three-factor level table is shown in Table 1. The
heating temperatures were 87 °C, 91 °C, 95 °C and 99 °C; the flash evaporation pressures
were 15 kPa, 20 kPa, 25 kPa, and 30 kPa; the initial NaCl concentrations were 10%, 15%,
20%, and 25%; and the orthogonal experiments are shown in Table 2.

Table 1. Factor level table.

Number Heating Temperature (°C) Flash Pressure (kPa) Initial NaCl Concentration (%)
1 87 15 10
2 91 20 15
3 95 25 20
4 99 30 25
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Table 2. Orthogonal experiment table.
Number Heating Temperature (°C) Flash Pressure (kPa) Initial NaCl Concentration (%)
1 99 20 15
2 95 25 10
3 87 15 10
4 91 25 20
5 99 30 10
6 95 30 25
7 95 20 20
8 91 20 10
9 91 30 15
10 95 15 15
11 99 25 25
12 99 15 20
13 91 15 25
14 87 25 15
15 87 30 20
16 87 20 25
The control variable experiments were designed according to the best operating
condition points of orthogonal experiments; the heating temperatures were 87 °C, 91 °C,
95 °C and 99 °C; and the flash evaporation pressures were 15 kPa, 20 kPa, 25 kPa, and
30 kPa. The initial NaCl concentration was not an important factor affecting the evaporation
fraction and the energy consumption per unit mass of vapor produced. Therefore, the
initial NaCl concentration was 20% of the best operating concentration of the orthogonal
experiments, and the control variable experiments are shown in Table 3.
Table 3. Control variable experiment table.
Number Heating Temperature (°C) Flash Pressure (kPa) Initial NaCl Concentration (%)
1 99 15 20
2 95 15 20
3 91 15 20
4 87 15 20
5 99 20 20
6 99 25 20
7 99 30 20

3.2. Theoretical Model
3.2.1. Mathematical Model
Set high-salt wastewater was used as the NaCl solution during the model-building

process. Based on the principle of the gas-liquid phase equilibrium, the formula for
calculating the saturation vapor pressure of a NaCl solution is Equation (4),

P =7rXPs 4)

where 7 is the activity coefficient, and the value of the activity coefficient in Aspenis 1, x is
the mole fraction of water, and ps is the saturated vapor pressure of water, which can be
calculated using Antoine’s formula,

B
logps—z‘l—ﬁ_C ()

where A, B and C are the physical property constants: A =7.96681, B = 1668.21, and C = 228.
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During the heating process, the liquid heating temperature range is 87-99 °C, and the
average constant pressure specific heat capacity of water can be taken as 4.1868 k] / (kg K).
The enthalpy value of water is expressed by Equation (6),

31
hwater = /; Cp,waterdt (6)
0

The average specific heat capacity of NaCl is represented by Equation (7),
¢p,Nac1 = 0.045 + 0.0005¢ (7)

The enthalpy value of NaCl is expressed by Equation (8),

fy
fiNacl = /t ¢pNacidt (8)
0

The heat of NaCl dissolution is represented by Equation (9),

1164 x 4.18w;

e = 0.05844 ©)

Therefore, the enthalpy value of high salinity wastewater is represented by Equation (10),
hsw = WhNaCl + (1 - w)hwater + hr (10)

where tj is the initial temperature of the liquid, °C; #; is the liquid heating temperature, °C;
hwater is the enthalpy value of water, k] /kg; ¢y water is the specific heat capacity of water,
KJ/ (kg K); cp naci is the specific heat capacity of NaCl, kJ/(kg-K); hnacy is the enthalpy
value of NaCl, kJ/kg; w; is the concentration of NaCl,%; k;, is the heat of NaCl dissolution,
kJ/kg; and hg,, is the enthalpy value of high salinity wastewater, k] /kg.

During the flashing process, when the liquid temperature reaches the saturation
temperature corresponding to the flashing pressure, it is held that the saturated liquid has
not undergone boiling. When the temperature of the liquid is higher than the saturation
temperature corresponding to the flash pressure, the liquid boils and produces superheated
vapor. The excess heat gsyp is represented by Equation (11),

f
dsup :/t Cp,waterdt (11)

The average specific heat capacity of water vapor is represented by Equation (12),
Cp,water = 1.833 + 0.000311¢ (12)

where {; is the saturation temperature corresponding to the flash pressure, °C.
Construction of a circulatory flash evaporation system is performed by coupling the
equations of conservation of mass and conservation of energy. Each point corresponds to
the Figure 1 state point.
The heater mass conservation model is Equation (13),

dm,9 + 9m,;8 = gm,1 (13)
The heater energy conservation model is Equations (14)-(17),
Qc + qmohy + gmshs = qm1m (14)

hg = wohnacr + (1 — wo) hwater + Ny (15)
h8 = w8hNaCl + (1 - w8)hwater + hr,8 (16)
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h1 = wihnaer + (1 — wi) hwater + My (17)
The flash crystallizer mass conservation model is Equation (18),
Im2 = qm3 + Jm4 (18)
The flash crystallizer energy conservation model is Equations (19) and (20),
dm2h2 = qm3hs + qmaha (19)
hy = wahnaer + (1 — wa) hwater + Ny a (20)
The solid-liquid separator mass conservation model is Equation (21),
Im5 = Gm,6 + qm7 (21)
The solid-liquid separator energy conservation model is Equation (22),
dm,5hs = qmehe + qm7h7 (22)

The mass conservation model for circulatory flash evaporation system is Equation (23),

dm,9 = dm,3 + dm,6 (23)

The energy conservation model for circulatory flash evaporation system is Equation (24),

Qc + qm9h9 = qm3h3 + Gmehe (24)

where gy, ; is the mass flow rate at each state point. Q. is the heater heat, hi is the enthalpy
at each state point, /iy, ; is the enthalpy of NaCl, hyy,,, is the enthalpy of water, £, ; is the
heat of dissolution of NaCl at each state point, and wj; is the mass fraction of NaCl at each
state point.

Based on the theoretical model of the circulatory flash evaporation system mentioned
above, the engineering equation solver program Engineering Equation Solver (EES) was
used to simulate and calculate the circulatory flash evaporation system. By setting the flash
crystallizer inlet flow rate to 1 kg/s, heating temperature to 87 °C, flash pressure to 20 kPa,
and initial NaCl concentration to 10%, simulations were conducted for each state point as
presented in Table 4. The obtained results demonstrate compliance with the principles of
energy and mass conservation through calculations of temperature, pressure, mass flow
rate, enthalpy, and NaCl concentration at each state point.

Table 4. Parameters for each state point of circulatory flash evaporation system.

State T (°C) p (kPa) gm (kgs™1) h (k] kg=1) w (%)
1 87 100 1 309.7 26.59
2 87 20 1 309.7 26.59
3 62.44 20 0.035 2614 0
4 62.44 20 0.956 227.5 27.55
5 62.44 100 0.956 227.5 27.55
6 62.44 100 0.004 212.9 100
7 62.44 100 0.961 227.5 27.26
8 62.44 100 0.961 227.5 27.26
9 25 100 0.039 104.9 10

3.2.2. Algorithmic Process

Figure 2 shows the algorithmic process of the circulatory flash evaporation system.
The first step assumed that the concentration of high-salt wastewater in the heater was
X1, and then calculated the enthalpy F; of high-salt wastewater at the outlet of the heater
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and the mass flow rate g, 1. The second step assumed that the flash crystallizer produced
a vapor flow rate gp, 3, and then calculated the enthalpy k3 of the vapor at the outlet
of the flash crystallizer, the enthalpy 4 of the high-salt wastewater concentrate and the
mass flow rate g 4. The third step was to judge whether the flash crystallizer satisfied
energy conservation according to the energy conservation equation: if it satisfied the energy
conservation equation, the process continued; if it did not satisfy the energy conservation
equation, the produce vapor flow g, 3 was reset. In the fourth step, the enthalpy hg of
crystallized salt at the outlet of the solid-liquid separator and the mass flow rate g ¢,
the enthalpy hy of refluxed salt solution and the mass flow rate g,y were calculated
according to the equations of conservation of mass and energy. The fifth step calculated the
concentration X, of high-salt wastewater in the heater according to the mass conservation
equation. The sixth step was to judge whether the calculated value of the concentration of
high-salt wastewater in the heater and the set value were equal: if they were equal, then
the end of the calculation result was retained; if they were not equal, then the concentration
Xj of high-salt wastewater in the heater was reset.

Input: equipment parameters for heater, flash
crystallizer, solid-liquid separator
Assumption: the concentration of high salt
wastewater in the heater is X

|

Calculation: enthalpy of high-salt wastewater at
the heater outlet is /7;, mass flow rate of high-salt
wastewater 18 ¢y, 1
Assumption: the flash crystallizer produces vapor
flow rate is ¢y 3
Calculation: the enthalpy of vapor at the exit of
the flash crystallizer is /25, the enthalpy of the
high-salt wastewater concentrate is /1, the flow

Adjustment of | |rate of the high-salt wastewater concentrate is ¢y, 4
evaporation

Regulating the
concentration of high-
salt wastewater in the

heater

Judgement:
Gmaln :CJm.4]74+ CJm.jh} ?

Calculation: enthalpy of crystallized salt at the
outlet of the solid-liquid separator is /i, and the
mass flow rate of crystallized saltis gy, enthalpy
of refluxed salt solution is /7, mass flow rate of
refluxed salt solution is ¢y, 7
l
Calculate the concentration of high-salt
wastewater in the heater according to the
conservation of mass in the heater X,

No

Figure 2. Algorithmic process diagram for circulatory flash evaporation system.
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Evaporation fraction (%)

3.2.3. Model Validation

As shown in Figure 3, the experimental results were verified with simulation results
for 16 sets of orthogonal experiments. Figure 3a shows the variation in the evaporation
fraction, and Figure 3b shows the variation in the flash equilibrium temperature, where
flash equilibrium temperature refers to the temperature of the liquid at the end of flash
evaporation in the flash crystallizer.
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Figure 3. Validation of orthogonal experimental results with simulation results. (a) Comparison of
evaporation fraction, (b) Comparison of flash equilibrium temperature.

As shown in the figure, the experimental values of the evaporation fraction and the
simulated values of flash equilibrium temperature have the same trend. In the change of
evaporation fraction, the maximum difference between the experimental and simulated
values of group 5 is 25.3%, and the minimum difference between the experimental and
simulated values of group 13 is 0.8%. In the change of equilibrium temperature, the
maximum difference between the experimental and simulated values of group 8 is 4.0%,
and the minimum difference between the experimental and simulated values of group 4
is 0.5%. In summary, the simulation results are highly consistent with the experimental
results, and the theoretical model of the circulatory flash evaporation system is reliable.

4. Results
4.1. Theoretical Results and Analyses

This section mainly adopts the simulation method. The heating temperature is set at
91 °C, the flash pressure is 20 kPa, and the initial NaCl concentration is 10%. The heating
temperature refers to the temperature of the NaCl solution at the outlet of the heater, the
flash pressure refers to the absolute pressure inside the flash crystallizer, and the initial
NaCl concentration refers to the concentration of high-salt wastewater at the entrance of
the heater. By changing the control variable, the mass flow rate and NaCl concentration at
each state point of the circulatory flash system are calculated.

4.1.1. Effect of Heating Temperature on Circulatory Flash Evaporation System

Figure 4a shows the flash pressure of 20 kPa, the initial NaCl concentration of 10%, the
heating temperature of 87-99 °C within the range of change, the change of the vapor outlet
flow rate gy, 3, the crystalline salt outlet flow rate g, ¢ and the high-salt wastewater inlet flow
rate g 9. The results show that the vapor outlet flow rate increases with increasing heating
temperature, the amount of high-salt wastewater treated increases, and the crystalline salt
outlet flow rate increases. The explanation is provided as follows. The flash pressure is
considered to be the factor that changes the gas-liquid phase equilibrium temperature in
the circulatory flash evaporation system; the heating temperature and initial NaCl have less
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influence on the gas-liquid phase equilibrium temperature. Consequently, with an increase
in the heating temperature, the temperature differential between the heating temperature
and the equilibrium temperature of the gas-liquid phase amplifies, thereby enhancing heat
transfer within this phase. This increased heat is then converted into the latent heat of
vaporization, resulting in a subsequent rise in vapor outlet flow rate. The inlet flow rate
of the flash crystallizer is a constant value; as the outlet flow rate of vapor increases, there
is an increase in NaCl c