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Abstract: The horizontal drop film evaporator is a key component of the mechanical vapor recom-
pression crystallization system, which can be used to evaporate effluent and recycle secondary vapor
energy. However, the properties of heat transfer and flow of the salty effluent sprayed external of
the horizontal drop film evaporation tube are obviously different from that of ordinary water. We
established a 3D model for a horizontal drop film evaporator in the system, and water and sodium
sulfate mixture were manufactured to reproduce the real salty effluent. By applying the VOF (volume
of fluid) model, the liquid-gas interface of a salty effluent spray drop film formed on a horizontal tube
in the evaporator was traced. The impacts of various heat flux, sodium sulfate content, spray density,
and temperature on the local Nusselt number were studied, and a dimensionless correlation was
established. The results showed that the effect of surface tension cannot be negligible; as the sodium
sulfate content rises, the local Nusselt number declines in the thermal developing region; as the spray
temperature and density rises, the local Nusselt number rises, which was largely independent of the
heat flux in the thermal developing region.

Keywords: numerical simulation; spray drop film; local Nusselt number; salty effluent; mechanical
vapor recompression system

1. Introduction

Officially estimated [1], the whole world’s effluent treatment market is growing by
an average of 5% per year. Effluent containing a high concentration of inorganic salts is
hard to treat and is highly polluting if discharged as is. The traditional effluent treatment
method requires high pretreatment of effluent and leads to the waste of dissolved salts in
the effluent. Traditional multi-effect evaporators require an external heat source to provide
hot steam, resulting in a large amount of waste thermal energy [2]. Therefore, MVRC
(mechanical vapor recompression crystallization) systems have been widely applied to
treat salty effluent in an energy-efficient manner and recycle a large amount of salt from
the effluent. It does not require an external heat source to provide hot steam, and can make
maximum use of the energy from the secondary evaporation of the evaporator, which
means using less electrical energy to compress the secondary steam to a certain condensing
pressure [3]. The main components of the MVRC are the compressor, evaporator, preheater,
vapor-liquid separator, sewage circulation pump, as well as crystallization unit. As the two
most significant energy-consuming components in MVRC, the compressor and evaporator
are two aspects to reduce energy consumption in the treatment of effluent with high salt
concentration. One is to enhance the capacity of the compressor and increase the compres-
sion efficiency, and the other is to optimize and improve the heat exchange effect of the
evaporator. The former way requires breakthroughs in mechanical structure and material
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research. However, there are still some difficulties in implementation. The latter way can
be operated and facilitated by optimizing the heat transfer properties of the evaporator.

Horizontal drop film evaporator can be found widely applied in chemical smelting,
seawater desalination, industrial effluent treatment, and petroleum distillation. Compared
with the rising-film evaporator, a drop film evaporator has no static pressure effect, which
makes the spread film more stable and improves the scaling phenomenon outside the tube.
When using a smooth tube, the local heat transfer coefficient hθ of a horizontal drop film
evaporator is as high as about twice higher than that of a vertical drop film evaporator,
which improves the evaporator’s heat exchange efficiency [4]. The whole process of heat
transfer in a horizontal drop film evaporator is dominated by the evaporation outside of
the horizontal tube, whose average heat transfer coefficient equals half of that of the inside
condensation [5].

Horizontal drop film heat transfer is a core principle of the MVRC system. Many
studies have been conducted on the influencing factors. First, in terms of heating and flow
parameters, Abraham et al. [6] observed that hθ increased with increasing spray density Γ
and stabilized as the liquid film gradually thickened. Yang et al. [7] suggested that heat
conduction and convection have the same effect on the microscopic mechanism of heat
transfer in the liquid film, based on simulations of dimensionless temperature distributions
in the liquid film. As Reynolds number Re increases, the development of the thermal
boundary layer slows down, which promotes convection. Chien et al. [8] carried out
experiments on a horizontal drop film evaporator. The results showed that hθ increased
with increasing heat flux, spray density, and temperature. Fujita et al. [9] found that for
convective heat transfer, the efficiency of heat transfer is almost unrelated to the heat flux.
Zhao et al. [10] suggested that hθ increased with increasing tube diameter, spray density,
and liquid distribution height. In the supercooled drop film heat transfer, hθ was found to
remain constant even as the heat flux increased.

From the aspect of shape parameters, Ribataki et al. [11] found that hθ could be
influenced by tube wall roughness, tube material, and contact angle. By modeling the
effects of rectangular and circular atomization holes on the drop film evaporation process,
Lin et al. [12] discovered that under the same Re conditions, there was little variation in the
impact of rectangular and circular holes on the film thickness. Yan et al. [13] found that
the position of the nozzle hole has a considerable impact on the test tube’s heat transfer
and fluid flow characteristics. Qi et al. [14] conducted experimental studies and numerical
simulations on the heat transfer and flow of the external drop film of an elliptical tube
and found that the hθ of the elliptical tube was 20 to 22% larger than that of the circular
tube. Asbik et al. [15] numerically analyzed horizon-drop film evaporation on an elliptical
tube on which they conducted a study of the transition of liquid film boundary layers in
turbulent and laminar flow regimes. Luo et al. [16] modeled the efficiency of heat transfer
in oval, circular, and teardrop tubes at fixed wall temperatures and found that the oval
tubes had an average Nusselt number Nu which was 26.41% larger than the circular tubes.
Guo et al. [17] numerically found that θ = 70 was the critical value for the variation of film
thickness δ under different inter-tube spacings, and the increment of Γ and evaporation
temperature Tsat led to the increase in δ and h. Maliackal et al. [18] conducted experimental
studies and numerical simulations on the horizontal tube falling film evaporator and found
that the enhanced tubes with different roughness exhibit lower film thickness and the
maximum increase in heat transfer coefficient was 44.7%.

Moreover, there are significant impacts of physical properties on evaporative heat
transfer in horizontally drop films. Tahir et al. [19] found that with a lower thermal
resistance and film thickness, higher velocity field, and increased recirculation, lithium
bromide solutions enhanced heat transfer at low concentrations. Shen et al. [5] found
that hθ of seawater decreased slightly with the increasing temperature of evaporation,
increased with increasing tube spacing, and decreased obviously with increasing salinity.
Tahir et al. [20] observed that changes in viscosity and surface tension alone increased
film thickness by 66.1% and 9.2%, respectively. However, the combined effect of viscosity
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and surface tension increased film thickness by 72%, suggesting that the impact of surface
tension could also be part of the correlation of film thickness. Hao et al. [21] developed
a 3D numerical model and discovered that hθ decreased with the increase of oil content
concentration. Ruan et al. [22] also developed a 3D numerical model and discovered
that hθ around the tube decreased with increasing feed seawater salinity, which was the
same as the results of Shen et al. [5]. Zhao et al. [10] conducted numerical experiments
which showed that surface tension has a large impact on heat transfer through drop film.
Hu et al. [23] conducted experimental studies on the heat transfer for the horizontal pipe
spray falling film evaporator of the ORC (Organic Rankine Cycle) power generation system
and found that with the increase of the spray density of the organic working fluid, the
initial temperature of the geothermal water, and the flow of the geothermal water, the heat
transfer coefficient first increased and then decreases.

Therefore, due to the special fluid properties of salty effluent, the heat transfer proper-
ties of the drop film should be different compared to pure water. However, little research
has been conducted on heat transfer through drop film of salty effluent as well as the factors
that affect it. Accordingly, this paper simulates the salty effluent with a water-sodium
sulfate mixture for 3D simulation. Using the VOF model, the drop film flow of salty effluent
over a horizontal tube was analyzed under different conditions to discover the liquid-gas
interface. The impact of different heat flux, sodium sulfate content, spray temperature, and
density on the local Nusselt number were investigated.

2. Numerical Method
2.1. Physical Model

We use the same physical model as the experimental setup of Parken [24] to compare
the results of the numerical simulations with the experimental results. Figure 1 shows
a three-dimensional view of the computational domain and its dimensions. The scale
parameters of the model are set in Table 1. The boundary conditions are listed in Table 2.
The salty effluent is simulated using sodium sulfate-water mixture with different content
of sodium sulfate instead. For the investigation of the effects of heat flux, spray density,
spray temperature, and salinity on heat transfer, different parameters were set at different
degrees, as shown in Table 3.

Energies 2022, 15, x FOR PEER REVIEW 3 of 16 
 

 

thickness by 66.1% and 9.2%, respectively. However, the combined effect of viscosity and 

surface tension increased film thickness by 72%, suggesting that the impact of surface ten-

sion could also be part of the correlation of film thickness. Hao et al. [21] developed a 3D 

numerical model and discovered that hθ decreased with the increase of oil content con-

centration. Ruan et al. [22] also developed a 3D numerical model and discovered that hθ 

around the tube decreased with increasing feed seawater salinity, which was the same as 

the results of Shen et al. [5]. Zhao et al. [10] conducted numerical experiments which 

showed that surface tension has a large impact on heat transfer through drop film. Hu et 

al. [23] conducted experimental studies on the heat transfer for the horizontal pipe spray 

falling film evaporator of the ORC (Organic Rankine Cycle) power generation system and 

found that with the increase of the spray density of the organic working fluid, the initial 

temperature of the geothermal water, and the flow of the geothermal water, the heat trans-

fer coefficient first increased and then decreases.  

Therefore, due to the special fluid properties of salty effluent, the heat transfer prop-

erties of the drop film should be different compared to pure water. However, little re-

search has been conducted on heat transfer through drop film of salty effluent as well as 

the factors that affect it. Accordingly, this paper simulates the salty effluent with a water-

sodium sulfate mixture for 3D simulation. Using the VOF model, the drop film flow of 

salty effluent over a horizontal tube was analyzed under different conditions to discover 

the liquid-gas interface. The impact of different heat flux, sodium sulfate content, spray 

temperature, and density on the local Nusselt number were investigated. 

2. Numerical Method 

2.1. Physical Model 

We use the same physical model as the experimental setup of Parken [24] to compare 

the results of the numerical simulations with the experimental results. Figure 1 shows a 

three-dimensional view of the computational domain and its dimensions. The scale pa-

rameters of the model are set in Table 1. The boundary conditions are listed in Table 2. 

The salty effluent is simulated using sodium sulfate-water mixture with different content 

of sodium sulfate instead. For the investigation of the effects of heat flux, spray density, 

spray temperature, and salinity on heat transfer, different parameters were set at different 

degrees, as shown in Table 3. 

 

Figure 1. Schematic diagram of calculation domain. 

  

Figure 1. Schematic diagram of calculation domain.

Table 1. Scale parameters of the model.

Scale Parameter Symbol Value Unit

Spray inlet a × b 40 × 2 mm
Distributor height H 6.3 mm
Diameter D 25.4 mm
Tube length L 40 mm
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Table 2. Boundary conditions of the computing domain.

Computing Domain Boundary Conditions

Salty effluent spray inlet Velocity inlet
Air inlet Pressure inlet
Side wall Wall (q = 0)
Tube Wall Wall (q = constant)
Outlet Pressure outlet

Table 3. The parameter settings under various conditions.

Physical Parameter Symbol Values Unit

Salt concentration − 2%, 4%, 6%, 8%, 10% kg·kg−1

Spraying density Γ 0.084, 0.168, 0.262 kg·m−1·s−1

Heat flux q 15, 30, 47.3, 63.1, 78.8 kW·m−2

Spraying temperature Ti 46, 55, 65, 75, 85 ◦C

2.2. Hypotheses and Thermophysical Properties of Salty Effluent

The hypotheses [21] of this study are as follows:

1. Since the spray density is small and the droplet flow impact is not strong, the liq-
uid film is assumed to be a three-dimensional laminar flow to keep the numerical
model simple.

2. The medium is a continuous and incompressible fluid and there is no shear at the
surface of the liquid film (liquid-gas interface).

3. Since the temperature rise of the fluid outside the tube is small, the thermophysical
change of the fluid is ignored.

4. Since the gas phase velocity has less effect on the liquid film, there is no slip velocity
between the gas and liquid, and the air has no ability to adhere to the surface of the
liquid film.

5. Water and sodium sulfate are mixed completely.

The physical properties of the salty effluent are listed in Table 4. The data in Table 4
are obtained from Aspen Plus V10 software.

Table 4. Physical properties of salty effluent.

Salt Content/% Temperature/
◦C

Density/
kg·m−3

Viscosity/106

kg·m−1·s−1 cp/J·kg−1·K−1
Thermal
Conductivity/
W·m−1·K−1

Surface
Tension/N·m−1

0 46 991 583 4224 0.6330 0.0684
0 82 963 342 4193 0.6679 0.0620
2 46 1008 617 4076 0.6332 0.0689
4 46 1027 635 3978 0.6334 0.0692
6 46 1047 655 3883 0.6335 0.0694
8 46 1067 678 3789 0.6337 0.0697
10 46 1088 704 3697 0.6339 0.0700
10 55 1084 602 3705 0.6437 0.0683
10 65 1078 514 3715 0.6533 0.0665
10 75 1072 444 3727 0.6617 0.0646
10 85 1065 389 3742 0.6689 0.0627

2.3. Mathematical Model

The mathematical models are listed in Table 5.
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Table 5. Setting of the mathematical methods.

Name of Mathematical Methods Application

The VOF model Capture the gas–liquid interface
The Lee model Simulate liquid evaporation processes
The PISO (Pressure-Implicit with Splitting of
Operators) method Couple the pressure and velocity

The PRESTO! (Pressure Staggering Option) method Pressure discretization method
The Geo-Reconstruct method Track the vapor–liquid interface
Second-order upwind method Energy and momentum equations
The CSF (continuum surface force) model Considering the surface tension
The wall adhesion model Considering the contact angle [25]

2.4. Grid Independence

The structured grids with numbers 347,612, 543,132, 690,800, and 956,340 are selected
and compared, which is used to examine the numerical method’s dependence on the grid.
Figure 2 shows the comparison of local heat transfer coefficients between simulations and
experimental studies [24] for different mesh numbers. As seen, when the grid number
increases from 347,612 to 690,800, the heat transfer coefficient undergoes significant varia-
tion, while the heat transfer coefficient shows little change when the grid number increases
from 690,800 to 956,340. This indicates that a grid number higher than 690,800 has little
effect on the simulation results. Finally, the grid with the number 690,800 is applied in the
next research.
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2.5. Model Validation

Table 6 compares the local heat transfer coefficients of the present numerical calcu-
lations with the experimental results [24], sharing the same boundary conditions and
variable parameters with the experiment, Γ = 0.168 kg·m−1·s−1; D = 25.4 mm; H = 6.3 mm;
Ti = 82 ◦C. The average error value was about 0.53 kW·m−2·K−1, with an average relative
error percentage of 2.16%. As a result, the numerical results are in very good match with the
experimental data that the numerical model can now be applied. The experimental data are
obtained after a long enough period of time for steady-state variation, while the simulation
uses transient numerical results. The average error value and relative error in θ = 0◦ is
4.74 kW·m−2·K−1 and 53.63% respectively. Compared to the steady-state experiments, the
transient flow is more complex and variable due to the disruption in the impingement



Energies 2022, 15, 5109 6 of 15

region and the formation of the vortex. Then the simulated transient values obtained
from the simulation in the impingement region have a larger error compared to the other
two regions.

Table 6. Comparison between present study and previous experimental study [24].

θ
/Degree

Parken
/q = 47.3
kW·m−2

Present
/q = 47.3
kW·m−2

Parken
/q = 63.1
kW·m−2

Present
/q = 63.1
kW·m−2

Parken
/q = 78.8
kW·m−2

Present
/q = 78.8
kW·m−2

0 8.68 12.82 8.96 14.31 8.82 13.54
45 6.59 6.11 6.81 7.00 6.72 5.82
90 5.17 4.83 5.38 4.89 5.29 5.00
135 4.42 4.13 4.61 3.83 4.52 4.08
160 4.16 3.34 4.58 3.54 4.34 3.75
Average Error Value 0.53
Average Relative Error (%) 2.16

3. Research on Heat Transfer Properties of Drop Film Flow outside the
Horizontal Tube

hθ is the value of the heat transfer coefficient at various angles around the tube, decided
by Ti, q, and temperature of tube wall Tw,θ .

hθ =
q

Tw,θ − Ti
(1)

Reθ is a dimensionless number at various angles around the tube, characterizing the
relative magnitude of the inertial and viscous forces when the fluid flows outside the tube,
determined by the liquid film velocity uθ , tube diameter D, and fluid kinematic viscosity νi.

Reθ =
uθ D

νi
(2)

The local Weber number Weθ is a dimensionless number at various angles around the
tube, reflecting the relative magnitude of the inertial force and surface tension when the
fluid flows outside the tube, determined by the fluid density ρ, the liquid film velocity uθ ,
the tube diameter D and the surface tension coefficient σ.

Weθ =
ρu2

θ D
σ

(3)

The Prandtl number Pr is a dimensionless number that characterizes the relative
magnitude of a fluid’s capability to transfer momentum to its ability to transfer heat, and
is determined by specific heat at constant pressure cp, dynamic viscosity µi, and thermal
conductivity λi.

Pr =
cpµi

λi
(4)

The local Nusselt number Nuθ is a dimensionless number at various angles around
the tube, reflecting the strength of convective heat transfer of the fluid outside the tube,
determined by hθ , D, and λi.

Nuθ =
hθ D
λi

(5)

The heat transfer process of the salty effluent sprayed external of the horizontal tube
is mainly composed of the heat conduction inside the liquid film, the heat conduction of
the tube wall, the convective heat transfer between the surface of the liquid film and the
air, as well as the natural convection of the air outside the tube. The performance of heat
transfer mainly relies on the effect of convective heat transfer between air and liquid film
surface. Hence, the dimensionless numbers Reθ and Nuθ of salty effluent are selected to
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discuss the effects of Na2SO4 content, heat flux, spray density, and temperature on the heat
transfer properties of the drop film flow outside the horizontal tube.

For the liquid film flow process outside the horizontal tube, the effects of dimensionless
numbers Reθ and Weθ on the heat transfer properties are analyzed qualitatively. For
the effect of the physical properties of salty effluent, the influence of the dimensionless
number Pr on the heat transfer characteristics is qualitatively analyzed. In addition, the
dimensionless number Nuθ is applied as the criterion for evaluating the effectiveness of
heat transfer outside the horizontal tube. Finally, based on the quantitative analysis of
the simulated data, the correlation equation of the dimensionless criterion applicable to
the convective heat transfer process of salty effluent spraying film on the horizontal tube
is summarized.

3.1. Effect of the Variation of Na2SO4 Content on the Heat Transfer Characteristics

When the circumferential angle is 0–30◦, the first region is called the impingement
region. The second region (30–160◦) is called the thermal developing region, and the third
region (160–180◦) is called the departure region [21].

From Figure 3, It can be found that the variation of the local Reynolds number with
different Na2SO4 content is small, and the Reθ is not greatly influenced by fluid viscous
force because of the formation of the thicker liquid film outside the tube in the impingement
region. In the thermal developing region, as the salt concentration of the effluent increases,
the viscous force on the fluid increases, the flow rate around the tube decreases, and Reθ

gradually decreases. In the departure region, on one hand, due to the accumulation of a
large amount of effluent, the fluid film outside the horizontal tube thickens and the flow
velocity around the tube drops sharply. As well, the minimum flow velocity of effluent
appears with a salt concentration of 10%. On the other hand, due to the strong disturbance
formed by the vortex effect, the difference in the velocity is smaller. The variation of the
local Weber number is basically the same as the local Reynolds number.
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With the increase in concentration, the trend of Nuθ is shown in Figure 4. Compared
to pure water solution, the partial elevation of salt content in the solution can enhance the
solution perturbation of the impaction process in the impingement region, thus enhancing
the heat transfer. However, as the salt content increases further, the viscosity gradually
plays a key role, leading to a deterioration of heat transfer relative to pure water. The
local Nusselt number decreases in the thermal developing region as the salt concentration
of effluent increases, which is because of the various viscosity resulting in various flow
velocities around the tube. In the departure region, Nuθ is the lowest for effluent with a salt
concentration of 10%, and the difference is small due to the strong turbulence formed by
the vortex. In the other two regions, the viscosity of the salty solution plays a dominant
role relative to pure water, reducing the flow rate around the tube and leading to a thicker
liquid film and a lower Nuθ .
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3.2. Effect of Variation of Spray Density on Heat Transfer Characteristics

From Figure 5. The Reynolds number of the liquid film flow grows as the spray
density grows. This is the fact that higher spray density causes greater inertia and more
turbulence in the liquid film flow, and higher spray density causes greater turbulence in
the impingement and departure region. Hence, the slope of the Reθ curve is larger and
the velocity changes drastically in these two regions. In the thermal developing region,
the liquid film flow velocity gradually increases and the liquid film thickness gradually
declines due to the effect of gravity. However, with increasing spray density, the liquid film
thickness gradually enlarges and the growth of liquid film flow velocity gradually becomes
slower, which partially offsets the positive impact of inertia force. The variation of the local
Weber number is the same as the local Reynolds number.

The impact of spray density on the local Nusselt number is shown in Figure 6, it can
be seen that Nuθ increases when the spray density increases from 0.084 kg·m−1·s−1 to 0.168
kg·m−1·s−1. This is due to the fact that with increasing spray density, the flow rate of the
liquid film increases, thus promoting heat transfer. The influence of spray density is even
more noticeable in the impingement region. Because the increase in velocity results in
enhanced fluid mixing inside the liquid film at the top of the tube. However, Nuθ changes
slightly when the spray density increases from 0.168 kg·m−1·s−1 to 0.262 kg·m−1·s−1. The
higher spray density leads to an increase in film thickness, which increases the thermal
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resistance of heat conduction between the wall and the liquid film, which is detrimental to
heat transfer and offsets the positive effect of velocity.
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3.3. Effect of Variation of Heat Flux on Heat Transfer Characteristics

As shown in Figure 7, the local Reynolds number is not greatly affected by the heat
flux. It is observed that in the impingement region, the velocity gradient within the velocity
boundary layer under the large heat flux condition is larger, thus strengthening the intensity
of the vortex disturbance in this region. In the other two regions, with the increase of heat
flux, on one hand, the liquid thermal properties do not change. On the other hand, the
liquid velocity does not change much. Therefore, Reθ does not change much, the basic
variation trend of which is consistent with other conditions. Also, the change of the local
Weber number is the same as the local Reynolds number.
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The local Nusselt number of mixed solutions drop film flow with different heat fluxes
is shown in Figure 8. At the top of the tube, Nuθ is found to increase with increasing heat
flux. This is because of the increased temperature gradient in the thermal boundary layer
caused by the impact, which results in buoyancy effects and density differences. With
the increased heat flux, natural convection in the radial direction is enhanced, resulting
in the increase of Nuθ [26]. At the bottom of the tube, the impact effect disappears, and
heat transfer by forced convection becomes dominant. The local Nusselt number is usually
independent of the heat flux [24]. Therefore, in the thermal developing region, the heat flux
does not seem to have a significant effect on Nuθ .
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3.4. Effect of Variation of Spraying Temperature on Heat Transfer Characteristics

From Figure 9, the local Reynolds number grows with the increase of spraying tempera-
ture. The reason is that the film thickness declines with the growth of spraying temperature,
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and as shown in Table 4, the viscosity and surface tension of the liquid decreases with the
increase of spraying temperature, which is beneficial to the expansion and thinning of the
film. The local Weber number varies in the same rule as the local Reynolds number.

Energies 2022, 15, x FOR PEER REVIEW 12 of 16 
 

 

The impact of the spraying temperature of the effluent on the local Nusselt number 

is shown in Figure 10. It can be seen that Nuθ grows with the growth of the spraying tem-

perature. As the temperature grows, the viscosity of the fluid decreases, resulting in a 

decrease in the thickness of the liquid film and an increase in Nuθ. Heat transfer is also 

enhanced in terms of thermal conductivity because it increases with increasing tempera-

ture. 

 Impingement region
Thermal developing 

region
Departure 

region

0 20 40 60 80 100 120 140 160 180
0

8,000

16,000

24,000

32,000

40,000

48,000  Ti=46 ℃
 Ti=55 ℃
 Ti=65 ℃
 Ti=75 ℃
 Ti=85 ℃

Re

θ/degree

 

Figure 9. Local Reynolds number around tube under various spraying temperatures. 

 Impingement 
region

Thermal developing 
region

Departure 
region

0 20 40 60 80 100 120 140 160 180
0.0

0.1

0.2

0.3

0.4

0.5

0.6

 Ti=46 ℃
 Ti=55 ℃
 Ti=65 ℃
 Ti=75 ℃
 Ti=85 ℃

N
u

θ/degree

 

Figure 10. Local Nusselt number around tube under various spraying temperatures. 

  

Figure 9. Local Reynolds number around tube under various spraying temperatures.

The impact of the spraying temperature of the effluent on the local Nusselt number
is shown in Figure 10. It can be seen that Nuθ grows with the growth of the spraying
temperature. As the temperature grows, the viscosity of the fluid decreases, resulting in
a decrease in the thickness of the liquid film and an increase in Nuθ . Heat transfer is also
enhanced in terms of thermal conductivity because it increases with increasing temperature.
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3.5. Criterion-Related Equation for Heat Transfer

Firstly, considering the effects of inertial force, viscous force and physical parameters,
the dimensionless criterion equation Equation (6) for the heat transfer process is determined.
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Based on the 592 sets of data obtained from the simulation, a nonlinear curve fitting is
performed using the custom function of origin software to determine the values of each
constant in the correlation equation.

Nuθ = CReθ
mPrn (6)

In Equation (6), C = 73.3601 ± 10.1291, m = −0.4887 ± 0.0108, n = −0.9120 ± 0.0489.
Considering the large standard error of C and the large value of C, the effects of Reθ and

Pr are easily being covered. Considering the increase of the Weber number Weθ associated
with the surface tension, the dimensionless criterion equation Equation (7) for the heat
transfer process was determined. Based on the correlation Equation (7), a nonlinear curve
fitting is performed to determine the values of each constant in the dimensionless equation.

Nuθ = CReθ
mPrnWeθ

k (7)

In Equation (7), C = 5.5995 ± 1.3040, m = −0.1847 ± 0.0249, n = −0.6608 ± 0.0448,
k = −0.1794 ± 0.0121.

Comparing Equations (6) and (7), the standard error value of the constant C in
Equation (7) is smaller. Besides, the value of C is also significantly reduced, which improves
the fitting accuracy of the dimensionless criterion. It indicates that the effect of surface
tension cannot be negligible.

As shown in Figure 11, four typical operating conditions are selected to compare the
uncertainties between the fitted calculation results and the simulated data. Due to the
flow chaos caused by the impact area, the flow becomes more complex and variable, and
the error values between the fitted calculation results and the simulated data are larger
compared with the other two areas. The average relative error in the impingement region
is calculated to be 10.14%, and the average relative error in the other two regions is 5.49%.
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diagram of Na2SO4 content and spray density. (b) Error comparison diagram of heat flux and
spraying temperature.

The Nusselt correlation (Equation (7)) is obtained based on 592 sets of data from the
simulation, thus, experimental validation is included to confirm the applicability of this
equation. As shown in Figure 12, three sets of experimental data are used to compare
with the Nussle correlation (Equation (7)). On one hand, three sets of experimental and
the Nussle correlation (Equation (7)) use different spraying media. On the other hand,
compared to the steady-state experiments, the transient flow is more complex and variable
due to the disruption in the impingement region and the formation of the vortex. Then
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the values of Nussle correlation (Equation (7)) obtained from the simulation data in the
impingement region have a larger error compared to the other two regions, the value of
which is 28.21%. Meanwhile, the average relative error in the thermal developing regions
is 4.23%.
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4. Innovations

The following are the scientific novelties of this paper:

1. The horizontal falling film evaporator is a key component of the mechanical vapor
recompression crystallization system and the heat transfer and flow characteristics
of the salty wastewater sprayed outside the horizontal falling film evaporator tube
are obviously different from that of ordinary water. The evaluation method of this
study provides recommendations for the optimization of the horizontal falling film
evaporators in the MVRC system with salty wastewater as the external tube medium.

2. The falling film flow of salty wastewater around horizontal tube was simulated using
the three-dimensional model to couple fluid film surface velocity and temperature.
In addition to the multiphase flow VOF model and the continuous surface force CSF
model, the evaporation Lee model was also applied and it can simulate the salty
effluent evaporation process more accurately.

3. The effects of different sodium sulfate content, heat flux, spray density, and inlet
spray temperature on the local heat transfer coefficient as well as the dimensionless
parameters were investigated. Meanwhile, the research results and the dimensionless
equations show some reference for the operating and energy-saving measures of the
MVRC system.

5. Conclusions

In this paper, the heat transfer characteristics of the horizontal drop film evaporator
with salty effluent flowing outside the tube in the MVRC system were studied, and we built
a 3D model of the sprayed drop film with salty effluent on a horizontal tube heat exchanger.

In this study, the effluent with high salt concentration is applied as the heat transfer
medium, and the salt-containing material weakens the heat transfer in the horizontal drop
film evaporator of the MVRC system. Based on previous related studies, the heat transfer
properties of horizontally drop film were also investigated. The quantitative effects of
Na2SO4 content, heat flux, spray density, and temperature on heat transfer were obtained,
and can be applied to further study and design the horizontal drop film evaporators in the
MVRC system with salty effluent as the external tube medium.



Energies 2022, 15, 5109 14 of 15

The conclusions obtained are as follows:

1. Characteristics in the impingement region (Reθ , Weθ , Nuθ)

In the impingement region, Na2SO4 content has little effect on Reθ . Reθ increases
with increasing spray density, and Reθ becomes more significant at larger heat flux due to
the larger velocity gradient within the velocity boundary layer. Na2SO4 content and heat
flux value have little effect on Weθ , and Weθ increases with increasing spray density. Reθ

and Weθ both increase with increasing inlet liquid spray temperature, while Weθ shows a
smaller trend than Reθ . Na2SO4 content has little effect on local Nusselt number Nuθ , and
Nuθ increases with increasing spraying density, but at higher spray density, the positive
impact of velocity is offset by the negative impact of increasing film thickness. Besides, Nuθ

increases with increased heat flux and spraying temperature.

2 Characteristics in the thermal developing region (Reθ , Weθ , Nuθ)

In the thermal developing region, Reθ decreases with increasing Na2SO4 content.
Reθ grows slowly with increasing spray density, and the positive effect of inertial forces is
partially offset by the gradual increase in liquid film thickness. Heat flux has little impact on
Reθ . Na2SO4 content and heat flux have little impact on Weθ , Weθ increases with increasing
spray density. Reθ and Weθ both increase with increasing inlet liquid spray temperature,
while in this region, Weθ also shows a smaller trend than Reθ . Local Nusselt number Nuθ

declines with the growth of Na2SO4 content, and the impact of spray density on Nuθ is
consistent with the impingement region. The heat flux has little impact on Nuθ , and Nuθ

increases with increasing spraying temperature.

3 Characteristics in the departure region (Reθ , Weθ , Nuθ)

In the departure region, Reθ is the lowest for the Na2SO4 content of 10%. Reθ increases
with increasing spray density and increasing inlet liquid spray temperature, and heat flux
have little impact on Reθ . Na2SO4 content and heat flux have little impact on Weθ , and Weθ

increases with increasing spray density and increasing inlet liquid spraying temperature.
Local Nusselt number Nuθ shares the same variation tendency with the four parameters as
in the thermal developing region.

4 The dimensionless equation

Based on the 592 sets of data obtained from the simulation, a nonlinear curve fitting
was performed to obtain the dimensionless equation of the heat transfer criterion applicable
to each variable parameter combination condition. On this basis, the correlation equation
was modified by adding the effect of surface tension to improve the fitting accuracy.
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