& Desalination and Water Treatment

¢ www.deswater.com
(

doi: 10.1080/19443994.2015.1079803

57 (2016) 16277-16287
July

Taylor & Francis
Taylor &Francis Group

An investigation on the falling film thickness of sheet flow over a completely

wetted horizontal round tube surface

Qinggang Qiu®, Xiaojing Zhu?®, Lin Mu®®, Shengqiang Shen®*

“School of Energy and Power Engineering, Dalian University of Technology, Dalian 116024, China, Tel. +86 13591105818;
email: gggang@dlut.edu.cn (Q. Qiu), Tel. +86 18642809658; email: xiaojingxjtu@126.com (X. Zhu), Tel. +86 13889636419;
email: . mu@dlut.edu.cn (L. Mu), Tel. +86 411 84708464; email: zzbshen@dlut.edu.cn (S. Shen)

"Key Laboratory of Industrial Ecology and Environmental Engineering of Ministry of Education, School of Environmental Science
and Technology, Dalian University of Technology, Dalian 116024, China

Received 6 January 2015; Accepted 29 July 2015

ABSTRACT

An investigation was performed to analyze the liquid film distributions of sheet flow on the
surface of a horizontal round tube in a falling film evaporator using the commercial
computational fluid dynamic code Fluent 6.3.26. A two-dimensional multi-phase flow model
was developed under adiabatic condition. The temporal variation of flowing process of
sheet flow and the steady film thickness distribution in the circumferential direction were
analyzed in detail. The main objective has focused on the effects of multiple factors on the
film thickness distribution. It was found that the whole process of liquid film flowing along
the horizontal tube surface includes the transient sub-process and steady-state sub-process,
and the former can be divided into five stages to be analyzed. The obviously asymmetric
distribution of film thickness, which is contradictory to the Nusselt theory, is captured by
the simulation results. Multiple factors have effects on the film thickness distribution. The
film thickness increases with the increase in film Reynolds number. The big inter-tube
spacing is capable of inducing high momentum and increasing the impact velocity of liquid
film on the top of the tube, which results in the thinner distribution of liquid film layer
around the perimeter of the horizontal tube. The film thickness becomes thinner as tube
diameter increases. The effect of tube diameter is minor and the further increment of tube
diameter shows few values to the improvement of heat and mass transfer.

Keywords: Horizontal round tube; Falling film; Film thickness characteristic; Sheet flow;
Parameter effect

1. Introduction

Falling liquid film on the surface of a horizontal
tube is an important widely existent heat and mass
transfer process in modern heat exchangers. It is
advantageous because of high heat transfer rate, low

*Corresponding author.

film flow rates, small temperature difference, high
heat transfer coefficients, and simple structure. It also
offers advantages in dealing with liquid distribution,
non-condensable gases, fouling, and many other
operating problems of the heat exchangers [1-4]. As a
kind of energy-saving distillation technology, the tech-
nology of falling film horizontal-tube evaporation has
been utilized widely in desalinizing seawater in recent
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years. Due to the small heat consumption of the pro-
cess, the heat resource requirements are low enough
to utilize low-grade waste heat [5], which is significant
in alleviating the increasing energy crisis that the
people all over the world have to face every day.

In a falling film horizontal-tube evaporator, the liq-
uid to be evaporated is sprayed downward onto the
top of a horizontal tube bundle, flows around the
tubes in the form of thin film, and then falls freely
from tube to tube. This process is accompanied by the
heat transfer through the liquid—air interface since the
thin, liquid film is usually exposed to the air space, as
shown in Fig. 1. In order to augment the heat and
mass transfer of falling film flowing over the horizon-
tal tube, the liquid film flow should fully wet the heat
transfer surface of horizontal tube. Otherwise, the
so-called “dry spot” or “dry zone” might appear due
to the liquid film rupture on the heat transfer surface,
which very likely leads to a variety of serious conse-
quences, such as the fouling and corrosion problems
during desalination process.

The film thickness is of key importance to charac-
terize the falling film and heat transfer phenomena
over horizontal tubes. Since the heat transfer through
film mainly depends on the convection and conduc-
tion [6], the circumferential thickness of a liquid film
is inversely proportional to the local heat transfer
coefficient. Therefore, it requires a deeper insight into
the film thickness distribution to promote the develop-
ment of this technology. Up to now, a number of stud-
ies in this very field have been carried out by many
researchers. Nusselt [7] conducted an analytical study
with a continuous sheet flow from tube to tube, and
proposed following classic expression to calculate the
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Fig. 1. Illustration of heat transfer processes associated
with liquid film falling on a horizontal tube.
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film thickness with neglecting the momentum effects
on the falling films:

3ML1—~ >1/3
5= : 1
(pL(pL — pg)g sin M

where T is the liquid film flow rate on one side per
unit length of round tube and g is the circumferential
angle measured from the top of a horizontal tube. The
film Reynolds is defined as follow:
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Rogers et al. [8,9] proposed another correlation of fall-
ing film thickness using integration method:

1/3
o= (2l ®
pig sin f

It can be clearly seen from above correlations that the
film thickness of upper half of horizontal tube is quite
symmetric to that of lower half. Mitrovie [10] investi-
gated the flow mode transitions of adiabatic and
non-phase change falling film over plain tubes and
indicated the transition boundaries in the form of
Reynolds number. Additional experimental observa-
tions were made by Hu and Jacobi [11] for the flow
characteristics and mode transitions of the falling film
on horizontal tube. The effects of several factors were
captured in the film Reynolds number and a modified
Galileo number and more refined flow classifications
were presented. Zhang et al. [12] proposed an optical-
electronic method for measurement of falling film
thickness. The method was proved to be convenience,
non-invasive, higher spatial, and temporal resolution
in comparison with popular conductance parallel-wire
probes and the maximum relative deviation between
the experimental and calculated results is about 18%.
Xu et al. [13,14] studied the flowing state of liquid
films over horizontal tubes and analyzed the factors
influencing the film thickness. The correlations to pre-
dict the heat transfer film coefficients outside the hori-
zontal tubes, with the consideration of film-thickness
influence and its fluctuation on the heat transfer, were
set up by the regression of experimental data. Nosoko
et al. [15] experimentally studied the characteristics of
falling film flow on completely wetted horizontal
tubes of 16 mm diameter in a vertical row in the Rey-
nolds number range of 10-150. The continuous sheets
between the tubes were found when the inter-tube
spacing is 2mm and clear appearance of random
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wave on the liquid film surface was observed when
Re > 30. Gstoehl et al. [16] obtained the variation rules
of film thickness of sheet flow within circumferential
angles from 0° to 160° using non-contact laser mea-
surement technique. Their experimental results
showed that the prediction of film thickness by
Nusselt [7] is pretty well with the upper part of tube
circle. While for the lower part of tube circle, the
prediction is overestimated compared with the experi-
mental results. It means that the conclusion of
symmetric distribution in the circumferential direction
of horizontal tube is not accurate based on the experi-
mental results obtained by Gstoehl et al. [16]. This
point of view is also supported by Wang et al. [17]
who conducted the non-intrusive measurement of
falling film thickness on the perimeter of both
horizontal Turbo-CII tube and plain tube. Hou et al.
[18] performed an experimental investigation of liquid
film falling around a horizontal tube and used a
displacement micrometer to determine the distribution
characteristics of the film thickness. The effects of
circumferential angle, inter-tube spacing, and film
Reynolds number on the distribution characteristics
were discussed in detail. It was found that the
minimal values of the film thickness locate at different
circumferential angles in the range of 90-115° rather
than at the single point of 90° predicted by Nusselt.
The following modified correlation on the basis of
Nusselt correlation was derived to correlate the
experimental data:

3u T )1/3 s\"
6=C . = )
(pL(pL = pg)8 sin B (D)

where s is the inter-tube spacing, D is the outside
diameter of tube, and C is the correction factor of
which the value is determined by the circumferential
angles.

In addition to the experimental research, the
researches based on computational fluid dynamic
(CFD) were also introduced to this file. Min and
Choi [19] developed a Navier-Stokes procedure to
study the absorption phenomena about the free-
falling film flow on a horizontal tube. The variations
of stagnation film thickness, as well as the circum-
ferential film thickness distribution, vs. Re number
and surface tension were revealed. It was found that
the calculated film thickness agrees well with the
Nusselt [7] solution when the flow rate is low. How-
ever, the differences between them become larger as
the flow rate increases and the reason was attributed
to the longer time spend to attain the fully devel-
oped state. Apparently, simulation results by Min
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and Choi did not capture the circumferential differ-
ences of film thickness around the horizontal tube.
Killion and Garimella [20] conducted a computa-
tional model to predict the behavior of falling films
and droplets in horizontal tube banks. The details of
falling film, droplet formation, as well as the fall and
impact process were revealed by the model. It was
reported that the calculated surface area and volume
of the droplet well agreed with the results from their
visualization studies [21,22]. Subramaniam and
Garimella [23] performed a numerical study of heat
and mass transfer in lithium bromide water falling
films and droplets. It was found that the flow over
tube banks actually occurs as wavy films on the tube
surface and as droplets in the inter-tube space. The
formation and detachment of these droplets, and
their impact on the tube affect heat and mass
transfer considerably.

Based on above researches, it can be seen that the
distribution characteristics of falling film thickness,
along with the heat and mass transfer characteristics
over horizontal tube bundles have been serially and
systematically studied. The experimental method is
usually the first choice for many researchers to
explore this field since the experiment-based data
with certain accuracy is more objective, visualized,
and reliable to be used in engineering design. As
mentioned above, the distribution characteristic of
falling film thickness is closely related to the local
heat transfer coefficient which is a crucial factor for
the desalination efficiency of horizontal-tube evapora-
tor. It is synthetically affected by thermodynamic
parameters and structural parameters of the system.
Therefore, the effects of these parameters on the
falling film thickness distribution need to be further
cleared. However, it costs pretty much in both time
and money to acquire fully and deeply knowledge
through experimental method. The numerical method,
on the other hand, has distinct advantages of reveal-
ing the fine, detailed information, as well as the
comprehensive influence mechanism of falling film
evaporation process with much less cost in compar-
ison with experimental research.

In this paper, the commercial CFD code Fluent
6.3.26. is used as working platform to investigate the
falling film distribution of sheet flow over horizontal
tubes. Based on our earlier research [24], the contents
in this paper further focus on the analysis of the main
influence factors, including the thermodynamic
parameters and structural parameters, and revealing
the corresponding mechanism involved in the flowing
process. The results may provide a basis and guidance
for further research and development of efficient
horizontal-tube falling film evaporator.



16280

2. Numerical approach
2.1. Analysis geometry and physical conditions

It is assumed here that the falling film flow on the
horizontal tube surface is an incompressible, low-
velocity, and viscous sheet flow driven by gravity.
The assumption allows the standard form of the
Navier-Stokes equations to be adopted in this paper.
The properties of the surrounding gas phase, air, and
the liquid phase, water, are assumed to be constant
under the normal condition with temperature of 25°C
and pressure of 101.325 kPa. The summarized proper-
ties of air and water are listed in Table 1.

As shown in Fig. 2, the tube bundle studied here is
horizontally arranged, and the shaded region is
chosen as the solution domain to save the computing
time considering the symmetrical geometry. The solu-
tion domain is discretized by quadrilateral elements,
as shown in Fig. 3. A boundary layer technique for
the region near the tube wall, as well as the very fine
meshes for the region where the two-phase flow is
involved, is used to precisely capture the detailed

Table 1
Summary of fluid properties used in computational analy-
sis

p (kgm™) wkgm s c(Nm™)
Water 998.2 1x1072 0.073
Air 1.225 1.7894 x 107*

Inlet of liquid distributor

on domain

Fig. 2. Sketch of structure for falling film horizontal-tube
evaporator.
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1- Symmetric boundary
2- Wall 1
3- Velocity inlet
4- Pressure inlet
5- Bottom pressure outlet

Fig. 3. The boundary conditions and 2D grid of the
solution domain.

information of the mass transfer process around the
horizontal tube. On the top of the solution domain,
the left-most part (refer to Fig. 3), which represents
the liquid flow path to the top of tube, is set as the
velocity inlet. And the rest of the top of the solution
domain is set as the pressure inlet. The bottom of
solution domain is set as pressure outlet with speci-
fied constant pressure. The tube wall is supposed to
be a smooth, no-slip wall without heat flux. As the
initial condition, the calculated region is set to be fully
filled with air, and the volume fraction of liquid water
at the entrance (velocity inlet) is set as 1.0. In addition,
a wall contact angle, which is used to adjust the
surface normal in the cells near the wall, is specified
as 0° to ensure the complete wetting of the wall in the
simulation.

2.2. Computational method

The mass conservation, as known as continuity
equation, can be derived by applying Reynolds’ trans-
port theorem to any material volume. Notice that the
mass within a material volume is constant for incom-
pressible fluid and thus the derivative of the mass
with respect to time equals to zero:

div(U) =0 (5)
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The momentum conservation is given as

ou) | T 10p
T +div(ull) = div(vgrad u) — oo + Su (6)
and
o(v) .. L 19p
T + div(vU) = div(vgrad v) oy +S, (7)

where S, and S,, the general source terms, equal to
zero for the incompressible fluid with constant
viscosity.

The finite volume method is employed here to
translate these coupled, partial differential equations
into algebraic expressions that can be solved using a
computer. In this process, the motion and continuity
equations are integrated for each computational cell
and then discretized with the second-order upwind
scheme. The discretized equations are linearized and
solved in a segregated, first-order implicit manner
[20]. The pressure-implicit with splitting of operators
(PISO) method is used to relate the solution of the
continuity equation to the pressure correction. The
volume of fluid (VOF) method presented by Hirt and
Niehols [25] is used as multi-phase flow model to
capture the free surface of gas-liquid two-phase flow.
In present study, the gas phase, air, is defined as the
principal phase of which the volume fraction is repre-
sented by a;, while the liquid phase, water, is defined
as the second phase of which the volume fraction is
represented by a,. The continuity equation can be
slightly modified to be solved for the second phase,
water:

aOC —
a—: +u-Vop =0 8)

and the solution for the volume fraction for principal
phase, air, is given as

o =1—a 9

where u is the velocity vector. Based on Egs. (8) and
(9), it can be seen that a mesh cell is entirely filled
with liquid for a; =1, with gas for a, =0 and with
gas-liquid two phase for 0 < a; < 1. The properties of
two phase flow in each cell can thus be obtained in
the form of weighted average values:

p=2py + (1 —02)p; (10)
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p=opp+ (1-m)m an
where p and u are the evaluated density and viscosity
within the cell; pq, p» and uq, up are the densities and
viscosities of phase 1 and phase 2, respectively.

2.3. Mesh and time-step independence

Several cases with different mesh numbers, which
widely cover from 10,000 to 111,000, are tested in this
paper to fully evaluate the mesh sensitivity. The
corresponding working condition is of Re =680,
D =19.05 mm, and s = 6.4 mm. Fig. 4 shows the varia-
tions of average film thickness calculated based on
different mesh numbers at the circumferential angle of
110° (refer to the sub-figure of Fig. 4). It can be seen
that the calculated film thickness evidently decreases
with the increase in mesh number when the mesh
number is less than 70,147. It is almost constant when
the mesh number is greater than 70,147, and the
relative error of calculated film thickness is about 0.2%
when mesh number rises from 70,147 to 111,000. It
thus can be concluded that the calculations are mesh
independent when the mesh number is over 70,147.
Under this circumstance, the distance between two
adjacent nodes of the very fine mesh near the tube
wall and the region where the interface of two-phase
flow is involved, represented by [ in Fig. 3, equals to
or less than 0.01 mm. Therefore, the corresponding
mesh system is adopted as a baseline for the rest of
CFD analysis based on the consideration of
computational time and cost.

Since the transient process, such as the liquid flow-
ing from the top to the bottom of a horizontal tube, is

0.440

Re=680
D=19.05 mm
s =6.4 mm

0.439

0.438
0.437 [
0.436 I
0.435
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Film thickness,mm

0.433 frmmmr e e 2
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0.431

0.430 R
1

Mesh number, x10°

Fig. 4. Variation of film thickness calculated based on
different mesh numbers.
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Fig. 5. Variation of film thickness calculated based on
different time steps.

involved in present study, the time-step dependency
study is also conducted to avoid the influences of time
step on the simulation results. Fig. 5 shows the varia-
tions of film thickness calculated based on different
time steps at circumferential angle of 110°. The mesh
number used here is 70,147 and the corresponding
working condition is of Re =680 and s=6.4 mm. It
can be seen that the film thickness changes very little
when time step is less than 0.1 ms, and the relative
error of calculated result is about 0.01% in the
variation range of time step from 0.01 to 0.1 ms. It can
be concluded that the calculations are time-step
independent when the time step is less than 0.1 ms.

2.4. Verification of computational method

It should be noticed that the physical model built
in this paper is 2D in the radius direction; the exten-
sion of liquid film in the axial direction is ignored.
Fig. 6 shows the calculated film thickness of sheet flow
based on the Nusselt correlation [7], the measured
results by Gstoehl et al. [16], and the simulated results
of this paper plotted against the circumferential angles
at Re=574, s=6.4mm, and D = 19.05 mm. It can be
seen that the relative error between the simulation
results of this paper and the calculated results from
Nusselt correlation is within 20%. And the variation
trend of the simulation results of this paper agrees
with the experimental data by Gstoehl well. The film
thickness decreases with the increase in circumferen-
tial angle and then increases after it reaches the mini-
mum value. The obvious, asymmetric distribution
phenomenon of film thickness, which is characterized
by the bigger value on the upper half and smaller
value on the lower half, is also captured by the
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Fig. 6. Comparisons of results of this paper and the results
by other researchers.

simulation result. For the upper part of the tube
surface, the angular range from approximately 20° to
60°, the measured film thickness by Gstoehl is bigger
than the calculated film thickness based on Nusselt
correlation, while for the lower part, the angular range
from approximately 110° to 160°, the results by
Gstoehl is much lower than the results based on
Nusselt correlation. The possible cause was attributed
to the assumption of negligible momentum effects on
the flow in Nusselt theory.

Despite the quantity differences between the
simulation results of this paper and the results by
above researchers through theoretical and experimen-
tal methods, it is proved that the 2D model along with
VOF method is capable of capturing the falling film
distribution of sheet flow over horizontal tube under
adiabatic condition. Therefore, this method is recom-
mended in predicting the film thickness characteristics
of sheet flow over horizontal tube and adopted in the
present study for following researches.

3. Numerical results and discussion
3.1. The transient process

As mentioned above, the process of liquid film
flowing from the top to the bottom of a horizontal
tube is a transient process, as shown in Fig. 7 at
Re =580, s =19 mm, and D = 19.05 mm. The flow pat-
tern, as well as the film thickness on the tube surface,
varies over time and can be divided into five stages.
The first one is the free falling stage, as shown in
Fig. 7(a), t =0.02 s. The liquid with a certain velocity
is driven by the gravity and flows downwardly to the
top of tube. The second one is the liquid impact stage,
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Fig. 7. Falling liquid film profile over the cylinder at different times.

as shown in Fig. 7(b), t = 0.03 s. The liquid reaches the
top surface of the tube and gradually spreads to form
the liquid film along tube surface. In this stage, the
flow resistance, including the pressure loss caused by
the impact process and the viscous drag between the
liquid and tube surface, must be overcome to assure
the formation of liquid film. Otherwise, the so-called
“fracture” of liquid film may appear. The following
one is the liquid film developing stage, as shown in
Fig. 7(c), t =0.05s. Driven by the tangential compo-
nent force of gravity, the liquid film continues to
spread along the circumferential direction by over-
coming the viscous drag. The fourth one is the liquid
film fully developed stage, as shown in Fig. 7(d),
t=0.1s. The most part of tube surface has been
covered by liquid film in this stage. Because the
tangential component force of gravity reaches the
maximum value at the circumferential angle of 90°,
the liquid film continues to accelerate and reaches its
max value in the circumferential range between 90°
and 140°. Accordingly, the minimum liquid film

thickness also appears in this circumferential range.
The velocity of liquid film has obviously affected the
film thickness distribution and this phenomenon
explains the differences between the simulation results
of this paper and the calculation results based on
Nusselt theory which totally ignored the momentum
effects on the flow. In the final stage, as shown in
Fig. 7(e) and (f), t > 0.14 s, the tube surface has been
fully covered by the liquid film. Under the synthetic
action of gravity, viscous drag, surface tension, and
adhesive force, the liquid departs from the bottom of
tube, forms a series of liquid drop or liquid column,
and flows downwardly to the top of next tube.

Based on the above results, it can be seen that the
film thickness distribution on a horizontal tube surface
is highly related to the circumferential position which
directly determines the direction and value of
tangential acceleration, as shown in Fig. 7(g). For the
upper part of the tube, the tangential component force
of gravity, fo. equals to zero at the circumferential
angle of 0° and reaches the max value, fg, at the
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circumferential angle of 90°. The radial component
force of gravity, fg,, is balanced by the normal force
from tube surface, fn. The tangential acceleration thus
varies in the same way as the tangential component
force of gravity. For the lower part of the tube, the
tangential component force of gravity, fg. decreases
from the max value, fg, to zero along with the varia-
tion of circumferential angel from 90° to 180°. The
radial component force of gravity, fg,, is balanced by
the adhesive force, f,. When fg decreases to the value
less than the viscous drag, f,, the tangential accelera-
tion changes to the exactly opposite direction and this
is the point that the velocity of liquid film reaches the
maximum value and begins to decrease. Therefore, the
circumferential velocity of liquid along the surface of
horizontal tube increases from 0° to 90°, reaches the
maximum value in the range between 90° and 140°,
and then decreases till the very bottom, 180° is
reached or the liquid departs from the tube surface.
The variation rule of velocity is quite corresponding to
the film thickness distribution showed in Fig. 6, indi-
cating a certain relevance between the film thickness
distribution and circumferential velocity.

3.2. Analysis of parameter effect

When the tube surface is fully covered by the lig-
uid film, the distribution of liquid film on the tube
surface can be considered as a steady state with con-
stant boundary conditions. According to the Nusselt
theory, the film thickness distribution is the function
of circumferential position and affected by several fac-
tors, such as the physical property of liquid and film
Reynolds number. In addition, the inter-tube spacing,
s, and the tube diameter, D, also have effects on the
film thickness distribution for tube bundle condition.

Fig. 8 shows the effect of Reynolds number on the
film thickness distribution in the circumferential direc-
tion of a horizontal tube. Three cases with different
Reynolds numbers, 480, 680, and 880, are tested. It is
clearly seen that the circumferential distributions of
film thickness for all three cases are similar to each
other. With the increment of circumferential angle, the
film thickness decreases first, and then increases after
the minimum value, which appears in the circum-
ferential range between 100° and 140°, is reached.
However, the Reynolds number does affect the
amount of the film thickness. For instance, the film
thickness rises from approximately 0.45 to 0.6 mm at
circumferential angle of 20° when Reynolds number
rises from 480 to 880. This simulation result is consis-
tent with the experimental result by Hou et al. [18],
who has verified the effect laws of Reynolds number
on film thickness using displacement micrometer.
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Fig. 8. Film thickness distribution vs. circumferential angle
at different Reynolds numbers.

The velocity (m/s) refers to the speed of liquid
film relative to the stationary tube surface. At the time
when the liquid is just about to impact the top of the
tube, the velocity depends not only on the film
Reynolds number (or mass flow rate), but also on the
inter-spacing between this tube and the one above it.
The bigger the spacing is, the higher the velocity is.
Fig. 9 shows the film thickness at the given circum-
ferential position, 45°, of the lower tube surface vs.
Reynolds number at different inter-tube spacings, 6, 9,
12, and 19 mm, between the lower tube and the one
above it. The Reynolds number refers to the initial
Reynolds number assigned to the upper tube. It can
be seen that the film thickness increases with the
increasing film Reynolds number for each inter-tube
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Fig. 9. Film thickness vs. Reynolds number at different
inter-tube spacings.
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spacing studied. In general, the film thickness
decreases with an increase in tube spacing at a given
Reynolds number. When the tube spacing is further
increased to 19 mm, the film thickness decreases by
approximately 15% in comparison with that when the
tube spacing is 6 mm. This phenomenon is logically
because of the added momentum of the falling liquid
[16]. Based on the data in Fig. 9, it can be concluded
that big inter-tube spacing is capable of inducing high
momentum and increasing the impact velocity of lig-
uid film on the very top of the tube. The liquid mass
per unit area at a given film Reynolds number is thus
reduced, which results in the thinner liquid film layer
around the perimeter of the horizontal tube.

The diameter of tube is an important structure
parameter that relates to the heat transfer efficiency
and manufacture cost of a falling film horizontal-tube
evaporator. However, it is not easy to fully evaluate
the effect of tube diameter through experimental
method because widely changing the diameter of test
tube can cause very high cost in both time and money.
Therefore, very few experimental researches have been
reported to reveal the relevant features. In present
study, the effect of tube diameter on the falling film
thickness is discussed and the wide tube diameter

(a)

D=19mm

D=25mm
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range, 19-90 mm, has been covered. The correspond-
ing simulation results are diagrammatically illustrated
in Fig. 10(a) and quantitatively shown in Fig. 10(b).

It can be seen from Fig. 10(a) that the film thick-
ness, represented by blue color, obviously changes
with different tube diameters. The local film thickness
at certain circumferential position decreases when the
tube diameter is increased. The curvature of circum-
ference is small for the tube with big diameter. Since
the liquid film flows along the tangential direction of
tube surface, both the direction and amount of its
velocity change slower because of the smaller curva-
ture. Fig. 10(b) shows the film thickness vs. tube
diameter at different Reynolds numbers. The film
thickness decreases with an increase in tube diameter.
This phenomenon may be explained as follows: the
bigger diameter means longer arc length for the liquid
film to flow in a certain circumferential angle range.
The velocity of liquid film is thus higher at the certain
circumferential position for the tube with bigger
diameter. As mentioned in Section 3.1 of this paper,
the film thickness distribution is relevant to the film
velocity along tube surface. The higher the velocity is,
the thinner the liquid film is. In addition, it also can
be seen from Fig. 10(b) that the changing ways of film

D=32mm
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Fig. 10. Film distribution around the horizontal tube for (a) illustration of liquid film distribution with different diameters
and (b) film thickness vs. tube diameter at different Reynolds numbers.
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thickness in different diameter ranges are distinguish-
able. Take the case of Re=600 as an example. The
film thickness decreases from 0.55 to 0.4 mm when the
tube diameter increases from 19 to 32 mm. The change
rate of film thickness with respect to the tube diameter
can be defined as follows:

&= A0/AD (12)
where A¢ is the film thickness differential and AD is
the tube diameter differential, respectively. The corre-
sponding change rate is approximately 0.115 in the
range between 19 and 32 mm, while it is approxi-
mately 0.00172 in the range between 32 and 90 mm. It
means that the tube diameter greatly affects the film
thickness distribution within a certain tube diameter
range, in this case, less than 32 mm. When the tube
diameter is greater than 32 mm, the effect of tube
diameter is minor and hence, the further increment of
tube diameter shows few values to the improvement
of heat and mass transfer.

For the case with film Reynolds number of 300, as
also can be seen in Fig. 10(b), the film thickness is
close to 0.1 mm when the tube diameter is greater
than 32 mm. This is definitely a very small value and
even a small fluctuation of liquid film, which very
likely appears in a falling film evaporator, can cause
the fracture of liquid film on the tube surface. There-
fore, the liquid flow rate must match with the tube
diameter to meet the engineering requirement of fall-
ing film evaporator.

4. Concluding remarks

Using commercial CFD code Fluent as working
platform, this paper conducts a numerical investiga-
tion on the film thickness distribution characteristics
over horizontal tubes within a falling film evaporator
under adiabatic condition. The main objective has
focused on the transient process of liquid film falling
from the top to the bottom of tube and the effects of
multiple factors on the film thickness distribution.
Some main conclusions achieved so far are summa-
rized below:

(1) The process of liquid flowing on the horizontal
tube surface includes two main sub-processes
which are transient and steady, respectively.
The transient sub-process starts with the stage
of free falling from the liquid distributor inlets
or the bottom of upper tube, and then experi-
ences the liquid impact stage, liquid film
developing stage, liquid film fully developed
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stage and finally ends up with the stage that
liquid film fully covers the tube surface and
flows downwardly to the top of next tube.

(2) The liquid film distribution is in steady after
the tube surface is fully covered under the con-
stant boundary conditions. The circumferential
distribution of film thickness along tube sur-
face is not uniform. It decreases from the very
top of the horizontal tube and then increases
after it reaches the minimum value which
approximately appears within the circumferen-
tial angle range between 100° and 140°. The
asymmetric distribution, which is contradictory
to the Nusselt theory, is supported by the
results of several experimental researches.

(3) The circumferential distribution trend of film
thickness on the tube surface corresponds to
the variation trend of liquid film velocity, indi-
cating that the momentum effect on the flow
cannot be ignored. The big inter-tube spacing
is capable of inducing high momentum and
increasing the impact velocity of liquid film on
the top of the tube. The liquid mass per unit
area at a given film Reynolds number is thus
reduced, which results in the thinner liquid
film layer around the perimeter of the horizon-
tal tube.

(4) The film thickness decreases with the increase
in tube diameter, and the changing ways in
different diameter ranges are distinguishable.
When the tube diameter is greater a certain
value, effect of tube diameter is minor and the
further increment of tube diameter thus shows
few values to the improvement of heat and
mass transfer.
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Nomenclature

C — correction factor

D — diameter (mm)

G — acceleration of gravity (m/s®

H — vertical distance between the liquid distributor

and the top of the first row of tube (mm)

P — pressure (Pa)

Re — Reynolds number

S — inter-tube spacing (mm)
S — source item

T — time (s)
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— velocity scale in x direction
— velocity vector

— velocity scale in y direction
— length scale

length scale

— volume fraction

— circumferential angle ()

— liquid film thickness (m)
— surface tension (N/m)

— dynamic viscosity (kg/ms)
— kinematic viscosity (m*/s)
— liquid film flow rate on one side per unit length
of round tube (kg/ms)
density (kg/m?)

TR QASZIIERK IO
|

p  —
Subscript
1 — the primary phase
2 — the second phase
L — liquid

G — gas
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