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Abstract
In this study, a new mass model involving superheat, initial temperature, liquid height, evaporator diameter, and flashing 
time is established to describe the flash evaporation process of water film. Of 469 sets of flash experimental data from three 
previous researches, 305 sets were applied to optimize parameters, and the other 164 sets were used to verify the practicability 
of the model. The results showed that the mean relative error between the literature data and the model values was less than 
16.3%, and the model statistics proved that the model was well-posed. Then, the kinetic model was obtained using the time 
derivative of the new mass model. Computational fluid dynamics simulation of water film flash evaporation was studied based 
on a user-defined function program of the new evaporation kinetic model. The new kinetic model shows more consistency 
with the experimental phenomena in terms of evaporated mass and temperature compared with the evaporation–condensation 
model in Fluent software and Gopalakrishna’s model. This new kinetic model can be extended to describe the flash process 
of water solution under other conditions.
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List of symbols
C  Salt concentration (%)
Cp  Specific heat capacity of liquid [J/(kg K)]
D  Diameter or hydraulic diameter of container (m)
H  Liquid height (m)
hfg  Latent heat of vaporization (J/kg)
k  Thermal conductivity of liquid [W/(m K)]
mev  Volumetric evaporated mass of liquid (kg/m3)
mf

ev
  Final volumetric evaporation mass of liquid (kg/m3)

Δp  Pressure drop (Pa)
p0  Operating pressure (kPa)
p*  Vapor pressure (kPa)
t  Flash evaporation time (s)
T0  Initial temperature (°C)
Te  Equilibrium temperature (°C)

ΔT  Superheat temperature (°C)
νev  Instantaneous volumetric evaporation flow rate [kg/

(m3 s)]
yi  Experimental value
ŷl  Calculated value

Greek symbols
ρl  Density of liquid (kg/m3)
ρv  Density of vapor (kg/m3)
σ  Surface tension (N/m)

Dimensionless numbers
Pr  Prandtl number of liquid

Introduction

Evaporation is a basic unit operation of chemical engineer-
ing. When the liquid temperature is higher than the equi-
librium temperature because of a sudden pressure drop, an 
extreme evaporation phenomenon known as flash evapora-
tion occurs. This is common during crystallization, dehy-
dration, and distillation processes. Many experiments have 
since been carried out to study the heat and mass transfers 
of flash evaporation process.

A series of experiments were carried out by Liu et al. 
[1] to investigate the free water surface evaporation, and a 
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function of the ratio between vapor pressure gradient and 
temperature gradient was introduced to evaluate the heat 
transfer rate. Zhang et al. [2, 3] mainly studied the heat 
transfer characteristics of circulatory flash evaporation of 
pure water and NaCl aqueous solution. Miyatake et al. [4, 
5] investigated the effect of liquid temperature on water 
film flash evaporation under 40–80 °C and film heights of 
119–250 mm. Saury et al. [6] studied the flash evaporation 
of a 15-mm water film with superheats of 1–35 °C and 
initial temperature of 30–75 °C and found a correlation 
between the evaporated mass and superheats.

To date, several flash evaporation models have been 
presented to estimate the flash evaporation process. The 
Hertz–Knudsen–Schrage equation [7], based on classi-
cal thermodynamics, can be used to determine evapora-
tion rates with evaporation and condensation coefficients. 
Badam et al. [8] used the Hertz–Knudsen–Schrage equa-
tion to estimate evaporation rates by evaporation and 
condensation coefficients, but the results were much 
smaller than the experimental results. A traditional evap-
oration–condensation model in ANSYS Fluent software, 
which is based on the Hertz–Knudsen–Schrage equation, 
has also been proposed, but the coefficients are affected 
by the change of liquid temperature in the real flash evap-
oration process. Cheng et al. [9, 10] established a flash 
evaporation model considering film flash and droplet 
flash processes based on the film-penetration theory and 
evaporation model. Aoki [11] found that the maximum 
heat flux of evaporation is proportional to the superheat 
temperature, and the evaporated mass can be correlated 
with heat transfer on the basis of energy conservation law. 
Gopalakrishna et al. [12] set up a time function of flash-
evaporated mass in a non-dimensional form. The non-
dimensional function can be used to calculate the evapo-
rated mass and rate during the flash evaporation process 
of pure water or saline water.

This present study presents a new kinetic model using 
literature data for water flash evaporation process simulation. 
In this paper, a new flash evaporation mass model without 
evaporation–condensation coefficients has been established 
based on the experimental data of Saury et al. [6], Guo et al. 
[13], and Yan et al. [14]. This new model has five influenc-
ing factors: temperature, superheat, liquid level, evaporator 
diameter, and time, which is clearly different from those 
reported. Then, a kinetic model of flash evaporation was 
obtained using the time derivative of the new evaporation 
mass model. Finally, a 2D mesh model of the equipment in 
Ref. [6] was built, and a flash evaporation process of water 
under various conditions was simulated by Fluent 14.5. The 
new kinetic model was compared with the wildly used evap-
oration–condensation model by Lee [15] and Sun et al. [16], 
as well as the non-dimensional equation by Gopalakrishna 
et al. [12].

Evaporation Model

According to many works of literature, the evaporated mass 
exhibits an exponential relationship with flash evaporation 
time. Therefore, the mathematical model of volumetric evap-
orated mass and time can be expressed as follows:

The final volumetric evaporated mass can be influenced 
by superheat and liquid height [6, 12, 17]. In addition, 
according to the mass transfer theory, evaporator diameter 
affects evaporation mass. Thus, the final volumetric evapo-
rated mass can be empirically written as Eq. (2).

Superheat is determined by the liquid temperature and 
equilibrium temperature and can be calculated by Eq. (3). 
The equilibrium temperature of water can be calculated 
according to an Antoine equation, Eq. (4) [18], under a cer-
tain operation pressure.

The exponential parameter (w) affects flash evaporation 
time, which is also called bubble timescale [12] or relaxa-
tion time. This physical quantity plays an important role in 
the flash route of boiling [19] and has been used by Wang 
et al. [20], Kim and Lior [21], and Khan et al. [22] in flash 
processes. According to Refs. [4–6, 12, 17] about flash evap-
oration and the classical mass transfer theory, the param-
eter (w) of Eq. (1) can be simply expressed as a function of 
superheat, initial temperature, liquid height, and evaporator 
diameter, and written as Eq. (5).

Therefore, by combining Eqs. (1), (2), and (5), the new 
model for volumetric evaporated mass can be written as 
Eq. (6). The model has five independent variables, which 
are initial temperature, superheat temperature, liquid level, 
container diameter, and flash time, and nine model param-
eters: k1, k2, a1, a2, a3, b1, b2, b3, and b4.

(1)mev = mf
ev

(

1 − e−wt
)

(2)mf
ev
= k1ΔT

a1Ha2Da3

(3)ΔT = T0 − Te

(4)
lg p∗ = 7.07406 −

1657.46

T − 61.13
(283.15K ≤ T ≤ 441.15K)

(5)w = k2T
b1
0
ΔTb2Hb3Db4

(6)
mev = k1ΔT

a1Ha2Da3

[

1 − exp
(

− k2T
b1
0
ΔTb2Hb3Db4 t

)]
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Model Parameter Optimization 
and Verification

Model Parameter Optimization

First, 469 sets of experimental data of volumetric evaporated 
mass were obtained from Refs. [6, 13, 14]. The original data 
were obtained from figures in these works using a proportional 
reading method. Volumetric evaporated mass data at various 
times were easily obtained from [6], using the evaporation 
mass data from their figures and the initial solution volume. 
The other two studies [13, 14] directly provide temperature 
data. Therefore, according to the calculation method of evapo-
ration mass in [6], volumetric evaporated mass can be easily 
calculated. The data of volumetric evaporated mass from the 
previous research [6, 13, 14] are listed in Tables S1 and S2. 
Among them, 305 sets of experimental data (Table S1) were 
used for model parameter optimization, and the other 164 sets 
of experimental data (Table S2) were used for model verifica-
tion. The influencing factor range of flash evaporation experi-
ments in Refs. [13, 14, 16] is shown in Table 1.

According to their definitions, the values of k1 and k2 
should be greater than 0. According to the basic law of 
evaporation [4–6, 12, 17], a1, a3, b1, and b4 should be larger 
than 0, and a2, b2, and b3 should be less than 0. Moreover, 
a2 should be in the range of − 1 to 0 according to the flash 
evaporation phenomena [17]. Because of these constraints, 
the parameters obtained by nonlinear fitting techniques with 
305 sets of experimental data are shown as k1 = 8.16 × 108, 
k2 = 105, a1 = 0.940, a2 = − 0.436, a3 = 10.3, b1 = 2.39, 
b2 = − 0.753, b3 = − 0.0639, and b4 = 9.46.

The regression effect of the new model is shown in Fig. 1, 
which shows that the numerical results ( m′

ev
 ) obtained by Eq. (6) 

are in good agreement with the literature experimental data 
(mev); the slope between the literature experimental data and 
the model values is 0.993 (close to 1), and the correlation index 
(R2) is about 0.976. Moreover, the mean relative error (MRE) 
between the experimental and model values is about 9.58%.

Statistical analysis was applied to verify the well-posedness 
of the new model, as shown in Table 2, where Mp is the num-
ber of model parameters, M is the number of experimental 
data, and S is sum of squares of residuals. The values of ρ2 and 
F can be obtained using Eqs. (7) and (8), respectively, and FT 

is the F value under the corresponding degree of freedom at a 
significant level of 5%.

When ρ2 is bigger than 0.9 and F is bigger than 10 × FT 
[23], the model can be considered as well-posed. Therefore, 
the new model is well-posed according to the statistical data 
in Table 2.

Model Verification and Comparison

Additional 164 sets of experimental data were used to verify 
the practicability of the new model (Table S2). For compari-
son, a non-dimensional model proposed by Gopalakrishna [12] 
and the evaporation–condensation model by Lee [15] were 
used to estimate the volumetric evaporated mass. Gopalakrish-
na’s model [12] can be rewritten as Eq. (9).

and

(7)F =

[

𝛴M
i=1

y2
i
− 𝛴M

i=1
(yi − ŷl)

2
]

∕Mp

𝛴M
i=1

(yi − ŷl)
2∕(M −Mp)

(8)𝜌2 = 1 − 𝛴M
i=1

(yi − ŷl)
2
/

𝛴M
i=1

y2
i

(9)
mev = 0.8867�lJaJ

0.05
aT

Pr−0.05
(

Δp

H

)−0.05

(1 + C)a4

×

[

1 − exp

(

−
0.27J0.133

aT
k

(�∕Δp)2�lCp

(

Δp

H

)−1.6

t

)]

Ja =
CpΔT

hfg
JaT =

�lCpΔT

�vhfg
Table 1  Influencing factor range of flash evaporation experiments in 
Refs. [13, 14, 16]

References T0 (°C) ΔT (°C) H (m) D (m)

Guo et al. [13] 65–78 4–14 0.06 0.127
Yan et al. [14] 76.59, 64.98 20, 13 0.05 0.127
Saury et al. [6] 40–74 4–35 0.015 0.12

Fig. 1  Numerical data versus experimental data for optimization

Table 2  Statistics of the new model

Mp M − Mp S ρ2 F 10 × FT

9 296 869 0.993 4541 19.1
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The coefficient of 0.8867 in Eq. (9) was approximately 0.7 
in [6]. Evaporation–condensation model [15] is expressed 
as:

The parameter ke is the evaporation coefficient. Accord-
ing to the evaporation–condensation model built in Fluent 
software, ke value is taken as 0.1 in this study, and numeri-
cal method was applied to calculate the evaporated mass at 
a time step of 0.0001 s. The error of numerical calculation 
could be ignored at this time step. Because condensation can 
be neglected, only evaporation effect was considered during 
the numerical calculation under the conditions of this study.

Figure 2 shows the relationships between the values cal-
culated by various models and 164 sets of literature experi-
mental data. The slope, R2, S, and MRE for different models 
are shown in Table 3. According to Fig. 2 and Table 3, the 
new model has the best regression effect, and those of the 
other two models are obviously poor. The applicability of 
Gopalakrishna’s model may be poor because of the narrow 
experimental conditions. According to the derivation pro-
cess of the evaporation–condensation coefficient, the change 
of liquid temperature will definitely affect the evaporation 
coefficient. Therefore, the fixed evaporation coefficient will 
lead to poor calculation effect.

When the volumetric evaporated mass model was 
obtained, the kinetic model of flash evaporation could be 
obtained by taking the time derivative of Eq. (6) and can be 
expressed as follows:

The flash evaporation kinetic model was used in the com-
putational fluid dynamics (CFD) simulation of water film 
flash evaporation.

(10)vev = ke�l
T − Te

Te

(11)vev = 8.16 × 1013T2.39
0

ΔT0.187H−0.50D19.8 exp
(

− 105T2.39
0

ΔT−0.753H−0.0639D9.46t
)

.

CFD Simulation

Model and Methods

In this investigation, ANSYS Fluent 14.5 was selected to 
carry out the CFD simulation of water film flash evapora-
tion. The experimental device of Saury et al. [6] was chosen, 
and the side view of the cylindrical flash chamber is shown 
in Fig. 3. The flash chamber height is 195 mm, and the inner 
diameter of the cylindrical section is 120 mm. The diameter 
for the vapor outlet connected to a vacuum tank is 40 mm.

A 2D model was considered to simplify the workload 
of the CFD simulation, and an unstructured quadrilateral 
mesh was used to establish the 2D mesh model. The grid 
independence was verified through CFD simulation. Sev-
eral computational meshes, which differed in mesh densities 
and number of elements, were chosen for the CFD simula-
tion. By comparing the simulation results of mesh files with 
different cell numbers, the cell number was determined as 
23,400.

Six conditions (p = 5  kPa, ΔT = 35  °C; p = 10  kPa, 
ΔT = 24 °C; p = 15 kPa, ΔT = 17, 6, and 1 °C; and p = 20 kPa, 
ΔT = 10 °C) were selected to transiently simulate the water 

Fig. 2  Comparison between model values and experimental data in the literature. a New model; b non-dimensional model [12]; c evaporation–
condensation model [15]

Table 3  Calculation effect of different models

New model Gopalakrishna’s 
model [12]

Evaporation–con-
densation model 
[15]

Slope 0.986 1.138 0.789
R2 0.960 0.812 0.772
S 614 5198 6334
MRE (%) 16.3 33.9 29.2
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film flash evaporation for CFD study. To clearly observe the 
phase distribution during the flashing process, volume-of-
fluid method [24] was used in this work. Water and vapor 
were, respectively, set as the primary phase and secondary 
phase. Energy model and standard k − ε turbulence model 
were chosen. Vapor outlet was set as the boundary condition 
of pressure outlet, and walls were considered as adiabatic 
boundary condition. Gravity and the interactions between 
the two phases such as surface tension and mass transfer 
were considered. A user-defined mass transfer function for 
the kinetic model of Eq. (11) was compiled, interpreted, and 
introduced into Fluent software. The time step was deter-
mined to be 0.0001 s.

Simulated Results

Distribution Characteristics of Phases and Temperature

Figure 4 shows the variation of water volume fraction and 
temperature at p0 = 15 kPa, ΔT = 17 °C. At the beginning 
of the flash process, the liquid phase fluctuated violently, 
the phase interface was disrupted entirely, and the phase 
transition occurred both at the interior and surface. This 
phenomenon, called boiling, agrees with the concept that 
flash evaporation belongs to boiling mass transfer and heat 
transfer processes. As evaporation time grew, the two-phase 
temperatures decreased quickly, and the flash intensity grad-
ually slowed down since the superheat was reduced. After 
5 s, the boiling intensity was greatly reduced and the liq-
uid level gradually decreased. After 15 s, the boiling state 
almost stopped, and the liquid temperature ranges from 327 
to 328 K, which basically corresponds to the equilibrium 
temperature at an operating pressure of 15 kPa. The vapor 
temperature seems to be higher than the liquid temperature 
(Fig. 4b) according to the temperature evolution diagram 
during the flash evaporation process. This phenomenon 
agrees with the real flash evaporation process [25].

Evaporated Mass and Temperature Evolution

Figure 5 shows the relationship between CFD simulated 
evaporation mass and literature values under four different 
evaporation conditions, and the corresponding results of 
Gopalakrishna’s model and the evaporative–condensation 

Fig. 3  Side view (left) and top view (right) of the cylindrical flash 
chamber [6] (Unit: mm)

Fig. 4  Flash evaporation phenomena: a phase evolution; b temperature evolution
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model. The correlation indexes (R2) and MREs between the 
experimental and simulation data are shown in Table 4. It is 
obvious that the simulation data obtained by the new kinetic 
model are more consistent with the literature experimental 
results than those of Gopalakrishna’s model and the evapora-
tion–condensation model.

Saury et al. [6] used a non-equilibrium function (NEF) 
to describe temperature variation in the flash evaporation 
process.

Figure 6 shows the relationship between the CFD simula-
tion temperature and literature values under four evaporation 
conditions, and the corresponding results of Eq. (12) and the 
evaporative–condensation model. The consistency between 
model data and experimental values is shown in Table 4. The 

(12)

NEF =
T(t) − Te

T0 − Te
=
[

1 + 2.8 × 10−3T1.3
e

ΔT
]−t∕(44ΔT0.55 T−0.86

e
)

Fig. 5  Comparison of literature 
evaporation mass and model 
simulation results: a p0 = 5 kPa, 
ΔT = 35 °C; b p0 = 10 kPa, 
ΔT = 24 °C; c p0 = 15 kPa, 
ΔT = 17 °C; d p0 = 20 kPa, 
ΔT = 10 °C

Table 4  R2 and MRE of mass 
and temperature for various 
models

Conditions Model Evaporated mass Temperature

R2 MRE (%) R2 MRE (%)

p0 = 5 kPa
ΔT = 35 °C

Evaporation–condensation 0.951 31.0 0.972 12.2
Equation (11) 0.984 11.0 0.986 7.73
Equation (12) [6] – – 0.959 11.2
Gopalakrishna’s model [12] 0.678 39.7 – –

p0 = 10 kPa
ΔT = 24 °C

Evaporation–condensation 0.807 21.0 0.816 13.7
Equation (11) 0.936 8.85 0.930 3.83
Equation (12) [6] – – 0.871 6.68
Gopalakrishna’s model [12] 0.872 16.1 – –

p0 = 15 kPa
ΔT = 17 °C

Evaporation–condensation 0.764 16.3 0.752 8.14
Equation (11) 0.987 2.67 0.986 0.75
Equation (12) [6] – – 0.878 2.78
Gopalakrishna’s model [12] 0.829 23.6 – –

p0 = 20 kPa
ΔT = 10 °C

Evaporation–condensation 0.674 25.9 0.695 3.89
Equation (11) 0.972 3.73 0.969 0.62
Equation (12) [6] – – 0.846 1.56
Gopalakrishna’s model [12] 0.938 19.2 – –
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temperature variation corresponds to the evaporated mass vari-
ation. It is clear that the temperature curve of the new kinetic 
model coincides more with the experimental data in the litera-
ture, compared with Eq. (12) and the evaporative–condensa-
tion model.

Figure 7 shows the simulated values and experimental data 
versus time when the operating pressure is 15 kPa, and the 
superheat is 17, 6, and 1 °C. The results show that the simula-
tion data for several superheats coincide with the experimental 
data.

Conclusions

Through this study on the flash evaporation of water, some 
main conclusions can be drawn:

1. A new flash evaporation mass model, which has nine 
model parameters and five influencing factors (i.e., tem-
perature, superheat, liquid height, evaporator diameter, 
and time), was established. Model optimization and 
verification with a large number of literature data indi-
cate that the new model is effective, and the model was 
proved to be well-posed by a statistical analysis.

2. A new kinetic model of the flash evaporation of water 
was obtained on the basis of the new mass model.

3. With the combination of this new kinetic model and Flu-
ent software through a user-defined function program, 
the water flash evaporation process under different con-
ditions was simulated by volume-of-fluid multiphase 
model. The simulated results of phase distribution, tem-
perature variation, and evaporated mass by CFD method 
show that the new kinetic model has a good application 
effect.
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Fig. 6  Relationships between 
temperature and time: a 
p0 = 5 kPa, ΔT = 35 °C; b 
p0 = 10 kPa, ΔT = 24 °C; c 
p0 = 15 kPa, ΔT = 17 °C; d 
p0 = 20 kPa, ΔT = 10 °C

Fig. 7  Comparison of literature mass and the results simulated by the 
new kinetic model at 15 kPa
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