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ABSTRACT

The flow characteristics of falling film outside horizontal round- and elliptical tubes are simulated
based on a finite volume solution to the Navier—Stokes equations coupled with the volume of fluid
method at a liquid-vapor interface. A two-dimensional multi-phase flow model is developed using
adiabatic conditions for the sheet flow, where the tube walls are assumed, in practice, to be com-
pletely wetted by liquid water. The effects of the tube arrangement, inter-tube spacing, liquid feeder
height, and tube shape on the thickness distribution of a liquid film in the circumferential direction
are presented in detail. The results show that the tube arrangement has little effect on the first row
of tubes, and a significant effect on the second row of tubes, under a fixed fluid flow density. The
film thickness decreases with an increase in the inter-tube spacing. The higher feeder height leads
to a thinner film. In addition, the film thickness outside the elliptical tube is more unique compared
with that of a circular tube. The lesser effect of wake turbulence and the larger developed film region
outside an elliptical tube have more advantages in terms of the heat transfer process. The results
can provide the basis and guidance for further research on and development of an efficient horizon-

tal-tube falling-film evaporator.

Keywords: Sheet flow; Two-phase flow; Geometrical structure parameters; Film thickness

1. Introduction

A horizontal-tube falling-film evaporator (HSFFE) is an
efficient energy conservation device, and has been widely
used in practical production processes. Compared with
conventional evaporators, the falling-film evaporation tech-
nique has more significant advantages, including a higher
heat-transfer coefficient, a smaller temperature difference,
and an easier arrangement during a multi-effect distillation
process. The falling liquid film evenly distributes outside
the horizontal tube, and can deal well with non-condensible

ases.
& In an HSFFE, the liquid falls through the horizontal tube
bundle. The hot liquid inside the tubes is cooled by falling
liquid outside the tubes, and heat transfer occurs from the
falling film covering the tubes. In addition, a mass transfer
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occurs during the period of droplet formation. The charac-
teristics of the falling film influence the efficiency of the heat
and mass transfer. A study of the falling-film flow character-
istics and film distribution covering the tubes is significant.
The liquid film is estimated to be uniform and thin with a
certain feeding supply. However, a dry out or an extensive
amount of film will occur without a proper feeding supply.
Furthermore, the waves or ripples of the liquid film appear-
ing during the falling-film evolution process will clearly
affect the heat transfer efficiency.

The falling-film evolution includes the droplet forma-
tion, detachment, and impact, among other factors. Some
corresponding parameters have an effect on the film flow
characteristics, such as the geometrical features, liquid flow
rate, non-condensible gases, and operating conditions.
A lot of scientists and researchers are interested in these,
and their researches have determined the flow and ther-
mal regimes. Nusselt [1] analyzed the evaporation process

1944-3994 / 1944-3986 © 2018 Desalination Publications. All rights reserved.



Q. Qiu et al. / Desalination and Water Treatment 124 (2018) 98—-105 99

when a cooling liquid flows along the surface of a horizon-
tal tube. Based on Nusselt’s research, Rogers and Goindi [2]
studied the film thickness experimentally and obtained a
calculation formula for use in heat transfer cases. Hu and
Jacobi [3] also investigated the flow patterns of falling film.
In their research, some parameters were analyzed to show
the flow characteristics and pattern transitions. They also
presented new equations to distinguish the flow patterns
based on a large amount of experimental data. Slesarenko
[4] conducted a number of experiments on the falling-film
evaporation process. The author chose different types of
tubes for a study on the film distribution and heat trans-
fer coefficient. The heat flux, flow rate, and tube size were
considered comprehensively in these experiments. Ribatski
[5] provided an experimental review of the two-phase
flow characteristics and heat transfer methods. Xu [6,7]
studied the liquid flow characteristics and film distribu-
tion outside horizontal tubes. The heat transfer coefficients
in a falling-film evaporator were obtained through their
experiments. Harikrishnan [8,9] studied the heat and mass
transfer models of falling film tubes both analytically and
experimentally. The author concluded that the peak value
of the mass flux decreases with an increase in the flow rate,
and then increases when the film reaches a depth of 40%
of the film thickness. Moreover, the overall heat and mass
transfer coefficients increase with the mass flow rate. Hou
[10] comprehensively studied the distribution characteris-
tics of the falling film thickness. Here, the Reynolds number
varied from 150 to 800, and the inter-tube spacing ranged
from 10 to 40 mm. The author also compared these exper-
iment results with Nusselt’s theory and proposed a new
correlation to predict the film thickness. Mu [11] built a
three-dimensional model to investigate the characteristics
of a fluid flow and film spread. Experiments were also car-
ried out to explore the influencing factors of the falling film
flow and spread in detail. The author also studied the heat
transfer coefficient of falling-film evaporation with differ-
ent working fluids. Chen [12] presented the film thickness
of seawater using laser-induced fluorescence technology,
and analyzed the collision of two adjacent columns, which
caused a liquid bump in the middle of two columns. In our
previous work [13], the film characteristics outside a round
horizontal tube were numerically investigated. In this pre-
vious work, the Reynolds number varied from 100 to 1000,
and the inter-tube spacing increased from 6 to 19 mm. The
effects of the diameter size on the film thickness at different
flow rates were also discussed. Subramaniam [14] numeri-
cally studied the heat and mass transfer in horizontal bun-
dles, and simulated the process of falling liquid at a 3D
dimensional resolution using the volume of fluid (VOF)
technique. Aguilar [15] presented an experiment study on
falling film absorption. In the author’s study, the Reynolds
number varied from 108 to 246, and the flow patterns were
observed during the experiments. Bustamante [16] studied
the flow mechanisms using a bundle of three tubes. The
droplet and wave characteristics were measured using a
semi-autonomous image analysis method. Qi [17] numeri-
cally and experimentally studied the effect of the spray den-
sity and the ellipticity on the thickness of a single tube of
liquid film. Saleh and Ormiston [18] used a segregated solu-
tion method based on a finite volume approach and the full
2D elliptic Navier-Stokes equations to study the character-

istics of liquid film thickness, heat transfer, and temperature
difference. Zhao [19] numerically studied the effects of film
flow rate, heat flux, inlet liquid temperature, tube diameter
and liquid distributor height on sub-cooled falling film heat
transfer outside a horizontal circular tube.

Based on the above researches, the distribution char-
acteristics based on the thickness of the falling film, along
with the heat and mass transfer characteristics of horizontal
tube bundles, were continuously and systematically stud-
ied. However, most of the above researches focused on a
round tube rather than an elliptical tube. Fewer researchers
focused on the effects of the geometrical characteristics on
the thermal transfer process. This paper presents the unique
advantages of a falling-film heat transfer when compared
with that of a round tube, which can be used in the design
of a multi-effect distillation system. The commercial CFD
code, Fluent 6.3.26, was used to simulate the distribution
characteristics based on the thickness of the falling film over
horizontal tubes. The objectives of this study are to analyze
of the effects of the geometrical arrangement, including the
tube arrangement, inter-tube spacing, liquid feeder height,
and tube shape, and to determine the corresponding mech-
anism involved in the flowing process of a falling film.

2. Numerical model
2.1. Geometrical model

Geometrical parameters are considered in this paper to
investigate the flow characteristics and film distribution.
Two horizontal tubes of a tube bundle used in a numeral
model were built to simply study the falling effects on the
first tube and its adjacent tube. The diameter of the circular
tube is 19.05 mm. Because the geometrical model is axially
symmetrical, to obtain effective results, the solution domain
is chosen as simply half of an entire tube. In this paper, the
tube walls are assumed to be completely wetted by liquid
water. Fig. 1 shows an example schematic of a square-pitch
tube bundle and corresponding grid model.

2.2. Assumptions and fluid properties

In this simulation, the Reynolds number varied from
600 to 1200, the flow regime was assumed to be laminar,
and the flow pattern between adjacent horizontal tubes was
a sheet flow. The critical Re number translated to the sheet
flow from a column flow is about 550 [3,12]; however, the
critical Re is 1600-1800 when the liquid film flow transits
to a turbulent flow, which is typically Re=4I"/p. The VOF
model is applied to capture the interface of a multi-phase
flow. The air is defined to be the primary phase, and lig-
uid water is defined to be the secondary phase. This paper
focuses on the falling film distribution covering the tubes,
and thus, the heat transfer process and phase transition
phenomenon are neglected. The properties of each phase
are listed in Table 1.

2.3. Governing equations and VOF method

A continuity equation can be written in many ways for
any material volume, for instance,



100 Q. Qiu et al. / Desalination and Water Treatment 124 (2018) 98-105

/

Irbet of liquid distribugos
_— -h"“--.._

| -,

1= Sywnmetng boundary
2 Wall
3= Velocity inl=

ds Presre inlen
4 Heomom pressure outlet

Fig. 1. Mesh used for two-dimensional model of square-pitch tube bundle.

Table 1
Summary of fluid properties used in computational analysis

p/ kgm= n/kgm™-s? 6/N-m™
Water-liquid 998.2 1x10°? 0.073
Air 1.225 1.7894 x 10°  /
v-(v)=0 1)

where v is the velocity vector.
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where p is the pressure (Pa), pis dynamic viscosity (kg/m:-s),
S, and S are the internal sources. The fluid is assumed to be
of an incompressible viscous flow, and the viscosity is con-
stant, 5, =S =0.

The finite-volume method (FVM) is used to trans-
fer these equations into algebraic expressions. The PISO
method is chosen to relate the continuity equation to the
pressure correction, and PRESTO discretization is adopted
for the pressure. The mass and momentum equations are
discretized using a second-order upwind scheme, and a
Geo-Reconstruct scheme is adopted to solve the free-inter-
face tracking.

In a VOF formulation, the continuity equation is modi-
fied to solve phase 2 (water).

o,
a—tz+ uVa,=0 (4)

Then, the volume fraction equation for phase 1 (air) is
o =1-q, 5)
The density in the solution region can be expressed as

p=ap +(1-a, )pG (6)

2.4. Sensitivity analysis

The sensitivities of the mesh number and time step were
analyzed first to eliminate their effects on the simulation
results. It was found that the average thickness of a liquid
film tends to be constant when the mesh number increases
and the time step decreases. When the mesh number is
increased from 70147 to 111000, the calculated average film
thickness only decreases by 0.2%. When the time step is
decreased from 0.1 to 0.01 ms, the calculated average film
thickness only decreases by 0.01%. This shows that the accu-
racy for the simulation applied in the present study can be
ensured. Therefore, a grid number of 70,147 and time step
of 0.1 ms were adopted to conduct the following calcula-
tions. Figs. 2 and 3 show verifications of the independence
of the mesh and time-step, respectively. Here, D represents
the outer diameter of a round tube, and s indicates the inter-
tube spacing between the upper tube and its adjacent tube.
In addition, the numerical results were also compared with
the experiment results obtained by Gstoehl [20], and the the-
oretical results given by Nusselt [1]. The corresponding com-
parison results were presented in our previous work [13]. It
was proved that a two-dimensional model using the VOF
method is capable of capturing the thickness characteristics
of the falling film of a sheet flow over a horizontal tube under
adiabatic conditions. Therefore, this method is recommended
in predicting the film thickness characteristics of a sheet flow
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Fig. 3. Verification of time-step independence.

over a horizontal tube, and was adopted in the present study
following previous researches on a falling film.

3. Results and discussion

The tube walls used in the simulation were defined to
be completely wetted by liquid water in accordance with
the practical multi-effect distillation process. The effects of
the geometrical structure parameters on the flow character-
istics and film distribution were studied, including the tube
arrangement, inter-tube spacing, feeder height, and tube
shape. The film thickness was measured exactly for a water
volume fraction of 0.5. The model was solved using time
steps of 0.1 ms, and the thickness calculated was the aver-
age value at a certain position at a particular instant.

3.1. Effects of tube arrangement on falling film distribution

The arrangement of a tube bundle will change the
hydrodynamics of a falling film liquid, such as the shape
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Fig. 5. Distribution curves of film thickness with different tube
arrangements.

and velocity of the fluid. It also affects the exhaust of the
vapor produced in the evaporator. The square-pitch and tri-
angle-pitch arrangements of a tube bundle are widely used
in practical equipment to obtain a uniform and stable fall-
ing liquid, as shown in Fig. 4.

The effects of the tube arrangement on the film distribu-
tion are presented in this paper. Fig. 5 illustrates the effects
on the first and second tubes of a tube bundle. As shown in
Fig. 5, the film distribution of the first tube is slightly dif-
ferent between the two types of arrangements. A distinct
difference is shown between the two arrangements when
the liquid falls over the second tube. It is clear that the sec-
ond tube of a square-pitch arrangement has a thicker film
than that of a triangle-pitch. The reasons for this might
include the fact that the velocity of the fluid in a square-
pitch arrangement is slower because the vertical distance
between the tubes is shorter, which weakens the impact of a
falling liquid and generates more liquid at equal times. On
the contrary, when the inter-tube spacing is fixed, the ver-
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tical distance of the triangle-pitch is larger. In addition, the
impact of the liquid on the first tube is greater and the lig-
uid film fluctuates more strongly and spreads more quickly.
The film thickness covering the second tube will then be
thinner when compared with a square-pitch arrangement.

3.2 Influence of inter-tube spacing on falling-film distribution

To investigate the influence of inter-tube spacing on the
falling film distribution and film thickness covering a cir-
cular angle, four different cases of inter-tube spacing were
chosen. Here, m indicates the ratio of inter-tube spacing to
the tube diameter, the values of which are 1.1, 1.2, 1.4, and
1.6, respectively.

The film distribution of the first tube is shown in Fig. 6.
The four curves of the film thickness are almost the same
when m varies from 1.1 to 1.6. The liquid water sprays
from the feeding system and falls over the first tube, and
then continues falling owing to gravity and the surface
tension. Normally, the distance between the sprayer and
first tube is constant. Thus, the velocity of the falling liquid
remains stable while the liquid adheres to the wall of the
first tube, which is why the four curves nearly overlap in
Fig. 6.

& The ratio of inter-tube spacing to the tube diameter has
a direct effect on the velocity of a falling liquid. With the
increase in inter-tube spacing, the velocity of the liquid
increases, and the impact action of liquid on the tube wall
becomes stronger. Fig. 7 illustrates the distribution curves
of the film thickness covering the second tube. In addition,
the figure shows that the film thickness decreases with the
increase in m. The film thickness is about 0.65 mm at a posi-
tional angle of 105° when m is 1.6, and becomes 0.93 mm
at the same position when m is 1.1. This obvious differ-
ence indicates that the velocity changes rapidly for differ-
ent spacing when the liquid falls to the second tube from
the first. In addition, the impact of a falling liquid is much
stronger with an increase in the inter-tube spacing. These
hydrodynamic changes result in a noticeable trend regard-
ing the thickness of the film on the second tube.

Fihm thicknessf nun

Fig. 6. Distribution curves of film thickness with different in-
ter-tube spacing (first tube).

3.3. Effects of liquid feeder height on film distribution

To verify the role of hydrodynamics on velocity and
impact, different cases of liquid feeder height were chosen
to simulate the falling film distribution. The spray density
was 0.3 kg/m-s and the liquid feeder heights (s) were 5,
8, 11, and 14 mm, respectively. Fig. 8 shows the changing
trend for the different feeder height cases. With the increase
in feeder height, the velocity and impact of the falling lig-
uid increase in importance as the liquid adheres to the tube.
Thus, the film thickness also decreases with the increase in
liquid feeder height.

3.4. Influence of tube shape on film distribution

Three differently shaped tube models were built for a
further investigation into the flow characteristics and film
distribution outside a horizontal tube. The heat transfer
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Fig. 7. Distribution curves of film thickness with different in-
ter-tube spacing (second tube).
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Fig. 8. Effect of liquid feeder height on the falling film distribu-
tion.
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process takes place on the surface of the horizontal tubes
in multi-effect desalination plants, and the magnitude of
the horizontal tube surface area is the vital factor deter-
mining the heat exchange amount. Thus, the surface area
of the elliptic tube selected as the model in this paper is
a constant, and because this a simplified 2D model, the
perimeter of the ellipse or circle should be constant, with
the cross section of the horizontal tube also illustrated in
the model.

Fig. 9 shows a physical model, where a represents the
semi-major axis, and b indicates the semi-minor axis. The
ratio of ato b is 1, 1.38, and 1.9 for the three different tube
shapes, respectively, it should be noted that the tube is cir-
cular when a equals to b (a/b = 1). Table 2 lists the phys-
ical parameters of the three different tube shapes in the
following simulations, where € represents the ratio of the
semi-major axis to the semi-minor axis.

Fig. 10 shows the falling film distribution and velocity
distribution of a liquid film for the three different shapes
tubes when the Reynolds number is 780. The left half of
the figure is the gas-liquid phase distribution diagram,
and the right half is the velocity contour diagram. The lig-
uid film distribution was shown to be influenced by the
gravity and viscosity forces in previous studies; in addi-
tion, the viscosity force obstructs the liquid film spread-

Fig. 9 Tube shape determined based on the parameters
applied.

Table 2
Tube parameters of different shapes

Parameters Shape A Shape B Shape C
a/mm 9.5 10.6 11.5
b/mm 9.5 7.6 6
e=a/b 1 1.38 19

(b) shape B (e =1.38)

o B T
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(c) shape C (e =1.9)

Fig. 10. Comparison of film distribution outside different shaped
tubes .



104 Q. Qiu et al. / Desalination and Water Treatment 124 (2018) 98-105

I id T thick pessimm

Fig. 11. Effects of Reynolds number on different tube shapes.

ing process along the revised direction, and the gravity
force component of the flowing liquid in the tangential
direction drives the liquid film spreading. For an elliptic
tube shape, the greater the ratio of a to b is, the greater
the gravity force component of the flowing liquid in the
tangential direction, which results in a faster spread of the
liquid film. The velocity contour is shown in Fig. 10, where
the mass flow rate at the velocity inlet is constant, and the
liquid film becomes thinner when the velocity of the liquid
film increases. In other words, the tube shape influences
the liquid film distribution, and the liquid film thickness
decreases with an increase in the ellipticity.

To accurately present the differences in film thick-
ness among the three types of tubes, four Reynolds
numbers were simulated in this paper. Fig. 11 shows the
film thickness distribution curves with the Re increas-
ing at an angle of 90° when the process of the liquid film
spread tends to be stable. It is clear that the film thickness
increases with the increase in Reynolds number. More-
over, for the three different tubes, the film thickness of
shape A (g = 1) is always the maximum, that of shape C
(e = 1.9) is always the minimum, and that of shape B (¢
= 1.38) is the median. The results also illustrate that the
tube shapes have a significant effect on the film distri-
bution, and in the sheet flow, the liquid film thickness
decreases as € increases when the ellipse perimeter of the
horizontal tube cross section is constant; in addition, a
thinner liquid film can improve the heat exchange effi-
ciency during the real heat transfer process for a lami-
nar flow [21]. Thus, in the design of the tube shape of
an HSFFE, it is worth considering that an elliptic tube is
adaptable in replacing a standard circular tube.

4. Conclusions

The falling-film flow characteristics have crucial effects
on the heat and mass transfer process in an evaporator. A
2D model was built to simulate the effects of the geometri-
cal parameters, including the tube arrangement, inter-tube
spacing, liquid feeder height, and tube shape on the flow
characters. The film distribution along the first and second

rows of tubes was also analyzed in detail to illustrate the
flow characteristics during the falling film process. The
main conclusions are as follows:

(1) The film distribution of the first row of tubes shows
little difference between the two types of tube
arrangements, but has a distinct difference when the
liquid falls over the second row of tubes.

(2) The inter-tube spacing directly determines the veloc-
ity of the falling liquid. The changes in hydrodynam-
ics changes causes a noticeable trend of in terms of
film thickness on the second row of tubes. The film
thickness decreases with the increase of in inter-tube
spacing.

(3) The film thickness decreases with the increase in lig-
uid feeder height when the flow density is constant.

(4) The tube shape has a significant effect on the force
condition and flow characteristics of a falling liquid.
In the four cases of Reynolds number applied, the
film thickness of shape A (¢ = 1) was consistently
the maximum, that of shape C (e = 1.9) was always
the minimum, and that of shape B (e = 1.38) was the
median.

Symbols

— Ellipse semi major axis, mm

— Ellipse semi minor axis, mm

Outer diameter of round tube, mm

— Acceleration of gravity, m/s?

— Ratio of inter-tube spacing to tube
diameter

— Pressure, Pa

Reynolds number

— Liquid feeder height, mm

— Source item

— Time, s

— Velocity scale in x-direction

— Velocity vector

— Velocity scale in y-direction

— Length scale

Length scale

— Volume fraction

— Circumferential angle, o

— Liquid film thickness, m

— Surface tension, N/m

— Dynamic viscosity, kg/m-s

— Kinematic viscosity, m?/s

— Liquid film flow rate on one side per unit

length of round tube, kg/m-s

Density, kg/m?
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Subscript

1 — Primary phase

2 — Secondary phase
L — Liquid

G — Gas
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