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Falling film evaporation is an efficient phase-change heat transfer
technology widely used in refrigeration and industrial applications. An
experimental platform for horizontal tube falling film evaporation was
designed and constructed. Experiments were conducted on smooth tubes, T-
shaped finned tubes, and finned tubes. The results show that the heat
transfer performance of finned tubes is not as good as that of smooth tubes
when the spray density (I) is less than 0.048 kg-m ™ 's~ 1. When the tube
diameter decreases, the heat transfer performance of finned tubes exceeds
that of smooth tubes at approximately I' = 0.032 kg-m ~ *-s ~ .. However, the
heat transfer performance of T-shaped finned tubes has consistently been
superior to that of smooth tubes. After hydrophilic coating treatment, the
heat transfer performance of T-shaped finned tubes and smooth tubes
initially increased, then decreased, and eventually stabilized as spray density
increased. At a saturation temperature (Tsy) of 70 °C and I' = 0.0087
kgm™1
the tube surface. Under identical experimental conditions, the heat transfer
performance of the T-shaped finned tube and the finned tube improved by
approximately 56%-62% and 28%-35%, respectively, compared with the
smooth tube. Hydrophilically modified smooth, T-shaped finned, and finned
tubes improved heat transfer coefficients by approximately 51%, 45%, and
11%, respectively. Overall, the T-shaped finned tube demonstrated superior
performance compared to other tubes under all tested conditions, making it
a promising choice for enhanced heat transfer applications.

Keywords: falling film evaporation; heat transfer coefficient; enhanced heat
transfer; enhanced tube; surface wettability
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1. Introduction

Falling film evaporation (FFE) is widely utilized in desalination, refrigeration, and the
petrochemical industries as an efficient phase-change heat transfer (HT) method [1]. FFE is
categorized into horizontal tube, vertical tube, and full liquid types. Horizontal tube FFE is prioritized
for research due to its higher HT efficiency, simpler structure, and lower operational costs [2].
However, the HT mechanism of horizontal tube FFE is complex and influenced by factors such as
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operating conditions, equipment design, and surface characteristics [3]. Operating conditions,
including spray density and evaporation temperature, affect the thickness and disturbance of the liquid
film, thus impacting heat transfer [4]. Equipment design, such as tube arrangement and spray header
design, influences the uniformity and flow characteristics of the liquid film, determining overall HT
efficiency [5]. Surface characteristics, such as hydrophilicity and material, affect liquid film formation
and spreading, further influencing the HT coefficient [6].

Several studies have shown that increasing spray density can improve the overall HT
coefficient, though the effect varies across studies [7,8]. Generally, the HT coefficient tends to
increase with higher spray density. Xie et al. [9] observed improved HT performance at spray densities
between 0.042 to 0.200 kg-m™ 's™ !, due to increased film disturbance and stronger convection. Other
studies suggest that the HT coefficient may plateau or decline at higher spray densities [10-12]. Ji et
al. [13] found that the HT coefficient with R134a initially rose but plateaued with higher spray
densities. Similarly, Jin et al. [14] and Zhao et al. [15] observed an initial rise followed by a slight
decline in the HT coefficient as spray density increased. Thus, while increasing spray density
generally improves the HT coefficient, the relationship varies depending on the experimental
conditions and setups.

Moreover, research has explored the relationship between evaporation temperature and the HT
coefficient [16,17]. Hsu et al. [18] found a strong positive correlation between evaporation
temperature and HT efficiency, attributed to the effect of temperature on liquid properties, which
enhances film turbulence. Furthermore, Current studies on finned tubes in horizontal FFE are limited,
but existing research shows that finned tubes improve HT efficiency by increasing surface area, with
performance influenced by fin structure, spray density, and spray header design [19,20]. Hydrophilic
and superhydrophilic surfaces also boost HT performance, with superhydrophilic surfaces showing
superior effectiveness at lower spray densities [21].

In conclusion, while the HT challenges in horizontal tube FFE have been well studied, debates
continue regarding the HT characteristics of hydrophilic surfaces on enhanced tubes. The variability of
the HT coefficient with changes in spray densities and evaporation temperatures in hydrophilic finned
tubes remains a key issue. This study aims to experimentally assess HT performance under different
conditions to determine which heat exchanger tubes provide optimal efficiency. The findings aim to
provide insights to improve HT efficiency in the FFE process, as detailed in the upcoming
experimental analysis.

2. Experimental installation

2.1. Experimental system

A horizontal tube FFE HT test platform was carefully designed and constructed. Figures 1(a) and
1(b) show the process flow and equipment layout. The system, detailed in Figure 1(a), consists of
three circuits: working fluid, steam circulation, and cold glycol. Water circulates as the working fluid.
Key components include an evaporation drum, circulation pump, and measurement instruments. The
system operates by pumping the working fluid from the evaporator to the liquid distributor. The fluid
flows over the test tube by gravity, where it is heated and evaporated by steam. The vapor condenses
near the cooling tubes and recirculates back to the evaporator. Figure 2 illustrates the FFE process
within the evaporator.



The steam circulation loop includes a vapor generator, reservoir, steam pump, and measuring
device. Steam produced by the generator passes through the evaporator, condenser, reservoir, and
measuring device, driven by the steam pump. After phase change in the evaporator, the gas enters a
gas-liquid state, and after phase change in the condenser, it becomes liquid water. The liquid is
pumped back to the generator, completing the steam cycle.

The cold glycol circuit consists of an air cooler, cold fluid tank, steam condensate pumps, and a
measuring device. The system is divided into three loops: one cools steam from the evaporator,
turning it into liquid water; the second maintains the working medium temperature; and the third
ensures steam entering the storage tank is fully condensed into liquid.
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FIG. 2. Operating principle in the evaporator

2.2. Experimental Test Tubes

During the experiment, we selected T-shaped finned, ordinary finned, and smooth tubes for
comparison. The dimensions of the T-shaped and ordinary finned tubes were designed to increase the
HT area and enhance liquid film disturbance, improving the convective HT coefficient. These
dimensions were based on previous studies [22][23], considering manufacturability and compatibility
with the apparatus. Research shows that fin geometry (height and spacing) affects HT and fluid
dynamics. For example, while increasing fin height expands the HT area, it also raises flow resistance,
reducing overall efficiency. Thus, we balanced HT performance with liquid film flow characteristics
to identify tubes better suited for FFE. Figures 3(a) and 3(b) show the tube structures and dimensions.
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Tab. 1. Heat exchange specifications
Type of heat transfer tube L/mm o/mm e/mm fpi
Smooth 2000 1 - -
Finned tube 2000 1 0.9 58
T-shaped finned tube 2000 1 0.55 60

3. Data Processing and Analysis

3.1. Data Formula Derivation

To minimize errors in heat balance calculations, the experiment focuses on steam inside the
tube. Initially, heat exchange with the external liquid film cools the vapor to a gas-liquid mixture.
Subsequent heat exchange with glycol in the condenser fully condenses the vapor into liquid. A liquid-
viewing mirror monitors the phase transition, verifying that the two-phase flow transitions completely
to liquid, ensuring the accuracy of results. The experiment strictly adheres to the principle of energy
conservation, as expressed by the following equation:

Qe=Qi-Q+Qs (1)

Where Q. represents the heat exchanged in the FFE section of the heat exchange tube.; Q; is the heat
loss in the pipe, which is negligible compared to the total heat transfer due to the insulation used and
the short length of the tube. Q; is the total heat transferred within the heat exchange tube; Q. is the heat
exchanged between the heat exchange tube and the condenser. Furthermore, Q; satisfies the following
relational equation:

QizFV'pV'(HV_H|) (2)

Where F, is the imported steam's flow rate; p, is the steam's density; H, is the saturated vapor
enthalpy corresponding to the temperature of the imported steam and H; is the saturated water enthalpy
corresponding to the temperature of the imported steam.

Q. satisfies the following relation:

Qc = GMEG * OMEG * Cp . (Tc, in —Tc, out) (3)

Where Gyec represents the ethylene glycol's flow rate; pyec is the ethylene glycol's density; C,
denotes the specific heat capacity of the ethylene glycol, calculated at the average temperature
(TeintTcouw)/2, Tein is the temperature at the condenser's inlet and Tc,. is the temperature at the
condenser's outlet.

To compute the overall HT coefficient K, we can use the formula [24]:

Qe
Ke———
Aout - ATmreED (4)



Where A,y represents the external surface area of the tube. The logarithmic mean temperature
difference, AT wrep is defined by the equation [24]:

Te,in — Te, out
In( Te, in — Tsat ) (5)
Te, out — Tsat
Where Ty is the evaporation temperature; T, iS the water temperature at the inlet of the

evaporation tube and T, o, the water temperature at the outlet of the condenser in the evaporation tube.
The Reynolds number, a critical parameter in the FFE process, is calculated using the equation [25]:
4r

u (6)
Where ["is the spray density for FFE and y is the viscosity coefficient of the working material.
The magnitude of the spray density represents the magnitude of the work mass flow rate, and the
spray density in this study refers to the one-way spray density that satisfies the following correlation
equation [25]:

ATwMTED =

Re

G
r=——
2x L x3600 (7)

Where G represents the work mass flow rate and L denotes the length over which the spray
is distributed.

3.2. Uncertainty and Error Analysis

In experimental research, to ensure the experimental data is closer to the actual value, a
measuring instrument with higher precision should be selected. However, discrepancies between
experimental data and true values are unavoidable. Consequently, it's vital to examine the origins and
extents of these experimental errors to assess the trustworthiness of the data collected. Usually, the
error comes from the accuracy of the equipment and the uncertainty transmission of the calculation
process.

Usually, the error comes from the accuracy of the equipment and the uncertainty transmission of
the calculation process. As some of the parameters are measured directly by the meter, the error comes
from the accuracy of the meter itself, as shown in Table 2. And for those parameters that cannot
obtained by direct measurement, calculations are necessary to get them. Due to the propagation of
uncertainty through the calculation process, this parameter is derived using the error analysis method
outlined by Kline [26]. The findings are presented in Table 3, indicating that the uncertainty in the HT
coefficient is below 6%.

Based on reference [27], for similar falling film HT experiments, an uncertainty in the HT
coefficient of less than 10% is generally considered acceptable. Therefore, the 6% uncertainty in this
experiment fully meets the experimental requirements and does not significantly affect the accuracy of
the final results. Additionally, through repeated experiments and optimization of the experimental
design, we further reduced random errors, thereby enhancing the reliability of the data.



Table 2. Experimental test errors

Measuring device Error
Pressure transmitters +0.25%
thermocouple +0.05°C
Electromagnetic flowmeter +0.5%
Liquid level sensors +0.5%
Table 3. Uncertainty analysis
Experimental parameters Uncertainty

HT temperature difference 2.5%

Spray length 0.5%

Spray density 0.5%

HT coefficient 5.6%

4. Experimental Results and Discussion

The tested parameters included a spray density of 0.0083 to 0.1 kg'm™ 's™ !, an evaporation
temperature of 50 to 70°C, and an inlet steam temperature of 60 to 90°C. Data was recorded every 30
seconds over 20 minutes once conditions stabilized. Seven sets of experiments were conducted under
the same conditions, and the average of these sets was used to ensure accuracy and minimize
experimental variability.

4.1, Effect of tube diameter and spray density on the heat transfer coefficient of different heat
exchange tubes

Figure 4 illustrates the overall HT coefficient, K, as a function of spray density and tube
diameter at a fixed 4r=10°C and T,=65°C.
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Fig. 4. Variation rule of total HT coefficient with spray density and tube diameter

The graph shows that decreasing tube diameter and increasing spray density both enhance the
HT coefficient. This is due to three factors: first, when the tube diameter decreases, the increased
spray spacing allows the liquid film to accelerate more before droplet impact, enhancing droplet
velocity and increasing the film's turbulent kinetic energy. Second, a smaller diameter reduces the



distance the liquid film flows over the heat exchanger tube, lessening the deceleration from viscous
forces. Third, higher spray density increases both the HT area and the liquid film's inertia and
fluctuation. However, as the film thickens, the thermal boundary layer also thickens, gradually
slowing the increase in HT coefficient.

Notably, at low spray densities, the HT performance of finned tubes is lower than that of
smooth tubes. This is primarily due to the excessive fin height, which hinders the lateral spreading of
the liquid film, negatively impacting HT. The taller fins create more resistance for the liquid film to
spread evenly, leading to poorer HT. Reducing the tube diameter can partially alleviate this issue, as it
shortens the distance the liquid film needs to travel. In contrast, T-shaped finned tubes improve lateral
diffusion of the liquid film due to their lower fin height. The T-shaped design prevents liquid droplets
from falling directly into the grooves, creating a buffer zone that promotes more even liquid
distribution. As a result, the HT capacity of T-shaped finned tubes is significantly better than that of
smooth tubes.

4.2. Effect of evaporating temperature on heat transfer coefficients of different heat exchanger
tubes

Figure 5 shows the variation in the overall HT coefficient, K, with evaporation temperatures
from 50 to 70°C, at a sprinkling density of 0.083 kg'm™ !s™ !, 4=10°C, and tube diameter of 25.4
mm.
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Fig. 5. Variation rule of total HT coefficient with evaporation temperature.

The results indicate that as the evaporation temperature increases, the total HT coefficient rises.
This is due to the decrease in water's surface tension and viscosity at higher temperatures, which
enhances water turbulence and thins the laminar flow layer outside the tube, strengthening convective
HT. Notably, finned and T-shaped finned tubes show a greater increase in HT coefficient compared to
smooth tubes, attributed to surface treatments that intensify turbulence as evaporation temperature
rises, accelerating the HT coefficient's growth.

4.3. influence of tube surface wettability on the total heat transfer coefficient
4.3.1 Hydrophilic surface preparation

Currently, the primary methods for preparing hydrophilic surfaces include
electrochemical deposition, sol-gel self-assembly, and photochemical catalysis [28]. To
enhance the hydrophilicity of the heat exchange tube, a detailed coating procedure was used.
After thoroughly cleaning the tube, a nano-coating was applied, followed by a hydrophilic
spray coating after 2-3 hours of setting. This significantly improved surface wettability, as



shown in Figure 6. The contact angle on the smooth tube decreased from 82° to 31°,
indicating a marked increase in hydrophilicity. However, due to the microstructure of the
finned and T-shaped finned tubes, quantitative contact angle analysis could not be performed
on these tubes.
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Fig. 6. Wettability comparison of tube surfaces
4.3.2  The spray effect of the hydrophilic surface

The spreading behaviors of liquid films on different tube types—namely, a smooth tube treated
with a hydrophilic coating, a finned tube, and a T-shaped finned tube—were investigated across
various Reynolds numbers (Re). Comparative experimental findings are presented in Figures. 7(a),
7(b) 7(c), 7(d), 7(e) and 7(f) illustrating the distinct I|qU|d film dynamlcs on each tube type.
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As can be seen from the spray effect diagram, the hydrophilic T-shaped finned tubes and light
tubes are completely wetted at Re = 72, while the same spray effect is achieved only at Re=286
compared to the untreated surface. At identical Reynolds numbers, the hydrophilic treatment on the
finned tube marginally enhances the surface wetting area. This is mainly due to the fact that after
hydrophilic treatment, the contact angle on the surface of the heat transfer tube is reduced, resulting in
a larger spreading area for the liquid film. However, due to the high fin height of the finned tube, and



the liquid droplets do not have a lateral cushion after dropping as in the case of the T-shaped finned
tube. Therefore, the spreading area of the liquid film is not greatly improved for finned tubes.

4.3.3  The influence of the hydrophilic surface of different heat transfer tubes on the heat transfer
performance

Figures 8 and 9 show the effects of evaporation temperature and spray density on the HT
efficiency of smooth and T-shaped finned tubes. Increasing the evaporation temperature to 65°C
improves HT performance for both tube types. However, at T =70°C and 7=0.0083 kg'm™ !'s™ !,
elevated surface temperatures and reduced liquid film thickness accelerate evaporation, leading to
deteriorating HT conditions and reduced overall efficiency. Both tubes have a diameter of 25.4 mm.
The HT deterioration is more severe in T-shaped finned tubes compared to smooth tubes. This is
because some liquid penetrates the grooves of the T-fin upon impact, while other droplets, due to the
buffer design, maintain lateral spreading speed and continue to penetrate the grooves. Although the
HT coefficient inside the grooves is higher due to fin dissipation, the liquid film evaporates faster,
worsening HT deterioration.

Figure 10 examines the impact of various parameters on the HT performance of finned tubes,
showing consistent improvement with increasing evaporation temperatures. This trend is similar to
uncoated finned tubes but with slight enhancements at the same spray densities, due to improved
longitudinal liquid film spread, though transverse spreading remains limited by the fins' obstruction.

As seen in Figures 8 and 9, the HT performance of T-shaped finned and smooth tubes initially
rises, then falls, and finally stabilizes with increasing spray density. This differs from pre-hydrophilic
treatment behavior. The enhanced wettability of hydrophilic-treated tubes promotes better liquid film
spreading at lower spray densities. At 7=0.025 kg-m™~ '-s™ !, the surface is fully wetted, the liquid film
thins, and HT efficiency peaks. However, as spray density further increases, the liquid film thickens,
raising thermal resistance and reducing the overall HT coefficient. At 7=0.058 kg:m™ !'s™ !, the
impact on HT diminishes, stabilizing the HT coefficient.
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The analysis shows that hydrophilic treatment significantly improves the HT performance of
various tubes. To quantify this, we compared the HT coefficients before and after treatment and
calculated the improvement rates. The rate was determined by comparing the maximum HT
coefficient after treatment with the final stabilized value and calculating the percentage difference.
Results show improvements of 51%, 11%, and 45% for T-shaped finned, finned, and smooth tubes,
respectively. Additionally, by comparing the maximum HT coefficients under fixed conditions (see
Figures 4, 5, 8, 9, and 10), improvement rates were expressed as ranges: 56%-62% for T-shaped
finned tubes and 28%-35% for finned tubes. This range-based approach better captures the effects of
varying operating conditions on HT performance.

5. Conclusion

This study presents the design and construction of a horizontal tube FFE HT test platform. The
HT efficiency of smooth, T-shaped finned, and finned tubes was experimentally investigated. The
research outlines HT performance trends for different tubes under varying spray densities, evaporation
temperatures, and surface wettability. Key findings include:

(1) An increase in spray density and a decrease in tube diameter improved HT performance for
all three tube types. Finned tubes showed better HT performance with higher spray densities, while
smooth and T-shaped finned tubes exhibited an initial increase followed by a plateau. At low spray
densities, finned tubes performed worse at high temperatures compared to smooth tubes, but this could
be improved by adjusting the tube diameter.

(2) Raising the evaporation temperature enhanced the HT performance for all three tube types.
However, compared to smooth tubes, the T-shaped finned and finned tubes benefited the most from
increased evaporation temperatures.

(3) Hydrophilic treatment significantly improved HT performance: 51% for T-shaped finned
tubes, 45% for smooth tubes, and 11% for finned tubes. Both T-shaped finned and smooth tubes
showed an initial increase in HT performance with higher spray densities, followed by a decline and
stabilization. An increase in evaporation temperature below 70°C also enhanced HT performance, but
at T4=70°C and 7=0.0087 kg-m™ '-s™ !, a decline was observed for both tubes, with more severe
deterioration in T-shaped finned tubes. The HT performance of finned tubes remained unchanged
compared to pre-treatment levels under the same conditions.

(4) Comparatively, the T-shaped finned tube's performance improved by approximately 56-62%
relative to the smooth tube, and the finned tube exhibited 28-35% improvement over the smooth tube



under the same operational conditions. Therefore, the lower fin height and T-fin design are more
favorable to improve the HT performance of FFE.
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Nomenclature

A -area, [m?] A -variable differential, [-]
D  -outer diameter of tube, [mm] p  -density, kg-m?

fpi  -external fins per inch, [-] Subscript

e  -external fins height, [mm] c -condensation, [-]

G  -mass flow, [kg-h™] e -evaporation, [-]

H -enthalpy, [kJ-kg™] in  -inlet, [-]

K  -the total heat transfer efficient, [W-m?-°C*] |  -liquid, [-]

L  -length of test tube, [mm] v -vapor, [-]

Q  -heat exchange rate, [W] LMTD -logarithmic mean temperature difference, [-]
Re -Reynolds number, [-] MEG -ethylene glycol, [-]

T  -temperature, [°C] out -outlet, [-]

C, -specific heat capacity, [J-kg™-K™] sat -saturation, [-]

Creek symbols i -inside of tube, [-]

I -spraying density, [kg-m™-s™]
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