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ABSTRACT

The aim of this study is to examine experimentally the thickness variations of a falling film on plain
and hydrophilic horizontal tube evaporator surfaces in order to enhance the performance of the
horizontal tube evaporators. The hydrophilic surfaces are acquired by exposing them to plasma
irradiation for a 120 s time period. A test loop has been installed, and by using electrical film
thickness measuring devices, the distributions of the formed liquid thickness layer around the hot
plain and hydrophilic surfaces are determined at different operating conditions. By analyzing the
experimental data, the present results show that the film thickness around the hydrophilic tube
changes with the same pattern around the plain tube. The film distribution along the peripheral
angle is non-symmetrical, minimum film thickness values are more likely to appear at a different
angular position of 90°-120° under various conditions. The film thickness is significantly decreased
for hydrophilic surfaces. The film thickness mainly increases as the flow rate increases, while it
decreases as the tube diameter increases, the evaporation pressure increases, the inlet water sub-
cooling increases, and tube surface temperature increases. The feeder height has a minor influence
on the film thickness. Comparison between the current results and results acquired by another
researcher is in good agreement between 2.0% and 18%.
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1. Introduction The heat transfer mechanism of the thin film evaporation
is regulated by boiling nucleates when bubbles form on
the surface of the heating tube, and convection through-
out the film as direct evaporation occurs at the liquid-va-
por interface where a phase change occurs at the interface,
and whose magnitude is directly related to the liquid film’s
shape and thickness. It is possible to use the distribution
of the falling film around a horizontal tube for predict-
ing the uniformity of the flow and dry out, to prevent
the evaporator tubes from drying out; it is important to
completely cover the evaporator tube with a liquid film.

As of late, falling-film horizontal-tube evaporators
have become progressively transcendent in thermal water
treatment processes, and thermal desalination industries.
That is due to their high heat transfer efficiencies, small
temperature differences and thin liquid films. In falling
film evaporation, the feeding fluid is spread over the top
of the evaporator tubes by a distributor hose or spray noz-
zle, creating thin films of liquid around the tubes. The heat
transfer process of the thin film evaporation takes place
when the fluid is flowing downwards on the heated tubes.
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The falling film thickness is reversely proportional to the
local heat transfer coefficient, therefore it is an important
factor for falling film evaporator design, and the research on
the falling film thickness distribution is a valuable method
to improve the performance of the horizontal tube evapo-
rators. The nozzles type, and how the liquid film falls from
one tube to another are valuable parameters for controlling
the film shape and its distribution around the evaporator
tubes, [1-5].

The liquid film on the evaporator tube surface directly
affects the performance of the horizontal tube evaporators.
The maximum spread and the evaporation time of a falling
film on hot surfaces depend primarily on the hot surface
temperature, liquid viscosity, surface tension, impinging
velocity, the contact angle between the liquid and surface,
and surface wettability, Negeed et al. [6,7]. The interfa-
cial waves presented on the thin liquid film have a strong
impact on the evaporation rate because the interfacial
area is increased and therefore the convective heat trans-
fer near the interface is improved, Shahzad et al. [8]. The
performance of the horizontal-tube evaporator is signifi-
cantly affected by the falling flow rate. Ribatski and Jacobi
[4] observed three specific flow patterns that depend on
the flow rate; discrete droplets, jets or continuous sheets.
Awad and Negeed [9-11] have studied experimentally and
numerically the falling film on the horizontal tube evapo-
rator. Some significant results obtained in these studies are
that very thin stable film on the surfaces of heat transfer
greatly improves the performance of the falling film evap-
orator. For the same vertical column, the film thickness of
the upper tube is higher than the film thickness of the lower
tubes; this is due to the volatilization of the falling rate from
the upper tubes. The condensing film thickness on a vertical
plate was analytically solved by Nusselt [12] by neglecting
surface tension and inertia forces. Chyu and Bergles [13]
correlated the film thickness on a horizontal tube on the
basis of Nusselt’s solution [12] as follows:
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where TI' is the flow rate on tube one side and the number
of Reynolds is defined as:
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Based on Nusselt’s solution [12], Hou et al. [14] cor-
related the film thickness on a horizontal tube with
considering the effect of tube spacing, s, as:
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where C=0.9754, n =-0.1667 for 0° < 0 <90°, and C = 0.84978,
=-0.16479 for 90° < © < 180°.

Researchers [15-19] showed that the film distribution at

the peripheral angle of the tube surface is non-symmetrical

and under different conditions, the minimum film thickness
values appeared to occur at various angular locations from
110° to 150° [15], 100°~140° [16], 110°~150° [17], 95°~120° [18],
and 90°-100° [19]. Numerically, Luo et al. [20] showed that,
at the angular angle of 125°, 160° and 170°, the minimum
liquid film thickness of the circular tube, the oval-shaped
tube and the drop-shaped tube respectively appear.

The distribution characteristics of falling film thick-
ness on horizontal tube evaporators have been intensively
studied in recent decades and are still the subject of many
ongoing research activities to optimize knowledge of heat
transfer processes for boiling/evaporation and to improve
the performance of their applications. Despite this effort,
many aspects of heat transfer boiling/evaporation are still
not fully understood; the difficulty is due mainly to the
small time and length scales. To give a superior comprehen-
sion of the general execution and increase further under-
standing of the local heat and mass transfer of the falling
film horizontal tube evaporators, the falling film distribu-
tions around the horizontal tube evaporators ought to be
dependable anticipated. From the above writing survey,
the falling film heat transfer of horizontal tube evaporators
stays important to researchers because of the multifaceted
nature of these phenomena. However, little literature on
hydrophilic horizontal tube evaporators focused on the
distribution characteristics of falling film thickness. The
objective of this research study is to analyze experimen-
tally the thickness variations of a falling film on plain and
hydrophilic horizontal tube evaporators to give a superior
comprehension of heat and mass exchange processes in
horizontal tube evaporators. The impacts of hydrophilic
surfaces, operating parameters, and evaporator design
on the thickness variations of the falling film formed
around the horizontal tube evaporators were researched.

2. Experimental work

Fig. 1 displays the experimental setup’s schematic dia-
gram. The pump (2) pushes the feed water from the constant
water path (1) to the primary heater (4), where heated by
the latent heat of the released vapor, then the feed water
is heated by an electric heater to different temperatures
(5). A thermostat controls the various temperatures. Water
enters the test chamber through the nozzles distributor at
different temperatures that can be controlled by a ther-
mostat. Through the nozzle distributor (6), the feedwater
enters the test chamber (7) and then falls to the test heated
tube using the fan-jet flat to achieve uniform distribution.
The pressure inside the test chamber is controlled using a
vacuum pump. To maintain constant surface temperature
during the tests, dry saturated steam from the boiler is
used to heat the test tube. For this system, a fire tube boiler
with a saturated or superheated steam capacity of 2.0 t/h at
a maximum pressure of 10 bar is used. The exiting steam
from the tube passes through the condenser (11) where it is
condensed and then is measured by the collecting tank (14).
Released vapor from the test chamber condenses in the pri-
mary heater (4) and then measured by a calibrated tank (15).
In the cooler (8), the non-evaporated spray water is cooled
and returned to the water bath at constant temperature (1).
The feed flow rate is measured by a rotameter (3).
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Fig. 1. Line diagram of the experimental setup.

Fig. 2 shows the sectional view of the test chamber.
The nominal dimensions of the stainless steel test cham-
ber are 50 cm x 62 cm x 75 cm and 5 mm wall thickness.
For visual observation of the distribution of the liquid
film around the tube surfaces and sprayed liquid charac-
teristics, there are two Pyrex windows of 25 cm diameter.
Moving the distributor up and down through two grooves
at the top of the test chamber changes the falling distance.
Fan-jet flat-spray type nozzles produced by Steinen Co.,
USA have been used to spray the feed water on the tubes.
The nozzle consists of four main components: cap, ori-
fice tip, 100-measure stainless steel screen strainer and
adapter. The test tubes are made of copper.

The experimental runs were performed by spraying
heated water on plain and hydrophilic tube surfaces, where,

the inlet water temperature, surface temperature and flow
rate were independently controlled. The hydrophilic sur-
face treatment will be accomplished by 120 s exposure of
the tubes to plasma irradiation. The plasma irradiated solid
surfaces become hydrophilic. This is because the particles
of plasma remove the layer of gas absorption and the active
layer of oxide appears on the surface. These effects of rinsing
and activating change the surface and improve its wetta-
bility. Wettability Reformer ST-700 produced by Keyence
Corp. is the plasma generator used in the current experi-
ments and its generated power is 200 W. More description
of the plasma generator is shown in Negeed et al. [6]. Fig.
3 shows the scanning electron microscopy images of the
plain and hydrophilic tube surfaces, where Fig. 4 shows
the photographs of the copper tube of 1.0-inch diameter
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Fig. 2. A sectional view of the test chamber.

and 0.5 m length of plain surface and surface treated by
exposing them to plasma irradiation.

The pressure and temperature of the inlet and outlet
are determined for each section. The falling film thick-
nesses around the surface are measured at different
angular positions (30°, 60°, 90°, 120°, 150°) by using elec-
tric film thickness-measuring probes. The probe as shown
in Fig. 5 consists of a depth micrometer, a spatial mech-
anism to transfer the rotating movement of the microm-
eter to axial movement, a stainless steel needle, and an

Three channels
Three spraying nozzles

Nine testing tubes

9. Outlet steam chamber
10. Vent valve

11. Nozzles distributor carrier

Inlet steam chamber

electrical contact circuit for viewing the film thickness.
The needle is adjusted to touch on the outer tube surfaces,
and the needle is slowly passed across the water film by
the spatial mechanism. Whenever the needle is located
through the liquid film, the electrical circuit becomes
operational. If the needle comes out of the liquid film, the
circuit will be disconnected, then the thickness of the film
around the surface is then determined by the micrometer.
Copper-constantan sheathed thermocouples; type T of
0.5 mm diameter are used for measuring all the temperature.
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Fig. 3. Scanning electron microscopy photographs of the copper: (a) plain surface and (b) surface treated by exposing them to

plasma irradiation for about different exposure durations 120 s.

(a)

(b)

Fig. 4. Photographs of the copper tube: (a) plain surface and (b) surface treated by exposing them to plasma irradiation for

120 s time period.

Fig. 5. Film thickness measuring probe.

The thermocouples are connected to a data logger and
the temperature data is stored in the personal computer.
The surface temperature, inlet feed water temperature,
feedwater flow rate, feeder height, falling film thickness
distribution around the test tube are measured at dif-
ferent locations. The temperature measurement error is
about +0.01°C, the flow rate measurement error is about
+0.001 kg/s, the pressure measurement error is about
+0.005 bar, the measurement error of the length (feeder
height, diameter and length of the test tube) is about +1.0 um,
and the film thickness measurement error is about +3.0 pm.

3. Results and discussions

Figs. 6-11 show the effect of the treatment of the out-
side tube surface by plasma irradiation on the thickness

variations of a falling film (d) with changes of feeder
height (z), excess temperature (AT), inlet water subcooling
(AT_,), tube diameter (d ), falling water flow rate, and evap-
oration pressure (p, ) respectively. From these figures, it can
be seen that the film thickness of the tube first decreases,
and then increases as the peripheral angle increases.
The water flows downward along the perimeter of the tube
wall associated with the combined forces of gravity, iner-
tia and viscous. The liquid reaches the top of the tube at
a certain inertia force. As the peripheral angle increases,
the tangential component of gravity increases. The liquid
film flow rate increases continuously as does the inertial
force of the liquid film increases as the peripheral angle (0)
increases from 0° to 90° and thus the presence of waves
on the thin liquid film increases, leading to an increase
in the interface region and the convective heat transfer.
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Fig. 8. Effect of the inlet water subcooling on the film thickness.

In addition, the increase in the flow rate of the liquid film con-
tributes to an increase in the viscous force on the tube wall.
However, at the peripheral angle ranged from 0° to 90°,
the liquid film flow rate increases and the thickness of
the liquid film decreases. This is because the summation
of gravity’s tangential component and inertial forces is
always greater than the viscous force. After the liquid
film flows to the peripheral angle greater than 90°, the
tangential gravity component gradually decreases as the
peripheral angle continues to increase. The summation of
the tangential component of gravity and inertial force is
still greater than the viscous force so that the film thickness
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Fig. 9. Effect of the tube diameter on the film thickness.

continues to decrease. As the peripheral angle gradually
increases, the viscous force continually increases; while
the sum of the tangential component of gravity and iner-
tial forces gradually decreases. At a certain peripheral angle
between 90° and 120°, the summation of gravity’s tangen-
tial component and inertial force equals the viscous force, at
this angle the peripheral thickness of a liquid film reaches
the minimum value. With the further increase of peripheral
angle, the summation of gravity’s tangential component
and inertial forces is always less and therefore than the vis-
cous force, so that the film thickness continues to increase.
The film thickness around the hydrophilic tube changes
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Fig. 10. Effect of the feed flow rate on the water film thickness.

with the same pattern as around the plain tube. The film
is unsymmetrically distributed along the peripheral angle,
and the minimum values of the film thickness will in gen-
eral situate at the angular position of 90°~120°. The falling
film thickness decreases from the top angular position to ©
approximately 90°-120° and subsequently increases again
to © approximately 150° where it disconnects. The pres-
ent results are in line with the results obtained by research-
ers [15-20], which indicate that film distribution along the
peripheral angle is non-symmetrical, and the minimum film
thickness values are more likely to appear at different angu-
lar. The film thickness is significantly reduced with surface
treatment due to the impact of surface cleaning, where the
surfaces treated hydrophilically by plasma irradiation are
highly ideal and completely safe from any asperities on the
surfaces. The falling film-solid contact angle significantly
decreases for the surfaces hydrophilically treated by plasma
irradiation, Negeed et al. [6]. The falling film tends to spread
as the contact angle becomes small (for surfaces treated
by plasma irradiation). This is because the contact area
between the falling liquid and the heating surface during
the first stage of the collision of the falling liquid increases,
which is associated with enhanced conduction heat
transfer, therefore the film thickness significantly decreases.

Fig. 6 shows the effect of feeder height (z) on the thick-
ness variations of a falling film (d) around the plain and
hydrophilic horizontal tube evaporator surfaces. It can
be seen that the feeder height has a little impact on the
falling film thickness; the water layer thickness slightly
decreases as the feeder height increases at the same periph-
eral angle and the Reynolds number of the liquid film.
This is due to the increase in the volatilization of the fall-
ing flow rate as the feeder height increases, actually, the
thickness of the film decreases with the reduction of the
accumulated liquid extending along the tube wall. The
present results are in line with the results acquired by Hu
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Fig. 11. Effect of the evaporation pressure on the water film
thickness.

and Jacobi [21], Chyu and Bergles [22], Zhao et al. [15],
and Awad and Negeed [9,10], called attention to a pow-
erless impact of the feeder height on the heat transfer
coefficient of the falling film in the boiling conditions.

Fig. 7 shows the effect of excess temperature (AT),
the difference between the tube surface and the saturation
temperatures, on the falling film thickness () around the
plain and hydrophilic horizontal tube evaporator sur-
faces at various angular positions. It can be seen from this
figure that, the water layer thickness slightly decreases
as the excess temperature increases. This is because the
bubbling nucleate is improved by increasing the AT, and
the formation of bubbles at the heated tube surfaces will
increase. Also, the viscous force is decreased by increas-
ing the excess temperature and the consequent reduction
in film thickness. The present results are in line with the
results obtained by Parken et al. [23], showing that under
boiling-dominated conditions, the heat transfer coeffi-
cient increases as the heat flux increases. This behavior
is obviously due to increased nucleation site density and
increased boiling region.

Fig. 8 shows the impact of the inlet water subcool-
ing (AT,,), the difference between the saturation and
inlet water temperatures, on the falling film thickness (d)
around the plain and hydrophilic horizontal tube evapo-
rator surfaces at various angular positions. From this fig-
ure, it can be seen that the falling film thickness decreases
as the AT , decreases. This is due to the effect of the
decrease in viscous force associated with the rise in bulk
temperature and the consequent reduction in film thickness.

Fig. 9 shows the effect of the tube diameter (d ) on the
falling film thickness () around the plain and hydrophilic
horizontal tube evaporator surfaces at various angular
positions. It can be seen from this figure that the water layer
thickness decreases as the tube size increases. This is because
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Fig. 12. Comparison between the present results and the results
obtained by other researchers for the impact of falling water
Reynolds number on the water layer thickness.

the heat transfer enhances as the size of the tube increases
in the presence of bubble nucleation, as the thermal profile
improvement enables the growth of bubbles. The larger the
tube diameter, the greater the number of interface waves
presented on the thin liquid film that has a strong effect on
the rate of evaporation since the interface region is increased
and the convective heat transfer near the interface is thus
enhanced. Thus the liquid film’s flow rate becomes small,
leading to a slight increase in film thickness. The present
results agree with the results gained by Abraham and Mani
[24] and Zhao et al. [15], where they showed the falling film
thickness decreases as extending the tube size. Tube diam-
eter overall influences the falling film thickness because
it affects the length of the thermal boundary layer devel-
opment and the length of the liquid impingement region
compared to the overall flow length.

Fig. 10 shows the effect of falling water flow rate per
one side of the hot tube surface (I') on the falling film thick-
ness (0) around the flat and hydrophilic horizontal evapo-
rator tube surfaces at different angular positions. From this
figure, it can be seen that the thickness of the water film
increases primarily as the I increases at the same peripheral
angle. This is due to the increase in the accumulated liquid
extending along the tube wall as the falling water flow rate
increases, and the increase in the viscous force. Generally,
the falling water flow rate influences the falling film thick-
ness because it affects the length of the thermal boundary
layer development and the length of the liquid impingement
region compared to the overall flow length. As the number of
Reynolds increases, the inertia force increases and the coef-
ficient of film heat transfer also increases in the presence of
bubble nucleation due to the increase of the relative region
of active boiling; as the improvement in the thermal profile
allows the growth of bubbles. The present results agree with

the results obtained by Abraham and Mani [24], where they
observed the increase in the number of film Reynolds leading
to an increase in film thickness.

Fig. 11 shows the effect of evaporation pressure (p ) on
the falling film thickness (9) around the plain and hydro-
philic horizontal tube evaporator surfaces at various angu-
lar positions. From this figure, it can be seen that the falling
film thickness slightly increases as the p, decreases. This
is due to the effect of increasing the viscous force asso-
ciated with decreasing the evaporation pressure and the
consequent rise in the thickness of the film.

Fig. 12 shows the comparison of the current results with
the results obtained by Nusselt [12] and Hou et al. [14] for
the impact of the water falling Reynolds number (Re) on the
thickness of the liquid surface () around the plain horizon-
tal tube evaporator surfaces. It can be seen from this figure
that the thickness of the water film increases primarily as the
number of Reynolds increases. This is due to the increase
in the accumulated liquid extending along the tube wall as
the falling water flow rate increases, and the increase in the
viscous force. It is the current results the minimum values
of film thickness are more likely to be found at the angular
location of 120° under various conditions. The falling film
thickness decreases from the top angular position to approx-
imately 120° and subsequently increases again to about 150°
where it is detached. The present results are in line with the
results obtained by Hou et al. [14], the film was unsymmet-
rically distributed along the peripheral angle as shown in
the figure. In the results obtained by Nusselt [12], the fall-
ing film thickness decreases from the top angular position to
equals 90° and then increases again up to 6 approximately
equals 160° where it detaches. The comparison between
the current results and results acquired by Nusselt [12] and
Hou et al. [14] is in good agreement between 2.0 and 18%.

4. Conclusions

Water falling film around plain and hydrophilic hori-
zontal tube evaporator surfaces was experimentally con-
ducted to investigate the effect of operating conditions and
evaporator design on the formed film thickness around
the evaporator tube surfaces. From this study, the follow-
ing conclusions can be drawn: the film thickness signifi-
cantly decreases for hydrophilic surfaces. Around the
hydrophilic tube, the film thickness varies with a pattern
similar to that around the plain tube. The film is unsym-
metrically distributed along the peripheral angle. The fall-
ing film thickness decreases from the top angular position
to O approaches 90°-120°, and afterward increases again
up to O roughly rises to 150° where it disconnects. For the
plain and hydrophilic surfaces, the film thickness mainly
increases as the flow rate increases, while it decreases as the
tube size increases, the evaporation pressure increases, the
inlet water subcooling increases, and tube surface tempera-
ture increases. The feeder height has little effect on the film
thickness. The comparison between the current results and
results acquired by another researcher is in good agreement
between 2.0 and 18 percent. The present work provides
experimental valuable data that can be used for the valida-
tion of computational fluid dynamics studies of the thick-
ness variations of a falling film on plain and hydrophilic
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horizontal tube evaporator surfaces in order to enhance
the performance of the horizontal tube evaporators.

Symbols

a, — Outer diameter of the test tube, m

g — Gravitational acceleration, m?/s

L — Tube length, m

p — Pressure, N/m?

v, — Evaporator pressure, N/m?

Re — Reynolds number, -

s — Tube spacing, m

T — Temperature, K

T, — Inlet water temperature, K

T — Tube surface temperature, K

TASBt — Saturation temperature, K

AT, — Excess temperature (the difference between the
tube surface and the saturation temperatures), K

AT, — Inlet water subcooling (the difference between
the saturation and inlet water temperatures), Kz
feeder height, m

Greek

r — Liquid film flow rate on one side of the tube per
unit length sprayed, kg/s m

Is) —  Film thickness, m

0 — DPeripheral angle from the upper stagnation point,
degree

u — Dynamic viscosity kg/s m

p — Density, kg/m?

Subscripts

e — Excess

in — Inlet falling water

1 — Saturated liquid conditions

ot — Outer tube surface

s — Surface conditions

sat — Saturation conditions

v — Saturated vapor conditions
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