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ABSTRACT

In this study, an experiment was conducted to analyze the heat transfer performance of a
horizontal-tube falling film evaporator. The evaporator performance was tested with water and
sodium chloride brine. The heat transfer performance of the crest and column sections for liquid film
flow outside the tubes in a columnar flow pattern was investigated. The effects of the flow rate, tube
spacing, outer tube diameter, feed temperature, and salinity on the local heat transfer coefficient out-
side the titanium-made heat exchange tube were studied. According to the findings of this study, (i)
the local heat transfer coefficient of the crest section increases with flow rate and feed temperature,
decreases with tube spacing and salinity, (ii) the local heat transfer coefficient of the column section
increases with an increase in the flow rate, tube spacing, feed temperature, but decreases with salin-
ity, and (iii) the influence of outer tube diameter on the local heat transfer coefficient of the crest
and column sections varies with the circumferential angle. However, when D, = 19 mm, the variation
in the local heat transfer coefficient is not consistent with that of other horizontal tubes because of
D, < D,. In a columnar flow pattern, the crest and column formed by the flow outside the liquid film
tube are two important fluctuation areas of the liquid film. In this paper, the local heat transfer coef-
ficient of the crest and column is obtained through the experiment, which provides the foundation
for improving the heat transfer performance of the horizontal-tube falling film evaporator.

Keywords: Falling film evaporator; Horizontal tube; Heat transfer coefficient; Crest section;

Column section

1. Introduction

The composition and characteristics of industrial
wastewater discharged from petrochemical industry are
complex. The direct discharge of industrial wastewater seri-
ously polluted to water sources and harms people’s health.
The production shows that the utilization of multi-ef-
fect evaporation technology can realize the recovery of
freshwater resources with high efficiency and low energy
consumption. Compared with other membrane evapo-
rators, horizontal-tube falling film evaporators have the
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advantages of high heat transfer coefficient, small tempera-
ture difference, less scaling, and full use of low-grade heat
source, etc.,, which have significant energy-saving advan-
tages in the application of multi-effect evaporation process
of industrial wastewater [1,2].

Three methods (theoretical analysis, numerical sim-
ulation, and experimental verification) are currently
employed in studies on factors affecting heat transfer in
horizontal-tube falling film evaporators [3-5]. There are
certain limitations in the results of these studies owing to
the impact of the assumptions in heat transfer calculation
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models. In the experimental investigation, scholars primar-
ily conduct research on the heat transfer performance of
horizontal tubes from aspects, such as feed temperature, the
flow rate, outer tube diameter, salinity, liquid distributor
height, and heat flux, but the results are different. Parken
et al. [6] studied the heat transfer performance of the hori-
zontal smooth tube, and found that the average heat transfer
coefficient increased with the increase of feed temperature
and the flow rate, and decreased with the increase of outer
tube diameter. The effect of feed temperature on the heat
transfer coefficient was studied experimentally when the
working fluid was water, Ganic and Roppo [7] discovered
that the increase of feed temperature had little effect on the
heat transfer coefficient. Hu and Jacobi [8] studied the influ-
ence of outer tube diameter on the heat transfer coefficient,
and found that the smaller the outer tube diameter is, the
larger the proportion of the top impact area formed by the
liquid film flow to the whole pipe circumference is, and the
area has a higher local heat transfer coefficient, so the small-
diameter evaporation pipe has a higher average heat transfer
coefficient. When studying the influence of outer tube diam-
eter on the heat transfer coefficient, Xu et al. [9] found that
the smaller the outer tube diameter, the more violent the
liquid film fluctuation will be, and the higher the average
heat transfer coefficient will be. The experimental study was
carried out with brine as working fluid, Slesarenko [10,11]
found that the heat transfer coefficient decreased with the
increase of salinity, the increase of salinity will cause the
increase of liquid viscosity and decrease of surface distur-
bance, which will lead to the decrease of heat transfer coef-
ficient. Fletcher et al. [12] carried out experimental research
with seawater as working fluid, and found that the heat
transfer coefficient of seawater is larger than that of water.
Liu et al. [13] studied the heat transfer performance of
smooth horizontal tubes with outer diameters of ¢$13, $20,
and ¢32 mm, and observed that the heat transfer coefficient
at the bottom of the horizontal tubes was slightly higher
than at the top of the horizontal tubes. Rogers and Goindi
[14] conducted an experiment using aluminum tubes of
diameter ¢$132 mm and discovered that in the thermal
boundary development region, the experimental results
of the heat transfer coefficient experiment were consistent
with the results of theoretical calculations. Meanwhile, the
measured values were lower than the theoretical values in
the fully developed region. Kouhikamali et al. [15] found
in an experiment that the heat transfer coefficient of the
evaporator and the pressure drop across the tube bundles
increased with the increase in temperature difference. While
conducting a heat transfer experiment using R1234ze(E)
and R24fa as working fluids, Jige et al. [16] discovered that
at low heat flux density, convective heat transfer was the
main factor that affected the heat transfer coefficient. In an
experimental study on the effects of parameters, includ-
ing spray density, heat flux, and evaporation tempera-
ture, on the convective heat transfer coefficient with water
and seawater as working fluids, Mu et al. [17] found that
the spray density had an effect on the heat transfer coeffi-
cient, but other parameters had less of an effect. Yang and
Shen [18], who experimentally studied the effects of factors
affecting heat transfer, such as liquid distributor height and
heat flux, found that the heat transfer coefficient reached a

maximum when using the optimal liquid distributor height.
In an experimental study of the heat transfer performance
of falling film evaporators using R134a as the working fluid,
Ji et al. [19] discovered that the falling film flow rate had
a significant effect on the heat transfer coefficient. Zheng
et al. [20], who experimentally studied the evaporation
heat transfer performance of tube materials with differ-
ent surface wettability, observed that the use of superhy-
drophilic tubes could increase the heat transfer coefficient.
The parameters of horizontal-tube falling film evaporator
under different working fluids have great influence on the
heat transfer performance, and the heat transfer coefficient
of the liquid film outside the horizontal tubes demonstrates
a complex distribution. Current the experimental study
of horizontal-tube falling film evaporator have mainly
focused on the heat transfer performance in the entire area.
Researches on the heat transfer performance of the crest and
column of two important liquid films formed by the flow
outside the liquid film tube are rarely involved. Additionally,
relatively few controllable parameters have been studied
owing to different research objectives and limitations of
experiment. To improve the comprehensive heat transfer per-
formance of horizontal tubes, this paper presents an experi-
mental study using water and brine as working fluids. Then,
the variation in the heat transfer coefficient of the crest and
column sections outside a titanium-made heat exchanger
tube are investigated by examining the flow rate, tube
spacing, outer tube diameter, feed temperature, and salinity.

2. Experimental equipment and instruments
2.1. Experimental process

Fig. 1 illustrates the experimental process for a hori-
zontal-tube falling film evaporator, while Fig. 2 depicts the
equipment used in this experiment.

The experimental system includes the falling film pro-
cess and the steam condensation process over the working
fluid. The working fluid is first heated to the designated
temperature in the working fluid tank before it is pumped
to the upper tank. Under the action of gravity, the work-
ing fluid is controlled by the rotor flowmeter and then
enters the evaporator. The stable liquid column formed
through distribution by the spray tube is spread outside the
test tube to realize the falling film flow process. Next, the
electric heating rod installed in the test tube is turned on to
heat the liquid film, which is then condensed by the con-
densate before it is recovered in the storage tank, thereby
completing the steam condensation process. After the
falling film flow process, the working fluid is collected in
the recycling tank. This experiment was conducted under
54 KPa vacuum.

2.2. Experimental devices and measuring instruments

Three horizontal tubes are installed in the evaporator
and are vertically arranged from top to bottom in the fol-
lowing order: spray tube, liquid distributor tube, and test
tube. Fig. 3 depicts the falling film flow outside the horizon-
tal tubes when the flow pattern of the liquid film between
the tubes is a columnar flow. The outer diameter of the spray
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Fig. 1. Schematic diagram of experimental process.

Fig. 2. Experimental equipment.

tube is 38 with 3 mm thickness; H is the distance between
the spray tube and the liquid distributor tube, where
H = 8 mm; A is the center distance between two adjacent
spray holes, where A =20 mm; d is the diameter of the spray
hole, where d =2 mm; D, is the outer diameter of the liquid
distributor tube, where D, =25 mm; D, is the outer diameter
of the test tube, where D, = 19, 25, 32, and 38 mm; and S is
the distance between the outer diameter of the liquid dis-
tributor tube and the test tube, where S =5, 10, and 20 mm.
Z is the axis direction of horizontal tube. The A-A section
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Fig. 3. Falling film flow outside horizontal tubes.

at position Z = 0 mm represents the crest section, while the
B-B section at position Z = 30 mm represents the column
section.

Considering that the working fluid, that is, sodium
chloride (NaCl) brine, is corrosive, the liquid distributor
tube and the test tube are made of titanium. A titanium
tube does not produce pitting in the brine and has excel-
lent resistance to stress corrosion cracking. Additionally,
a titanium tube has better hydrophilicity than a heat
exchanger tube made of other materials, and can reduce
the detachment of the liquid film at the tail of the heat
exchanger tube from the tube wall, which is favorable to
heat transfer in the liquid film.

A total of 10 measurement points are set on the outer
wall of the test tube. Figs. 4 and 5 illustrate the configura-
tion of the axial and circumferential measurement points,
relatively. The axial measurement points are set along an



920 Q. Li et al. / Desalination and Water Treatment 218 (2021) 87-96

axial distance of 30 mm. Considering that the test tube has
a small diameter, the dense configuration of the circumfer-
ential measurement points will have an effect on the liquid
film. Based on the symmetry of the round tube, the mea-
surement points at positions 315° and 225° are used instead
of the measurement points at positions 45° and 135°.
A rectangular slot of dimensions 4 mm x 0.5 mm x 0.5 mm
is opened at each measurement point to ensure that the
measuring end of the sensor can be placed in the slot.
The slot is also fixed with thermal conductive adhe-
sives of high thermal conductivity. The temperature data

30mm

gt
I
&
L]

0. Smm

Fig. 4. Configuration of axial measurement points.

acquisition system, which consists of 16 temperature data
channels, can simultaneously measure the temperature at
16 points. Temperature data are collected twice every sec-
ond and automatically saved to a computer.

Table 1 presents a summary of the equipment and
instruments used in this experiment.

3. Experimental data processing and error analysis
3.1. Experimental data processing

The experimental controllable parameters are the flow
rate, tube spacing, outer tube diameter, fluid temperature,
heat flux density, and salinity. The measurement parame-
ter is the temperature at a measurement point on the outer
wall of the test tube, which is used to calculate the local
heat transfer coefficient. The experimental parameters
are shown in Table 2.

During the experiment, the line of sight must be level
with the rotor when the rotor flowmeter is reading data,
and each group of flow data is read twice. After opening
the slots on the test tube, its surface is smoothened with
fine sandpaper so that the working fluid can freely fall
off the outer surface of the tube. To reduce the heat loss
in the working fluid during the experiment, the working
fluid tank, evaporator, and related connecting tubes are
equipped with insulating layers.

The heat flux density is controlled by the voltage
regulator and is calculated using the following formula:

_w_ur

=—= 1
== M

The local heat transfer coefficient is calculated as follows:

h=—to _ Ao 2)
T-T., AT

sat

The salinity is defined as follows:

C= _ Mo x100% (3)

Fig. 5. Configuration of circumferential measurement points. M +M_ ..

Table 1

Summary of experimental equipment and instruments
Name Model Measurement Measuring

accuracy range

Pressure sensor HT-801-X 0.25% FS -0.1-0 MPa
Vacuum gauge YB150A Level 0.4 -0.1-0 MPa
Thermocouple Type-T +0.2 -200°C—400°C
Temperature sensor PT100 0.2% —-200°C-200°C
Temperature controller XMTA-7411 0.1°C 0°C-300°C
Digital thermometer Odatime KT300 0.1°C -50°C-300°C
Rotor flowmeter LZB-25F 1.5% 60-600 L/h
Voltage regulator TDGC2J-3kVA 1% 0250 V
Balance Wante 001g 0-3,000 g
Salinometer DSM-25 +0.1% 0-28%
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Table 2
Experimental parameters

Parameter Range

Flow rate, Q (L/h) 180 210 240 270
Tube spacing, S (mm) 5 10 20

Outer tube diameter, D, (mm) 19 25 32 38
Fluid temperature, T (°C) 50 60 70 80
Heat flux density, q,, (W/m?) 12,000

Salinity, C (%) 0 1 2 4

3.2. Experimental error analysis

Let the functional relationship between measured
value Y and directly measurable parameters, x,x,,...,x, be
as follows:

Y:f(xl,xz,...,xn) 4)

The propagation of random errors is expressed as
follows:

ay |&(ev) [
T5%) ®

i=1

Based on the formula above, the error of the heat
transfer coefficient obtained in this experiment is 5.13%.

4. Experimental results and analysis
4.1. Effect of flow rate

An experiment is conducted with D, = 25 mm,
D, =25 mm, and S = 10 mm. Water at 70°C is utilized as the
working fluid. Adjusting Q =180, 210, 240, and 270 L/h, and
g, = 12,000 W/m?, to analyze the effect of flow rate on the
local heat transfer coefficient.
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= 4000
& i
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To quantify the variation in the local heat transfer
coefficient, the fluctuation range of the local heat transfer
coefficient is defined in this study as follows:

Ah= ';L x100% 6)

min

Fig. 6a shows the effect of the flow rate on the local heat
transfer coefficient of the crest section. According to this
figure, the local heat transfer coefficient of the crest section
increases with rising flow rate, but increases, decreases,
and increases again with increasing circumferential angle.
When Q = 270 L/h, the fluctuation range of its local heat
transfer coefficient Al is 1.693. Meanwhile, Ak is 1.458 when
Q = 180 L/h. The local heat transfer coefficient reaches a
maximum and minimum when 0 = 45° and 135°, respec-
tively. It is believed that the local heat transfer coefficient
of the crest section is primarily affected by the thickness of
the liquid film and fluid convergence. An increase in the
thickness of the liquid film results in an increase in ther-
mal resistance, which is not favorable to heat transfer,
while fluid convergence is favorable to convective heat
transfer. As the flow rate increases, the thickness of the lig-
uid film in the crest section increases, and the converging
liquid flow becomes stronger. Thus, its local heat transfer
coefficient also rises owing to the greater effect of strong
liquid convergence on the heat transfer.

Because the liquid film at O = 0° and 45° in the crest
section is located in the region with strong axial conver-
gence, the local heat transfer coefficient of the crest section
is higher. Meanwhile, the upper semi-circumference of the
test tube at © = 0° is located at the top of the tube, where
the thickness of the liquid film reaches a maximum. In
comparison, the thickness of the liquid film decreases at
0 = 45°, so the local heat transfer coefficient at 6 = 45° also
decreases correspondingly. As the converging liquid flow
becomes weaker at 0 = 90° and 135°, its local heat transfer
coefficient decreases correspondingly. At 6 = 135°, the local
heat transfer coefficient reaches a minimum. Meanwhile, the
local heat transfer coefficient increases significantly owing
to the circumferential convergence of the fluid at O = 180°.
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Fig. 6. Effect of flow rate on local heat transfer coefficient of (a) crest and (b) column section.
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Fig. 6b displays the effect of the flow rate on the local
heat transfer coefficient of the column section. According to
Fig. 6, its local heat transfer coefficient increases with a rising
flow rate and decreases with an increasing circumferential
angle. The local heat transfer coefficient fluctuates within
a range of Ah = [2.066, 2.807], and Ah reaches a maximum
when Q = 270 L/h. It is believed that the local heat transfer
coefficient of the column section is primarily affected by the
thickness of the liquid film and fluid impingement. With the
increase of flow rate, the impact effect of fluid is enhanced,
which is beneficial to convective heat transfer, so the local
heat transfer coefficient increases.

Because the liquid film at © = 0° in the column section is
located in the direct fluid impingement region, this region
experiences maximum fluid impingement, so its local heat
transfer coefficient reaches a maximum. As the impinge-
ment effect decreases at 0 = [45°, 90°, 135°, and 180°] with
increasing distance from the liquid column impingement
region, the distribution of the local heat transfer coefficient
gradually decreases along the circumferential direction.

4.2. Effect of tube spacing

An experiment is conducted with D, = 25 mm,
D, =25 mm, and S =5, 10, and 20 mm. Water at 70°C is
utilized as the working fluid. Controlling Q = 210 L/h and
q, = 12,000 W/m?, to analyze the effect of tube spacing on
the local heat transfer coefficient.

Fig. 7a displays the effect of the tube spacing on
the local heat transfer coefficient of the crest section.
According to Fig. 7, the local heat transfer coefficient of
the crest section decreases with rising tube spacing. Its
local heat transfer coefficient fluctuates within a range of
Ah = [1.361, 1.433] and reaches a maximum and minimum
at O = 45° and 135°, respectively. With the increase of tube
spacing, the impact effect of liquid column formed by dis-
tribution pipe is enhanced. This results in the accumulation
of fluid along the test tube when axial convergence occurs,
thereby leading to the enlargement of the liquid film in
the crest section. Hence, the local heat transfer coefficient
decreases. The variation trend of local heat transfer coeffi-
cient with circumferential angle is consistent with Fig. 6a.

(@) sooo
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Fig. 7b shows the effect of the tube spacing on the local
heat transfer coefficient of the column section. According
to this figure, the local heat transfer coefficient of the col-
umn section rises with increasing tube spacing. Its local
heat transfer coefficient fluctuates within a range of
Ah =12.099, 2.403] and reaches a maximum when S = 20 mm.
It is believed that with an increase in the tube spacing, the
impingement effect on the liquid flowing from the lig-
uid column in the liquid distributor tube to the top of the
test tube increases. This increases the flow of the liquid
film, thereby causing an increase in the local heat transfer
coefficient. With the same tube spacing, the fluid impinge-
ment effect on the positions of measurement points at
0 = [45°, 90°, 135°, and 180°] in the column section becomes
weaker, so its local heat transfer coefficient decreases.

4.3. Effect of outer tube diameter

An experiment is conducted with D, =25 mm, D, =19, 25,
32, and 38 mm, and S = 10 mm. Water at 70°C is utilized as
the working fluid. Controlling Q =210 L/h and g, = 12,000 W/
m?, to analyze the effect of outer tube diameter on the
local heat transfer coefficient.

Fig. 8a shows the effect of the outer tube diameter on
the local heat transfer coefficient of the crest section. At
0 = 0° to 45°, the local heat transfer coefficient increases
with an increasing outer tube diameter. At 0 = 90°-180°,
the local heat transfer coefficient of the tubes with D, = 25,
32, and 38 mm decreases with an increasing outer tube
diameter, while variations in the local heat transfer
coefficient of the tube with D, = 19 mm are inconsistent
with those of other horizontal tubes. The local heat trans-
fer coefficient of the crest section fluctuates within a range
of Ah = [1.354, 1.821], and Ah reaches a maximum when
D, =38 mm. The curvature of the arc at the top of the tube
decreases when the outer diameter of the tube increases,
and the liquid film with 0 = 0°-45° on the top of the test
tube is easier to spread along the axial direction, and more
liquid converges at the crest section, therefore, the local heat
transfer coefficient is higher at 0 = 45°. At 0 = 90°-180°, with
the increase of spreading area of liquid in the lower half circle
of D, =25, 32, and 38 mm, the higher the energy loss of these
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Fig. 7. Effect of tube spacing on local heat transfer coefficient of (a) crest and (b) column section.
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tubes, and the convergence effect of liquid film becomes
weaker, thereby resulting in a decrease in the local heat
transfer coefficient with an increasing outer tube diameter.

When D, = 19 mm, because the outer diameter of test
tube D, is smaller than the outer diameter of distribution
pipe D,, the kinetic energy of liquid film flow in the lower
half circle of test tube increases, but the thickness of lig-
uid film also increases. Due to the comprehensive effect
of these two factors, the local heat transfer coefficient of
D, =19 mm is between D, =25 and 32 mm, and its circumfer-
ential average local heat transfer coefficient is smaller than
that of other horizontal tubes.

Fig. 8b depicts the effect of the outer tube diameter on
the local heat transfer coefficient of the column section.
At 6 = 0°, the local heat transfer coefficient rises with an
increasing outer tube diameter. At 0 = 45°-180°, the local
heat transfer coefficient decreases with an increasing outer
tube diameter. The local heat transfer coefficient of the
column section fluctuates within a range of Ah = [2.035,
3.083], and Ah reaches a maximum when D, = 38 mm. It is
believed that with the same outer tube diameter, the local
heat transfer coefficient of the column section decreases
from O = 0° to 180° because the fluid impingement effect at
the position of each measurement point in the circumfer-
ential direction becomes weaker. In addition, at © = 0°, the
fluid impingement effect on the liquid film increases with
an increasing outer tube diameter, resulting in an increase
in the local heat transfer coefficient. At 6 = 45°-180°, the
variation range of kinetic energy of the liquid film flow
decreases as the outer tube diameter increases, leading to a
decrease in the local heat transfer coefficient.

4.4. Effect of feed temperature

An experiment is conducted with D, = 25 mm,
D, = 25 mm, and S = 10 mm. Water at 50°C, 60°C, 70°C,
and 80°C are utilized as the working fluid. Controlling
Q =210 L/h and g, = 12,000 W/m?, to analyze the effect of
feed temperature on the local heat transfer coefficient.

Figs. 9a and b show the effect of the feed temperature
on the local heat transfer coefficient of the crest section and
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the column section. According to these figures, the local
heat transfer coefficients of the crest and column sections
increase as the feed temperature rises. The crest section
is local heat transfer coefficient fluctuates within a range
of Ah =[1.368, 1.565] and reaches a maximum at T = 80°C.
On the other hand, the column section is local heat transfer
coefficient fluctuates within a range of Ah = [2.177, 2.650]
and reaches a maximum at T = 80°C.

It is believed that the physical properties of water are
greatly affected by the temperature, and the viscosity and
surface tension of water decrease with rising temperature.
A decrease in viscosity results in a decrease in the spread-
ing resistance of the fluid, an increase in the flow velocity
of the fluid, and a decrease in the thickness of the liquid
film. A decrease in the surface tension causes the restrain-
ing force of the spreading liquid film to become weaker
and the flow of the liquid film to become stronger, lead-
ing to an increase in the local heat transfer coefficient. As
axial convergence is present in the liquid film at 6 = 0°
and 45° and circumferential convergence is present in the
liquid film at © = 180° in the crest section, the variation in
its local heat transfer coefficient with the circumferen-
tial angle is consistent with that shown by the curves in
Fig. 6a. Meanwhile, as the liquid column impingement
effect is present at O = 0° in the column section at the top
of the test tube while the impingement effect occurs at
other positions, that is, 6 = [45°, 90°, 135°, and 180°] grad-
ually decreases, the distribution of the local heat transfer
coefficient decreases along the circumferential direction.

4.5. Effect of salinity

An experiment is conducted with D, = 25 mm,
D, =25 mm, and S = 10 mm. Brine at 60°C is utilized as the
working fluid. Adjusting C=0%, 1%, 2%, and 4%, Q=210L/h,
and g, = 12,000 W/m? to analyze the effect of salinity on
the local heat transfer coefficient.

Figs. 10a and b show the effect of salinity on the local
heat transfer coefficient of the crest section and column sec-
tion. According to Fig. 10, the local heat transfer coefficients
of the crest and column sections decrease with increasing
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Fig. 8. Effect of outer tube diameter on local heat transfer coefficient of (a) crest and (b) column section.



94 Q. Li et al. / Desalination and Water Treatment 218 (2021) 87-96

I —=—T=50T

4000

K

3500

R

3000

2500

T T T T T T
0 20 40 &0 80 100 120 140 160 180

8/°

(b) 6000

5500 4
5000
4500
4000
3500
3000

h/W/ (m*K)

2500
2000 4

l 5 DD T T T T T T T T T T T T T T T T T
0 20 40 60 B0 100 120 140 160 180
8/°

Fig. 9. Effect of feed temperature on local heat transfer coefficient of (a) crest and (b) column section.
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Fig. 10. Effect of salinity on local heat transfer coefficient of (a) crest and (b) column section.

salinity. The crest section is local heat transfer coefficient
fluctuates within a range of Al = [1.499, 1.568] and reaches
a minimum when C = 4%. Meanwhile, the column section
is local heat transfer coefficient fluctuates within a range of
Ah =[2.517, 2.812] and reaches a minimum when C = 4%.

It is believed that as the salinity increases, the viscos-
ity and surface tension of the brine increase. Furthermore,
an increase in viscosity results in an increase in the thick-
ness of the brine liquid film, while an increase in the
surface tension causes the flow of the liquid film to be
weaker. These two factors are not favorable to heat trans-
fer, leading to a decrease in the local heat transfer coeffi-
cient. Based on the analysis above, as different axial and
circumferential convergence regions are present in the
liquid film, the variation in the local heat transfer coeffi-
cient with the circumferential angle is consistent with that
shown by the curves in Figs. 6a, 7a, and 9a. Owing to the
different strengths of the liquid column impingement effect
at the circumferential positions of the test tube, the distri-
bution of the local heat transfer coefficient of the column
section decreases along the circumferential direction.

4.6. Comparisons with other work

The average values of the crest and column section
in this paper are compared with experimental values of
Xu [17]. The results show that the effect of flow rate on
local heat transfer coefficient is the same as that of Xu’s
spray density, and the change trend of local heat trans-
fer coefficient with circumferential angle is consistent.
The comparison results are shown in Fig. 11.

5. Fitting equation of local heat transfer coefficient

From the above experimental analysis, the flow rate,
feed temperature, salinity, and other factors can affect
the heat transfer performance of falling film evapora-
tion outside the tube. According to the experimental data
obtained, the local heat transfer coefficients of the crest and
column section are fitted, respectively.

The fitting equation of the crest section is as follows:

Nu =9.022 x 107 x Re%973py1177 @)
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Fig. 11. Comparison with previous studies.

The correlation coefficient of fitting equation of the
crest section is adjusted R* = 0.852. The relative error
between the experimental value and the calculated value is
within £9%.

The fitting equation of the column section is as follows:

Nu = 2.685 x 104 x Re836P0918 ®

The correlation coefficient of fitting equation of the
column section is adjusted R*> = 0.893. The relative error
between the experimental value and the calculated value is
within +7%.

6. Conclusions

The crest and column are the important areas of lig-
uid film flow. In this paper, the effect of the flow rate,
tube spacing, outer tube diameter, feed temperature, and
salinity on the local heat transfer coefficient outside tita-
nium-made horizontal tubes were analyzed by using
water and brine (with salinity C = 1%, 2%, and 4%) as the
working fluids. The following conclusions were drawn:

* An experiment was conducted with Q = 180, 210, 240,
and 270 L/h to study the effect of flow rate on the
local heat transfer coefficient. The results indicate that
the local heat transfer of the crest section is primarily
affected by the thickness of the liquid film and fluid
convergence, the local heat transfer coefficient of the
crest section increases with rising flow rate. However,
with increase in circumferential angle, the local heat
transfer coefficient increases, decreases, and again
increases. The local heat transfer coefficient fluctuates
within a range of Ah =[1.378, 1.693]. It reaches the max-
imum at O = 45°, and reaches the minimum at 6 = 135°.
Meanwhile, the local heat transfer coefficient of the
column section is mainly affected by the thickness of
the liquid film and fluid impingement, where its local
heat transfer coefficient increases with an increasing
flow rate but decreases with an increasing circumferen-
tial angle. The local heat transfer coefficient fluctuates
within a range of Ah = [2.066, 2.807], and Ah reaches a
maximum when Q =270 L/h.

* An experiment was conducted using S = 5, 10, and
20 mm to investigate the effect of tube spacing on the
local heat transfer coefficient. According to the experi-
mental results, the local heat transfer coefficient of the
crest section decreases with increasing tube spacing.
The local heat transfer coefficient fluctuates within a
range of Ah = [1.361, 1.433]. It reaches the maximum at
O = 45°, and reaches the minimum at 6 = 135°. On the
other hand, the local heat transfer coefficient of the
column section increases with an increasing tube spac-
ing. The local heat transfer coefficient fluctuates within
a range of Ah = [2.099, 2.403] and reaches a maximum
when S =20 mm.

¢ An experiment was conducted using D, = 19, 25, 32, and
38 mm to study the effect of the outer tube diameter
on the local heat transfer coefficient. According to the
results of this experiment, at 6 = 0°-45°, the local heat
transfer coefficient of the crest section increases with
an increasing outer tube diameter. At 6 = 90°-180°, the
local heat transfer coefficient of the tube with D, =19 mm
lies between that of the tubes with D, = 25 and 32 mm.
However, the local heat transfer coefficient of the tubes
with D, =25, 32, and 38 mm decrease with an increasing
outer tube diameter. The local heat transfer coefficient of
the crest section fluctuates within a range of Al = [1.354,
1.821], and Ah reaches a maximum when D, = 38 mm.

On the other hand, at 6 = 0° its local heat transfer
coefficient of the column section increases with an increasing
outer tube diameter. At 6 = 45°-180°, the local heat transfer
coefficient decreases with an increasing outer tube diam-
eter. The local heat transfer coefficient of the column sec-
tion fluctuates within a range of Ah = [2.035, 3.083], and Ah
reaches a maximum when D, =38 mm.

* An experiment was conducted with water (T = 50°C,
60°C, 70°C, and 80°C) as the working fluid to investi-
gate the effect of feed temperature on the local heat
transfer coefficient. It is found that the local heat trans-
fer coefficients of the crest and column sections increase
with an increasing feed temperature. The crest sec-
tion is local heat transfer coefficient fluctuates within
a range of Ah = [1.368, 1.565]. It reaches a maximum at
T = 80°C. On the other hand, the column section is local
heat transfer coefficient fluctuates within a range of
Ah =[2.177, 2.650] and reaches a maximum at T = 80°C.

* An experiment was conducted with brine (salinity
C =0%, 1%, 2%, and 4%) to study the effect of salinity on
the local heat transfer coefficient. The results show that
the local heat transfer coefficients of the crest and column
sections decrease with increasing salinity. The local heat
transfer coefficient at crest section fluctuates within a
range of Ah =[1.499, 1.568] and reaches a minimum when
C = 4%. Meanwhile, the local heat transfer coefficient at
column section fluctuates within a range of Ah = [2.517,
2.812] and reaches a minimum when C = 4%.

Symbols

A —
C —

External surface area of heat exchange tube, m?
Salinity, %
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d — Spray hole diameter, mm

D, — External diameter of liquid distributor tube, mm

D, — External diameter of test tube, mm

h — Local heat transfer coefficient, W/(m? K)

H  — Spray height, mm

k... — Maximum value of local heat transfer coefficient,
W/(m?K)

k.. ~— Minimum value of local heat transfer coefficient,
W/(m?K)

I — Input current of heating rod, A

M — Mass, kg

Nu — Nusselt number

Pr — Planck number

q, — Heat flux, W/m?

Re — Reynolds number

S — Tube spacing, mm

T — Temperature, °C

T, — Saturated evaporation temperature, °C

U  — Input voltage of heating rod, V

r — Spray density, kg/m s

Ah — Fluctuation amplitude of local heat transfer
coefficient

Greek

A — Adjacent spray hole distance, mm

0 — Circumferential angle, °

he) — Liquid film thickness, mm
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