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Abstract: The accurate prediction of the falling film characteristics of cryogenic liquids is necessary
to ensure good evaporation performance, due to their special physical properties. In this study, the
film flow and heat transfer characteristics on four different structures were investigated, and the
performance of the cryogenic liquid oxygen was compared with other fluids with higher temperatures,
which demonstrates the influence of structures and liquid mediums. The VOF model was used to
capture the film surface in the simulation model. The results show that for the four structures, liquids
with higher kinematic viscosity tend to have greater film thickness, and the sensible heat transfer
coefficients are inversely related to the nominal thermal resistance of falling film flow. Both on the
smooth plate and the corrugated plate, the film wettability depends on the kinematic viscosity, rather
than the dynamic viscosity, and the effect of kinematic viscosity is greater than that of surface tension.
Both the local heat transfer coefficient and its fluctuation amplitude decrease gradually along the
flow direction on the triangular corrugated plate, and the vortices are easier to produce at the wall
troughs when the film viscosity is higher. At the bottom of the horizontal tube, the increases in local
film thickness of the liquid oxygen are less than those of the water and the seawater. More liquid
tends to accumulate at the bottom of the round tube, while it easily detaches from the film surface of
the elliptical tube. For the horizontal tubes, the local heat transfer coefficients decrease rapidly when
θ = 0–5◦, and increase sharply at θ = 175–180◦.

Keywords: falling film; elliptical tube; VOF; film thickness; heat transfer; simulation

1. Introduction

Falling film technology has the advantages of low pressure drop, high heat and mass
transfer, small liquid charge, which has been widely used in many fields such as desali-
nation, refrigeration, chemical processes. The structures for the falling film evaporators
include plates, tubes, packed columns and so on [1–4]. The falling film evaporators con-
tribute to energy saving, while there are many factors influence on the heat and mass
transfer performance. Therefore, a large amount of attention has been paid to these fields.

Horizontal tubes are often chosen as the structure type of falling film evaporators
in the desalination and refrigeration fields. John et al. [5] compared the performance
of eight liquid distributors for the film flow over horizontal tube banks. By using the
chromatic confocal displacement sensor, Chen et al. [6] measured the film thickness on the
horizontal tube under the droplet and sheet flow. Chen et al. [7] proposed a correlation to
predict the flow pattern transitions over enhanced tubes with 2D integral fins based on
the experimental data. Zheng et al. [8] studied periodical film fluctuation characteristics
over a superhydrophilic tube, and the wall temperature was monitored by the infrared
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camera. Hong et al. [9] measured the heat transfer coefficients of R134a film flow on the
surface-modified tubes.

With the CFD method, Cao et al. [10] acquired that finned tubes can influence on the
film spreading. Zhang et al. [11] simulated the effect of gas flow on the film thickness
distribution. Guo et al. [12] investigated the film flow on the horizontal round tube under
column flow, the film thickness and heat transfer coefficients along the axial direction were
acquired. Zhao et al. [13] numerically studied the effect of the tube bundle arrangement
on the film flow and heat transfer. Karmakar et al. [14] explored the sensible heat transfer
coefficients of falling film on the horizontal tube under different flow patterns, namely,
the droplet, jet, and sheet regimes. The sensible heat transfer is a common term used in
the heat transfer field, which means only temperature variation of liquid film happens
under this heat transfer process without phase change. Mao et al. [15,16] simulated the heat
recycles from the oily wastewater film by falling on a horizontal tube, and the effects of oil
content, tube diameter, spray density on heat transfer were analyzed. Tahir et al. [17] set up
a numerical model to calculate the film flow of LiBr-H2O solution on the horizontal tube,
and the effects of the liquid load and the concentration on the film hydrodynamics were
examined. In addition, the falling film absorber using horizontal tubes was theoretically
modelled with an aqueous alkaline nitrate solution as working fluid [18].

For film flow on the vertical walls, Huang et al. [19] explored the film evaporation
and sensible heat transfer inside the converging-diverging tubes, and found the rid height
has great impact on the heat transfer performance. Eichinger et al. [20] studied that the
R290 film flow inside a vertical round tube, and showed the groove structure improves
the wetting behavior and heat transfer. Wang et al. [21] measured the film thickness on
the vertical plate by the confocal chromatic technique, a film thickness correlation was
proposed for the ionic liquids.Li et al. [22] numerically studied the film flow outside the
vertical tube, and found the ripple surface structure hinders the film spreading, which
results in smaller velocity and greater film thickness compared with the smooth tube.
Jourdan et al. [23] investigated the wettability and film thickness on the cooling tower
packing by the fluorescence method. Shi et al. [24] obtained the film thickness of the falling
film absorption by the optical method, and found the waviness intensity contributes to the
mass transfer rate. Wei et al. [25] defined the minimum wetting rate (MWR) when the film
firstly wets the wall completely as the mass flow increases, and explored the effect of the
groove structure and the contact angle on the MWR.

The working fluids studied in the existing literature are mainly concentrated in pure
water [5–8,10,11,13,19,23,25], seawater [3], oil sewage [15,16], LiBr solution [17], freon
refrigerant [9,20,22], ethylene glycol aqueous solution [14], potassium formate aqueous
solution [24], ionic fluid [21,22]. For the cryogenic liquid, Pavlenko et al. [26] measured the
film flow of cryogenic liquid nitrogen on the surfaces with complex geometry, and found
the microstructure has a significant influence on the film spreading progress. Zhou et al. [27]
adopted the mathematical model to analyze film flow in the plate-fin condenser/reboilers
of air separation, in which liquid oxygen evaporates and gas nitrogen condensates.

In summary, Gu et al. [28] pointed out the cryogenic liquid oxygen has special physical
properties such as low viscosity and surface tension, which is quite different from common
fluids under room temperature. In addition, the cryogenic experiment has deficiencies of
high cost and large measurement error. Therefore, the numerical method is particularly
suitable to study the falling film characteristics of cryogenic liquids. At present, there is
not too much research focused on the film flow characteristics of cryogenic liquid oxygen,
especially on the horizontal tubes, which is still necessary to explore in depth. In the present
study, four typical working fluids and four different structures are selected to simulate
the effects of physical properties and wall structures on the falling film characteristics.
In the following, the mathematical models and numerical implementation are described
firstly, and the Fluent 18.0 software is adopted to simulate the falling film process. Through
comparing results of falling film flow, wettability and heat transfer characteristics under
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four structures, and some useful conclusions are drawn finally, which contributes to the
design of falling film evaporators.

2. CFD Model
2.1. Physical Models and Boundary Conditions

Four different structures, namely a smooth plate, triangular corrugated plate, round
tube, and elliptical tube, are studied in the present study. As shown in Figure 1a, the
dimensions (length L × depth D) of the 2D smooth plate are 60 mm × 4 mm, and the depth
for the liquid inlet is 0.4 mm. Figure 1b depicts the 3D smooth plate, whose dimensions
(length L × depth D × width W) are 60 mm× 7 mm× 50 mm, and the liquid inlet is also
0.4 mm in depth. Figure 1c,d show the 2D and 3D triangular corrugated plates, and their
plate dimensions, including the length L, depth D, and width W, which are equal to those
in the corresponding smooth plates. The only difference is in the bottom wall. For the 2D
model, the dimensions of the triangular unit are Le = 5 mm and De = 0.7 mm. For the 3D
model, the dimensions of the triangular unit are Le = 6 mm and De = 0.6 mm. To reduce
the calculation cost, only half models are set up for the 3D models of the smooth plate and
the triangular corrugated plate. The coordinates x, y, and z represent the width, length,
and depth directions, respectively. The inclination angle φ is defined as the angle between
the bottom wall and the horizontal ground. As for the horizontal tube, Figure 1e depicts
the physical model of one half round tube. The tube diameter and the liquid inlet length
are 60 mm and 1 mm, respectively. Figure 1f shows the elliptical tube model, whose tube
perimeter Pt and ellipticity E are 62.8 mm and 2.5, respectively. The peripheral angle θ is
defined as the angle starting from the tube top to the tube bottom.

The 2D models of the smooth plate, the triangular corrugated plate, the round tube,
and the elliptical pipe were used to simulate the film flow and heat transfer characteristics,
and the 3D plate models were used to simulate the film wettability. Mesh independency
studies were conducted for all the models. For example, we established three mesh models
with grid numbers of 6438, 10,360, and 16,591 for the 2D smooth plate, and acquired the
average heat transfer of have = 3437, 3465, and 3470 W·m−2·K−1, respectively, at Re = 1200,
ϕ = 90◦. Then the mesh model with 16,591 grid numbers was chosen as the final calculation
model. The velocity inlet was employed both in the liquid inlet and the gas inlet boundary.
The outlet and the walls were set as the pressure outlet and the no-slip wall conditions,
respectively. In the present study, a wall with a constant contact angle of 70◦ was applied
to acquire the film wettability under this condition. The remaining boundaries were all set
as the symmetry condition. Other detailed numerical settings can be found in [2–4].
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2.2. Assumptions and Mathematical Models

In order to simplify the calculation models, some assumptions were made as below:
(1) all the liquid and gas phases were treated as incompressible fluids with constant proper-
ties; (2) the flow regime was laminar flow; (3) the shear force upon the gas–liquid interface
was ignored; and (4) only sensible heat transfer happened during the heat transfer process.
The general governing equations are given as below:

∇ · (→v ) = 0 (1)

∂

∂t

(
ρ
→
v
)
+∇ ·

(
ρ
→
v
→
v
)
= −∇p + µ∇2→v + ρ

→
g +

→
F vol. (2)

∂(ρT)
∂t

+∇ · (ρ→v T) = ∇ · ( λ

cp
∇T) (3)

where
→
v represents the velocity vector and

→
F vol refers to the volume force in the momen-

tum conservation equation. In the present study, the surface tension is added into the
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volume force, which is based on the continuum surface force (CSF) model proposed by
Brackbill et al. [29]:

→
F vol = σlg

αlρlκg∇αg + αgρgκl∇αl

0.5
(
ρl + ρg

) (4)

where κl (κl = ∇ · (∇αl/|∇αl |)) and κg (κg = ∇ ·
(
∇αg/

∣∣∇αg
∣∣)) refer to the curvature of

the liquid and gas surfaces, respectively. σlg refers to the surface tension coefficient of the
gas–liquid interface.

The film surface is tracked by solving the conservation equation of the volume fraction
in Equation (5):

∂α

∂t
+
→
v · ∇α = 0 (5)

where α is the volume fractions of the liquid and gas phase, and they sum to achieve unity
in each cell.

The Reynolds number (Re) is defined as Re = 4Γ/µl , where Γ represents the film mass
flow rate per unit length, and µl represents the liquid dynamic viscosity. For the vertical
film flow, it is found that the film regime is laminar at Re ≤ 1600 [30]. Moreover, the film
surface is smooth and laminar near the region of liquid inlet, which is defined as the wave
inception [31,32]. Furthermore, we acquired the length of wave inception at Re = 1600, for
the water was less than 20 cm (see Figure 3 in [32]). In the present study, because the plate
length is only 60 mm and the simulation Re is below 1600, thus, we chose the laminar model
to simulate the film flow on the inclined plates. For the film on the horizontal tube, we
acquired the film flow pattern of the present studied fluids in sheet flow at Re ≥ 634, based
on Equation (6), which is defined as the critical Re for the jet–sheet flow transition [33].
Moreover, it was measured that the laminar film conditions exist up to a film Reynolds
number of about 2000 [34]. Therefore, we chose Re = 2000 as the studied condition to ensure
the film situates at both the laminar flow and sheet flow.

Re = 1.448Ga0.236 (6)

where Ga is the modified Galileo number, defined as Ga = ρσ3/
(
gµ4).

The Weber number (We) is defined as We= ρlu2
Nu δNu/σl [2]. The methods for the pres-

sure discretization and the pressure–velocity coupling are PRESTO and PISO, respectively.
The second-upwind scheme was chosen to discretize the momentum and energy equations.
In order to better analyze the effect of physical properties, four fluids listed in Table 1
are selected for comparative study, namely water, seawater, propane (R290), and liquid

oxygen (O2). The Kapitza number is defined as Ka = σ
(
ρ/(µ4g)

)1/3, which only reflects
the physical properties of fluids. The Ka number is an important parameter that influences
the film stability and wettability [35,36]. For better comparison, the Ka numbers of the four
fluids are relatively close to each other.

Table 1. Properties of fluids.

Fluid Condition Density
ρ/kg·m−3

Dynamic
Viscosity
µ/µPa·s

SurfaceTension
Coefficientσ/mN·m−3 Pr Ka

Water Tin = 37 ◦C, ps = 0.1 MPa 993 691 70 4.62 5344
Seawater Tin = 50 ◦C, S = 105 g·kg−1, ps = 0.1 MPa 1066 712 71.5 4.15 5365

R290 Tin = −30 ◦C, ps = 3.8 MPa 571 179 14 3.27 5391
O2 Tin = −186 ◦C, ps = 0.2 MPa 1158 214 14 2.32 5373

The wetting ratio (WR) is defined as WR = Aw/A, where Aw and A refer to the
wetting area and the bottom plate wall, respectively. The local heat transfer coefficient
h is defined as h = q/∆T, where q and ∆T (= Tw − Tin) refer to the local wall heat flux
and temperature difference, respectively. Tw and Tin refer to the wall temperature and
liquid inlet temperature, respectively. For heating conditions, the wall temperature is
constant, based on ∆T = 5 ◦C when the liquid inlet temperature is certain. Considering the
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fluctuation of film flow, all the film thickness and heat transfer coefficients are calculated
by the time-average method.

The models’ accuracy is validated in our previous work [2–4], which indicates that the
present models simulate the local film thickness and local heat transfer coefficients with
high accuracy.

3. Results
3.1. Falling Film Characteristics on the Smooth Plate

Figure 2 shows the local film thickness on the 2D smooth plate under different fluids.
The result of the experiment using water (Tin = 25 ◦C) in [2] is selected for comparison.
For the water (Tin = 25 ◦C), the local film thickness slightly decreases at first with the
flow direction, then gradually increases, and finally reaches a stable value. However, the
results of the other fluids decrease all the way, and gradually stabilize in the end. This is
because the water has a higher viscosity when the liquid temperature decreases. Based on
Nusselt’s correlation of film thickness, as shown in Equation (7) [37], we obtain Nusselt’s
results of film thickness for water at Tin = 25 ◦C and Tin = 37 ◦C of 0.439 mm and 0.372 mm,
respectively. As the length of the liquid inlet is fixed at 0.4 mm, this results in different
variation trends along the flow direction for the two water cases. Figure 2 also depicts the
film thickness results of Nusselt’s correlation. It shows that all the final results of local film
thickness are close to Nusselt’s results, and the maximum relative deviations are within
±6.3%. We find that the final film thickness is positively correlated with the kinematic
viscosity, which agrees with Nusselt’s formula.

δNu = (3µlQ/(∆ρgW sin φ))1/3 (7)

where δNu represents the Nusselt film thickness, ∆ρ represents the density difference
∆ρ = ρl − ρg, Q = (ReµW/(4ρ)) refers to the volume flow rate, and W is the plate width of
the 3D models.

Figure 3 shows the local heat transfer coefficients for different fluids. We note that all
the h results decrease with the flow direction, which is related to the development of the
thermal boundary layer. In addition, the two water cases and the seawater case have close
h results, and the maximal deviations are within ±1.3%. Compared with the above three
fluids, the h results of the liquid oxygen are less, and those of the R290 are minimal. In
the present study, we define the nominal thermal resistance as Rcond = δavg/λ, where δavg
refers to the average film thickness, and λ refers to the liquid thermal conductivity. The
water (Tin = 25 ◦C) case is defined as the reference case, thus, λ25, R25 (R25 = δ25/λ25), δ25,
and h25 are the thermal conductivity, nominal thermal resistance, average film thickness,
and average heat transfer coefficient, respectively, of the reference case. In addition, we
observe that the liquid oxygen case has larger h than the R290 case, which infers the heat
transfer coefficients of falling film flow are not linearly related to the Prandtl number.

The dimensionless results of λ/λ25, δavg/δ25, havg/h25, and Rcond/R25 of the four
fluids are shown in Figure 4. Although the δavg of water (Tin = 37 ◦C) and seawater are
larger than those of the R290 and the liquid oxygen, the former cases have higher average
heat transfer coefficients havg than the latter cases. This is because the former two fluids
have higher thermal conductivity, which results in lower nominal thermal resistance. The
above results show that an inverse relationship exists between the average heat transfer
coefficient and the nominal thermal resistance, which infers the heat conduction greatly
influences the sensible heat transfer of film flow.
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Figure 5 shows the film distribution of four fluids on the smooth plate at We = 0.76,
φ = 60◦, and the left scale depicted in different colors reflects the film thickness. For the



Energies 2022, 15, 5040 8 of 18

four cases, all the film contracts into one main stream in the middle, and two minor streams
flow on two sides. We define two points in this process, namely, the contraction point and
the intersection point, as shown in Figure 5a. From the left to the right cases, the position
of the contraction point gradually moves upward, and the main stream width behind the
intersection point gradually narrows. The WR results of water, seawater, R290, and O2 cases
are 0.57, 0.56, 0.47, and 0.43, respectively. Lyu et al. [38] point out the higher surface tension
goes against the film spreading, while higher dynamic viscosity has a conducive effect.
The water and the seawater have nearly equal wettability, due to their similar physical
properties. Moreover, they have large surface tension coefficients and dynamic viscosity
coefficients, which are 5.0–5.1 and 3.2–4.0 times greater those of R290 and liquid oxygen,
respectively. As the WR results of the water and the seawater are greater than those of the
liquid oxygen and the R290, it infers that the viscosity force has a higher impact on film
wettability than the surface tension.
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and (d) O2.

The surface tension coefficients of R290 and liquid oxygen are similar, and the dynamic
viscosity coefficient of liquid oxygen is greater than that of R290, while the WR of liquid
oxygen is less than that of R290. This is because the kinematic viscosity of the liquid oxygen
is smaller than that of the R290. The film flows more easily outside from the plate as
the gravity force (ρg·sinφ) is larger, which can reduce the wetting area. It infers the film
wettability mainly depends on the kinematic viscosity, rather than the dynamic viscosity.
The larger the kinematic viscosity is, the better the film wettability is.

3.2. Falling Film Characteristics on the Corrugated Plate

Figure 6 shows the results of film surface position z for five fluids on the 2D triangular
corrugated plate (Le = 5 mm, De = 0.7 mm). It notes that all the film surfaces fluctuate along
the flow direction. The film surface positions of the R290 and the liquid oxygen are low,
which are close to the shape of “triangular wave”. The film surface positions of the other
three fluids are higher, and the shapes are closer to the “sine wave”. This is because the
thinner film is more easily influenced by the wall structure, and the influence decreases
when the distance between the film surface and the wall is further.

Figure 7 shows the local film thickness on the above triangular corrugated plate.
The purple line in the bottom represents the wall position. Similar to the film surface
position, the local film thickness also fluctuates along the flow direction. For the water
(Tin = 25 ◦C), unlike the “sine wave” shape for the film surface position, the shape of
film thickness is similar to the “triangular wave”, and the maximum amplitude reaches
about 0.4 mm. However, the film thickness results of the other fluids show quite different
periodic variations. The film thickness of the liquid oxygen has the smallest fluctuation
amplitude of 0.05 mm. Similar to the results on the smooth plate, the δ results of the R290
and the liquid oxygen decrease along the flow direction, while the δ results of the other
fluids increase slightly, which indicates that the corrugated wall structure affects the film
developmental process. This is because the distortive force produced by the corrugated
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ribs hinders the film from spreading downwards. In addition, the viscosities of the waters
and the seawater are larger than the other fluids, which intensifies the film accumulation
on the wall. However, the liquid oxygen and the R290 have relatively smaller viscosity, and
the distortive force and the viscous force are less than the gravity force, which results in the
decrease in film thickness.
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Figure 6. Film surface position z for different fluids.

Figure 8 shows the film streamline distributions of five fluids near y = 30 mm. Vortices
exist in the wall trough regions for the water (Tin = 25 ◦C) case, while no vortex is found
for the other fluids. Furthermore, we also find that vortices also occur under the water
(Tin = 10 ◦C) case in the CFD method. As the water viscosity decreases with temperature, it
infers that the viscosity also affects the occurrence of vortices in addition to the corrugation
steepness (St = De/Le) [2]. The vortex tends to happen more easily when the liquid has
a higher viscosity, because the viscous force hinders the film from flowing downwards,
and more film is impeded at wall troughs. Finally, the vortices occur under the drag force
caused by the upper flowing film.
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nominal thermal resistance than the reference case, the average heat transfer coefficients 
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Figure 8. Streamline on the triangular corrugated plate for different fluids: (a) water (Tin = 25 ◦C);
(b) water (Tin = 37 ◦C); (c) seawater; (d) R290; and (e) O2.

Figure 9 shows the local heat transfer coefficients on the above triangular corrugated
plate. It is found that the local heat transfer coefficients of all fluids decrease along the flow
direction, and the fluctuation amplitudes decrease gradually. The water (Tin = 25 ◦C) case
has the maximal fluctuation amplitude, which results from the large fluctuation in local
film thickness. We also take the result of the water (Tin = 25 ◦C) as the reference case, and
STD25 is defined as the global standard deviation of local film thickness for the reference
case [2]. The dimensionless results of δavg/δ25, STD/STD25, havg/h25, and Rcond/R25 are
shown in Figure 10. Although the water (Tin = 37 ◦C) and the seawater cases have lower
nominal thermal resistance than the reference case, the average heat transfer coefficients
are close to the reference case. This is because the vortices generated at the wall trough
enhance heat transfer for the reference case. The R290 and the liquid oxygen have lower
heat transfer coefficients, due to their higher nominal thermal resistance.

Figure 11 shows the film distributions of the four fluids on the 3D triangular corrugated
plate (Le = 6 mm, De = 0.6 mm). The left scale represents the film surface position z. Similarly,
the positions of the contraction point rise gradually from left to right in each case. The
WR results of the water, seawater, R290, and liquid oxygen cases are 0.53, 0.53, 0.47, and
0.40, respectively. The water and the seawater have the largest WR, followed by the R290,
and the smallest is the liquid oxygen, which is consistent with the trend on the smooth
plate. The difference compared with the results on the smooth plate is the wavy gas–liquid
interfaces, which is affected by the corrugated wall.
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Figure 11. Film distribution for different fluids (We = 0.76, φ = 60◦): (a) water; (b) seawater; (c) R290;
and (d) O2.

3.3. Falling Film Characteristics on the Round Tube

Figure 12 shows the local film thickness of the four fluids on a horizontal round tube.
The local film thickness of the seawater is slightly lower than that of the water, followed
by the R290, and the liquid oxygen. An evident increase in film thickness exists near the
bottom region. For the water and the seawater cases, the results of local film thickness
increase by 75.2% and 67.9%, respectively, at θ = 160–175◦. Meanwhile the increases in the
R290 and the liquid oxygen cases are only 18.9% and 11.2%, respectively. This is because
the water and the seawater have higher viscosity, which results in more liquid remaining
on the bottom of the tube.

Figure 13 shows the local heat transfer coefficients on the round tube. The local heat
transfer coefficients of the water and the seawater are very close to each other, but greater
than those of the R290 and the liquid oxygen. The h results decrease by 36.6%, 33.3%, 41.6%,
and 72.1% at θ = 0–5◦ for the water, seawater, R290, and liquid oxygen, respectively, which
is due to the impact of vortices forming on the top of the round tube. Similarly, the vortices
produced by the film separation near the bottom of the tube (θ =175–180◦) also intensify the
heat transfer [3]. Average film thickness δavg is defined as the average value of local film
thickness at all monitor points. By calculation, the nominal thermal resistances (δavg/λ) of
the R290 and the liquid oxygen are 2.65 and 1.37 times that of the water, respectively. Thus,
the cases of liquid oxygen and the R290 have lower heat transfer coefficients than those of
the water case.
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Figure 14 shows the transient film thickness on the horizontal round tube under four
different fluids. It clearly demonstrates that the film surfaces are unstable for the water,
seawater, and R290 cases, while the liquid oxygen case has a nearly smooth film surface.
The amplitudes of film thickness (almost 0.4 mm) for the water and the seawater are similar
and large, and are greater than that of the R290. The film distributions on the horizontal
round tube under four different fluids are shown in Figure 15. The film thickness results of
the water and the seawater cases are evidently thicker than those of the R290 and the liquid
oxygen. In addition, the prior two cases have wavier film surfaces, similar to a “teardrop”,
along the tube perimeter, which has a sharp downstream slope and a long gently sloping
tail [39]. However, the latter two cases have relatively smoother surfaces, especially for
the liquid oxygen case. The wavy film surfaces strongly depends on the liquid physical
properties, namely, larger viscous force and gravity force, which contribute to the film
stability, while larger surface tension has the opposite effect [40]. As seen in Table 1, both
the dynamic viscosity and surface tension coefficients of the water and the seawater are
larger than those of the other two cases. Thus, it infers that the influence of surface tension
on the film stability is greater than that of the viscous force.
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at the bottom of the elliptical tube are significantly less than those of the round tube. The 
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Figure 15. Film distribution on the horizontal tube under different fluids: (a) water; (b) seawater;
(c) R290; and (d) liquid oxygen.

3.4. Falling Film Characteristics on the Elliptical Tube

Figure 16 shows the local film thickness of four fluids on the elliptical tube. It is found
that the δ results of the water and the seawater at first gradually decrease by 36.0% and
40.8%, respectively, at θ = 5–160◦. Subsequently, the results significantly increase by 16.1%
and 18.6%, respectively, at θ = 160–175◦. For the R290 and the liquid oxygen, the δ results
decrease by 34.4% and 35.4%, respectively, at θ = 5–20◦. Afterwards, they decrease slowly,
and then increase by 2.9% and 3.2%, respectively, at θ = 160–175◦; thus, their increased
amplitudes of film thickness are lower than those of the water and the seawater at the tube
bottom. Through comparison with results in Figure 12, the increases in local film thickness
at the bottom of the elliptical tube are significantly less than those of the round tube. The
reason for this is determined by the “thin and tall” shape of the elliptical tube. The film
accelerates more easily with the gravity force and is separate from the wall, which leads to
less film remaining on the bottom of the elliptical tube.

Figure 17 shows the local heat transfer coefficients on the elliptical tube. Similar
to the results on the round tube, the local heat transfer coefficients are asymmetrically
distributed along the tube perimeter, and change drastically at θ = 0–5◦ and 175–180◦. The
nominal thermal resistances of the R290 and the liquid oxygen are 2.92 and 1.53 times that
of the water case, respectively, which results in lower heat transfer coefficients. It also
infers that an inverse relationship exists between heat transfer coefficients and nominal
thermal resistance.
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Figure 17. Local heat transfer coefficient h on the elliptical tube.

Figure 18 shows the film surfaces on the elliptical tube under four fluids. It indicates
that the film surfaces are smoother than those on the round tube (see Figure 15). In addition,
we observe that some liquid drops down from the film surface for the water and the
seawater cases, while this does not happen for the same liquids on the round tube. This
may be due to the greater acceleration effect brought by the gravity force on the elliptical
tube, which results in a larger film velocity. Thus, there is not enough time for the film to
grow sufficiently enough to be wavy [41,42]. When the film velocity is higher, the critical
value, namely, the liquid inertial force, is larger than the adhesion force, then the liquid
starts to detach from the film surface. Moreover, the film thickness results are thinner for
the R290 and the liquid oxygen cases, and no droplets are observed, similar to those cases
on the round tube. This is because the film velocity is still not high enough to overcome the
effect of the adhesion force.
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4. Conclusions

In this paper, the flow and heat transfer characteristics of falling film on different wall
structures are explored. The studied fluids include water, seawater, R290, and liquid oxygen.
The results of liquid film thickness, heat transfer coefficients, and wetting performance on
four structures are compared. The main conclusions are as follows:

(1) The local heat transfer coefficients decrease gradually as film flows on the smooth
plate. An inverse relationship exists between the average heat transfer coefficients
and the nominal thermal resistance. The kinematic viscosity, rather than the dynamic
viscosity, affects the film wettability, and the effect of kinematic viscosity is greater than
that of surface tension. The wetting ratio increases with the kinematic viscosity. The
film surface on the triangular corrugated plate is wavier than that on the smooth plate;

(2) On the triangular corrugated plate, the film surface presents a shape with periodic
fluctuation. When the liquid film thickness is small, the film surface presents a
“triangular wave” shape similar to the wall structure, but when the film thickness
is large, the film surface is close to the “sine wave” shape. The local heat transfer
coefficient and its fluctuation amplitude decrease gradually along the flow direction.
The vortices are easier to produce when the film viscosity is higher;

(3) The surface tension has more influence on the film stability than the viscous force.
Compared with the round tube, it is hard for the film to develop into a wavy surface
on the elliptical tube. The local film thickness results of the water and the seawater
increase more evidently near the bottom of the horizontal pipe than those of the R290
and the liquid oxygen. The rise of local film thickness on the bottom of the elliptical
tube is less than that on the round tube. The local heat transfer coefficients decrease
rapidly when θ = 0–5◦, and finally increase sharply at θ = 175–180◦.
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Nomenclature

a The semi-major axis of the ellipse (m)
b The semi-minor axis of the ellipse (m)
cp Specific heat capacity (J·kg−1·K−1)
D Round tube diameter (m)
E Tube ellipticity (=a/b)
g Gravity acceleration (m·s−2)
h Local heat transfer coefficient (W·m−2·K−1)
Ka Kapitza number (-)
sPt Half of the tube perimeter (m)
q Heat flux (W·m−2)
Re Reynolds number (-)
Tin Liquid inlet temperature (◦C)
Tw Wall temperature (◦C)
We Weber number (-)
Greek letters
Γ Mass flow rate per unit length (kg·m−1·s−1)
α Volume fraction (-)
θ Peripheral angle (◦)
σ Surface tension coefficient (N·m−1)
δ Local film thickness (mm)
λ Thermal conductivity (W·m−1·K−1)
µ Dynamic viscosity (Pa·s)
ρ Density (kg·m−3)
Subscripts
l Liquid
g Gas
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