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ABSTRACT

In order to get a deep insight of the heat transfer mechanism of falling film evaporation
outside a horizontal tube, the characterization of the microscopic mechanics was
numerically investigated. A numerical model was developed to obtain the dynamic and
heat transfer performance including film thickness, film velocity, film temperature and local
heat transfer coefficient. The simulated results were found to be in a good agreement with
the reported data. The results show that the convection plays an important role in the thin
film evaporation even at low Reynolds number through the analysis on the profiles of the
local film velocity and local heat transfer coefficient in the falling film. The distribution of
the thermal developing region and thermal developed region along the tube circumference
for a single tube and a tube bundle was predicted. The local film temperature increases and
local heat transfer coefficient stabilizes at the top thermally developing region while the
former stabilizes and the latter decreases at the fully thermal developed region which is at
the bottom part of the tube.
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1. Introduction

The horizontal-tube falling film evaporator occurs
in numerous energy conversion and transport applica-
tions, including seawater desalination, refrigeration
and air conditioning systems, chemical reactors and
process industry heat exchange equipment. This type
of evaporator provides a very effective means of trans-
porting energy due to its advantages over other evap-
orators as small temperature difference, external thin

film thickness and phase change on both sides of a
tube. Detailed understanding of the heat transfer
mechanism of falling film evaporation outside a hori-
zontal tube is required to develop a sound designing
method.

Although falling film evaporation is widely used,
the information in the literature for its heat transfer
mechanism is still limited. Most attention of prior
experiments was directed towards how the experi-
mental parameters affect the heat transfer perfor-
mance. The heat flux was found to have no effect on
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heat transfer coefficients for convection conditions
[1–4] while the heat transfer coefficients were reported
to increase with the heat flux for boiling evaporation
[5–7]. This can be explained by their heat transfer
mechanisms of film evaporation and nuclear boiling
evaporation, respectively.

Many researchers have experimentally shown
diverged behaviours of the liquid film flow rate effect
in convection conditions: as the flow rate increases,
the heat transfer coefficient increases after it decreases
to a minimum [8,9], the heat transfer coefficient is
independent on the flow rate [7,10] and the heat trans-
fer coefficient increases [1,11]. This could possibly
attribute to the change of the falling film flow models
which correspond to different liquid film profiles.

Numerous comprehensive experiments [1,4,12]
confirmed that the heat transfer coefficient increases
with liquid film temperature. This temperature effect
is due to the decrease in liquid viscosity which conse-
quently thins the liquid film.

A great deal of experimental efforts have been lim-
ited on the measurement of heat transfer coefficients for
falling film evaporation outside a horizontal tube. These
measurements are useful in providing boundary condi-
tions and qualitative information, but they can not give
a real insight as to the true nature of liquid and vapour
flows and their interactions. There appears to be few
experimental data on the microscopic mechanics of
liquid film which includes local film thickness, velocity
and temperature profile in the falling film due to the
challenge inherent in the measurement.

Empirical correlations for the horizontal-tube falling
film evaporation are intended to generate heat transfer
coefficient, pressure drop and wall shear using liquid
flow rate, entrance temperature and pressure as their
inputs. A great number of correlations [1,3,13–16],
which are selected in terms of an assessment of the flow
regime, the falling film flow mode and the prevailing
heat transfer mechanism, are widely proposed. How-
ever, due to the complexity of the two-phase flow, the
designation of the flow regimes and flow modes has not
yet been standardized and generally depends on the
researchers’ arbitrary judgement. The development of
the correlations is limited to relatively few flow condi-
tions and test sections.

A significant amount of simulation work has been
performed. The flow and heat transfer of the falling
film evaporation along a horizontal tube is classified
into different regions where analytical models are pro-
posed [8,13,17]. But their calculations do not agree
with each other on the distribution of the fully devel-
oped region. A range of simulation models [18–21]
have been proposed to describe the local heat transfer
performance based on assumptions of the temperature

and velocity profiles in the film. However, the hypoth-
esized profiles appear to lead to diverged outcomes.

In light of the previous literature review, although
the mathematical and experimental research that is
mainly on heat transfer performance, exists for falling
film evaporation outside a horizontal tube, very few
attempt to determine the profiles of the temperature
and velocity in the film in order to explore the micro-
scopic mechanics. Since the heat transfer performance
is closely tied to the distribution of the film velocity
and temperature and most theoretical models are
based on the hypothesized distribution, it is significant
that the profiles of the temperature and velocity be
determined as part of the model solution.

In order to get a deep insight of the heat transfer
mechanism of falling film evaporation outside a hori-
zontal tube, the characterization of the microscopic
mechanics was numerically investigated. The dynamic
and heat transfer performance, including film thick-
ness, film velocity, film temperature and local heat
transfer coefficient, was simulated. The detailed infor-
mation was described to understand the fundamental
mechanics of momentum and energy transport in two-
phase falling film flow.

2. Mathematical models

A schematic of falling-film evaporation outside a
horizontal tube is demonstrated in Fig. 1. Falling
liquid with the mass flow density of 2Г impinges on
the top of the horizontal tube and wets both sides of
the tube. The liquid film flows along the circumfer-
ence and drains down to the bottom of the tube.

The N–S equations can be simplified by the follow-
ing assumptions:

(1) The properties of liquid are uniform in per
unit length of the tube at the temperature of
ðTWþTVÞ

2 . And the ambient pressure is constant
and corresponds to the saturated temperature.

Fig. 1. Schematic of falling-film evaporation outside a
horizontal tube.

L. Yang et al. / Desalination and Water Treatment 55 (2015) 3330–3335 3331



(2) There are no considerations about the shear
stress and pressure gradient on the circumfer-
ential film outside the tube.

(3) Due to the thin film compared with the tube
diameter, the influence of the curve is
neglected.

(4) The liquid free falling on the top of the tube is
the same as a jet impinging on a flat surface.

The continuity, momentum and energy equations
are as follows:

@u

@x
þ @v

@y
¼ 0 (1)
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The low density is expressed as:

C ¼ q
Z d

0

udy (4)

The starting velocity near the impinging point on the
tube top is given as [22]:

u0 ¼ Cx½ð2g� 3g3 þ g4Þ þ K
6
ðg� 3g2 þ 3g3 � g4Þ� (5)

v0 ¼ 0

where g ¼ y=rb

rb ¼ ðKvf=CÞ0:5

K ¼ rb
vf

du

dx

� �

The boundary conditions are listed as:

at y ¼ 0; x[ 0 u ¼ 0; v ¼ 0
at y ¼ d; x[ 0; @u

@y ¼ 0 (6)

at y> 0, x= 0, u = u0, v = v0
at y ¼ 0; x[ 0� k @T

@y

� �
y¼0

¼ q constant flux.

T = Tw constant wall temperature
at y ¼ d; x[ 0 T ¼ TV:

Local heat transfer coefficient can be obtained as:

hðhÞ ¼ q

TW � TV
¼

k @T
@y

� �
y¼0

TW � TV
(7)

The transition inclination angle is determined accord-
ing the recommendation of Chyu and Bergles [8]:

U ¼ 1

paR
3lC4

gq5

� �1=3

(8)

3. Results and discussion

The numerical results of local and average heat
transfer coefficient and film thickness over a horizon-
tal tube with a constant heat flux are compared with
the measured data of Liu [10] and Solan or Zfato [23]
in Fig. 2.

The calculated prediction shows a good agreement
with the experimental results. The proposed model for
falling film evaporation is proved to be reliable to pre-
dict the heat transfer characteristics. The calculated
local heat transfer coefficients, shown in Fig. 2(c), are
overestimated near the upper apex and underesti-
mated near the bottom of the tube. As both regions
accounts for a very small part of the circumferential
length of the tube, this discrepancy has little effect on
the average heat transfer coefficients.

Fig. 3 presents the radial velocity profile in the
liquid film, including the interface velocity of Vinterface,
the interior velocity of Vinterior corresponding to the one
of the third node away from the tube wall and averaged
velocity of Vaverage. When the inclination angle of ranges
from 10˚ to 100˚, Vinterface, flowing towards the tube
wall, is negative while Vinterior, flowing outward to the
wall, is positive. As a result, the convective effect is
strengthened. When >100˚, all the radial velocities
become positive, thus the convective effect is weakened.
This result is proven in Fig. 4 which compares the local
heat transfer coefficients between the numerical predic-
tion and the Nusselt type solution along the circumfer-
ence. Compared with the Nusselt’s result, the predicted
one is higher even at a small flow rate of Re = 200. The
difference lies in the convective term in the energy
equation and the inertia term in the momentum equa-
tion which is taken into account in the simulation model
and is neglected in the Nusselt solution. It can also be
seen that at h about 17˚ where Vinterface is the lowest and
the convective effect is the strongest, the divergence of
local heat transfer coefficients is the biggest. When
>100˚, the divergence is narrowed at a faster speed.
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Therefore, even for the flow of low Re that is considered
to be laminar, the effect of the radial velocity on the con-
vective heat transfer can not be neglected due to the
very thin film on the outside of the tube at the magni-
tude of mm.

Fig. 5 shows a plot of local heat transfer coeffi-
cients, local film temperature as a function of inclina-
tion angle of and Re. For Re = 200 and Re = 400, the
transition inclination angles between the thermally
developed region and thermally developing region are
32.6˚ and 82.2˚, respectively. For Re = 3,000, the whole
tube circumference is covered by the thermally devel-
oped region. It is seen that the local film temperatures
stay almost constant and the local heat transfer

Fig. 2. Comparison of the present prediction with experimental data.

Fig. 3. Profile of radial velocity along the tube circumfer-
ence.

Fig. 4. Comparison of the local heat transfer coefficients
for the prediction and the Nusselt solution.

Fig. 5. Profile of local film temperature and local heat
transfer coefficient.
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coefficients reduce along the tube circumference in the
thermally developed region where the thermal bound-
ary layer extends across the whole film, and that the
local film temperatures increase and the local heat
transfer coefficients stabilize in the thermally develop-
ing region where the thickness of the thermal bound-
ary layer is less than the film thickness. This fact can
be attributed to the profile of the thermal boundary
layer thickness. The results also show that the ther-
mally developed region is reached at a small inclina-
tion angle for a small Re and that the thermally
developing region is extended with an increase in Re.

Figure 6 shows the profile of average heat transfer
coefficients for a tube bundle. It can be inferred that
the first six tubes for Re = 3,000 and the first three
tubes for Re = 1,000 are covered by the thermally
developing region as the external heat transfer coeffi-
cients successively decrease with an increasing num-
ber of tube row and that the thermally developed
region, where the heat transfer coefficients keep
almost constant, is approached when n > 6 for Re =
3,000 and n > 3 for Re = 1,000, respectively.

4. Conclusions

A numerical model, which took into account the
essentials of the hydrodynamics and film evaporation,
was presented to solve the dynamic and heat transfer
performance including film thickness, film velocity,
film temperature and local heat transfer coefficient.

Comparison of the simulated local and average
heat transfer coefficient and film thickness indicated a
good agreement with the experimental data, which
proves that the proposed model is reliable.

The profile of the radial velocity and the local heat
transfer coefficient shows the microscopic mechanics
in the liquid film and the role of the convection in the
thin film evaporation.

The distributions of the thermal developing region
and thermal developed region for a single tube and a

tube bundle were predicted by the analysis of the pro-
file of film temperatures and average heat transfer
coefficients.

Nomenclature
CP — specific heat at constant pressure J/(kg K)
D — diameter of tube (m)
g — acceleration of gravity (N/m2)
h — heat transfer coefficient W/(m2 ˚C)
k — thermal conductivity W/(m2 ˚C)
q — heat flux (W/m2)
R — outer radius of tube (m)
Re — Reynolds number
T — temperature (K)
TV — temperature of surrounding (K)
TW — temperature of tube wall (K)
U — tangential velocity (m/s)
V — radial velocity (m/s)
x — tangential
y — radial
δ — film thickness (m)
a — thermal diffusivity (m2/s)
q — density (kg/m3)
C — mass density (m3/s)
h — inclination angle, measured from the top of

horizontal tube degree
t — kinematic viscosity (m2/s)
U — angular position of thermal developed region

degree
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