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a b s t r a c t
This paper discusses the effect of elliptical tube geometry on the heat transfer performance of fall-
ing film evaporation over the horizontal heated plain tubes in comparison with circular tubes for 
seawater desalination. To study this, a two-dimensional CFD model was developed, compared and 
validated with published data available in the literature. A CFD simulation was carried out for vary-
ing liquid load, ellipticity (E) and corresponding changes in the film heat transfer co-efficient (HTC), 
liquid film thickness were recorded and analysed. Also novelty in finding the commencement of 
the fully developed thermal region over the tube from current simulation model is discussed. An 
attempt was also made to measure the thickness of the film around the tubes from the CFD model. 
Mechanisms that influences enhancement in heat transfer using the elliptical tubes were numerically 
investigated and discussed in the present work. Outputs from simulation model indicated that low 
value of liquid film thickness appears approximately at the angular position of the range between 
90° and 110°. Also this study revealed that liquid film thickness decreases and HTC increases with 
the increase of ellipticity of the tube. Commencement angle of fully developed thermal region from 
top of tube shifted downward with the increase of the liquid load. For the same operating condi-
tions, the elliptical tube gives 24%–26% more HTC and 8%–18% thinner film thickness compared 
with the circular tubes indicating better suitability of elliptical tubes for seawater desalination.
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1. Introduction

Falling film evaporation with horizontal tubes finds its 
application in multi-effect desalination (MED) plants, refrig-
eration and food processing industries, chemical processing 
industries, etc. [1]. Falling film evaporator generally oper-
ates with small temperature difference [2]. Even though it 
has wide range of applications, mechanism responsible 
for the heat transfer between the adjacent tubes still needs 
deep investigation. Convective heat transfer and nucleate 

boiling are the two modes of heat transfer that usually takes 
place in this type of evaporator. Generally, three types of 
mode are observed in liquid film flow around the horizontal 
heated tubes such as drop mode, column mode and sheet 
mode. Among that sheet mode provides better heat trans-
fer co-efficient (HTC) due to proper distribution of liquid 
film all around the tube walls [3].

At low heat fluxes, convective mode of heat transfer 
takes place that resulted in occurrence of evaporation at 
the liquid–vapour interface. HTC of film normally hikes up 
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with liquid film load until a particular film thickness reaches 
above which co-efficient value experiences no further 
improvement due to the development of thermal resistance 
[4]. Tahir et al. [5] discussed about the major challenges 
involved in the falling film evaporators used in MED plant 
such as attaining uniform liquid load over the tube bun-
dle to avoid dry patches and scale formation. Their studies 
focussed on critically analysing the CFD works related to 
falling film evaporator for MED plants. They presented the 
CFD modelling and methodologies followed by identifica-
tion of key research gaps based on the hydrodynamics and 
heat/mass transfer aspects of falling film evaporators.

Mal-distribution of the liquid spray over the tubes 
and dry out conditions are some of the drawbacks noticed 
in the falling film evaporation in horizontal tube bundles. 
Non-uniformity in flow distribution happens in the deeper 
portion of the tube bundle along the tube length as the 
flow of liquid moves under gravity. This hinders the heat 
transfer performance of the falling film evaporation. Most 
of the experimental study highlights that nucleate boiling 
takes place at high heat fluxes, with no marked influence 
of the film flow on the HTC. Increased heat flux at low 
liquid film flow resulted in the formation of the dry sur-
faces on the tube surface due to the Marangoni effect that 
retards the performance of falling film evaporation [6].

Above-mentioned issues are generally observed in the 
horizontal tube falling film evaporation of especially cir-
cular tubes. In order to minimise these issues and enhance 
the heat transfer rate, studies related to various tube shapes 
have been carried out by few researchers for improving the 
heat transfer performance of falling film evaporation. One 
such shape used in the present study is elliptical shape. 
They are generally identified by the ellipticity or shape fac-
tor (E). In this perspective, some of the studies related to 
elliptical tube available in the literature and appropriate for 
the present numerical study are discussed here. Luo et al. 
[7] presented a two-dimensional CFD study of the horizon-
tal tubes falling film evaporation using different shapes for 
seawater desalination application. The shape includes one 
circular tube, non-circular shaped tubes, a drop-shaped 
tube and an oval-shaped tube. The volume of fluid (VOF) 
model was used to determine the effect of liquid film flow 
and feeder height on the film distribution thickness and 
heat transfer performance. Numerical results indicated that 
minimum thickness observed at angular positions of 125°, 
160° and 170° for smooth circular, oval and drop-shaped 
tubes, respectively. Increase of film thickness with increase 
of film flow and decrease of feeder height is observed. 
Drop and oval-shaped shows better performance compared 
with circular shape due to formation of thinner thermal 
boundary layer.

Hasan and Siren [8] conducted experimental study on 
the elliptical as well as circular tubes and observed that 
elliptical tubes exhibit 1.93–1.96 times heat transfer rate 
compared with the circular tubes. Chen and Chen [9] car-
ried out boiling heat transfer experiments on the perfo-
rated horizontal tube falling film evaporator using elliptical 
tubes. This study proves that perforation on the ellipticity 
of the tube significantly improves the heat transfer rate of 
the evaporator. Javad and Mahnaz [10] followed a numer-
ical approach for investigating the effect of ellipticity of 

the ellipse, Brinkman numbers, and Reynolds number on 
the irreversibility for analyzing the entropy generation in 
a forced convection film condensation on a horizontal iso-
thermal elliptical tube. It is observed from the result that 
ellipticity found to be having a significant effect on the 
total entropy generation number when E (ellipticity) > 0.7. 
Qi et al. [11] conducted numerical studies, experiments and 
method of theoretical analysis on the falling film liquid 
flow and heat transfer on circular shaped tube and ellip-
tical tube. They noted a better heat transfer improvement 
in these tubes compared with round-shaped tubes. They 
showed that the liquid film thickness of elliptical tube from 
the simulation matches well with the experimental data. 
Maximum deviation between the results was within 8%. 
The experimental results also indicated that HTC of ellip-
tical tubes increases by 20%–22% when compared with 
circular tubes. This study proved and paved a way for appli-
cation of falling film evaporation with elliptical tubes in the 
seawater desalination system.

Sideman et al. [12] carried out an analysis of simultane-
ous condensation inside and evaporation outside a horizon-
tal conduit for different shapes of conduits. The objective 
of the study is to improve the performance of horizontal 
evaporator–condenser water desalination units by finding 
the most promising shape. They observed that vertically 
oriented elongated elliptical conduits yield the highest 
overall HTCs among the shapes tested for different con-
duits. The effects of intermittent removal of the condensate 
film by internal horizontal films decreases as the major to 
minor axis ratio increases.

Lee et al. [13] conducted numerical studies on the 
evaporation heat transfer characteristics of obliquely dis-
pensed falling films over a horizontal elliptical tube and 
validated the numerical studies with the data available in 
the literature. They applied VOF method to simulate the 
spreading development of falling liquid films for resolving 
the distribution of velocity, temperature, volume fraction 
in conjunction with the convective HTC. They developed 
user-defined function (UDF) for studying the evaporative 
effect at the liquid film and vapour interface. In this study, 
the HTC and liquid film distribution around the circular 
and elliptical tube surfaces are determined and compared 
with the experimental results available in the literature and 
validated. They tested different flow models, in that SST  
k-ω model provides better accuracy and less calculation 
time compared with the other flow models. It is observed 
that at a low liquid film flow rate of 0.093 kg/(m s), the liq-
uid film was unable to fully cover the tube surface with the 
formation of dry areas, resulting in the significant drop in 
heat transfer effectiveness. Also achieved average HTC up 
to 4.18 kW/m2 K at a high liquid flow rate of 0.186 kg/(m s) 
which indicates good thermal performance as observed 
in the literature reports. Also, it is noticed that reasonable 
average HTC can be attained for the variation of dispensed 
angle with in 30°.

Lee et al. [14] carried out CFD studies in which the 
influence of counter current airflow on evaporative heat 
transfer performance of falling film on a horizontal ellip-
tical tube. The numerical analysis is based on the VOF 
model for catching the dispersal evolution of descending 
films in conjunction with the UDF to model the evaporation 
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effect at the water–vapour interface. A good agreement is 
observed between the computational model and measured 
data from literature. Calculations are done to elaborate the 
interaction mechanism of counter current air flows with the 
formation process and heat transfer of evaporative liquid 
films on the tubes. It is noted that upward air streams can 
induce the shear stresses at the liquid–air interface to form 
thicker wavy films. It is noted that counter current air flow 
enhances heat transfer in the lower part of the tube than 
the upper part. CFD studies are also carried out by vary-
ing the liquid flow rate of 0.093–0.186 kg/(m s) and counter 
airflow velocity of 0–3 m/s, respectively. A steeper tempera-
ture gradients is observed at the wall to enhance the heat 
transfer achieving an averaged HTC of 4.15 kW/m2 K for 
Γ = 0.149 kg/(m s) and Vair = 3 m/s.

Pu et al. [15] carried out 2D CFD studies on a horizontal 
tube falling film evaporator using a circular tube and three 
flat tubes. In their work, they simulated the heat and mass 
transfer process and validated the predicted HTC with the 
experimental data. It is observed from this study that as 
the height–width ratio of the tube increases, the liquid film 
becomes thinner. Also noted, the average film thickness of 
three flat tubes is smaller by 2.9%–16.5% compared with the 
circular tube. The average HTC of three flat tube is higher 
than the circular tube by 2.2%, 4.2% and 11.2%, respectively.

The present study focuses on the numerical investi-
gation on the influence of elliptical tube geometry and its 
ellipticity on the heat transfer characteristics of horizontal 
tube falling film evaporation in comparison with circular 
tube using CFD tool with published experimental data of 
Qi et al. [11] for seawater desalination. Qi et al. [11] car-
ried out numerical study to evaluate the film thickness for 
circular and elliptical tubes. They compared their results 
with experimental data of their own work and validated. 
In the present work, the CFD analyses have been carried 
out for elliptical as well as circular tubes using input data 
of Qi et al. [11] and compared and validated the results with 
Qi et al. [11] and found a reasonable agreement which is 
discussed in the present study. According to the study by 
Chyu and Bergles [16], three different heat transfer regions 
are identified in the horizontal tube falling film evaporation. 
The top region of the tube is the jet impingement region, 
HTC is relatively high in this region due to liquid feed on 
the top of the tube at certain velocity. In the thermal devel-
oping region, no evaporation takes place but the liquid film 
is superheated to a fully developed region with heat from 
the tube is fully utilized for converting the saturated liq-
uid into superheated liquid. In the fully developed thermal 
region, the superheated liquid started evaporating due to 
convective heat transfer at the liquid–vapour interface, pro-
vided no nucleate boiling is observed within the film. The 
novelty in predicting the commencement of the fully devel-
oped thermal region from the present simulation model 
well matches with the findings of Chyu and Bergles [16].

2. Problem statement

In order to investigate the present study using CFD, 
two physical models are developed. One of physical model 
is of elliptical shape of ellipticity, E = 1.5 as shown in Fig. 1 
and other one is of circular tube of 25 mm outer diameter as 

shown in Fig. 2. Working pressure maintained in the CFD 
studies for these models is 312 mbar. Wall temperature 
of tube maintained at 71.2°C and feed water at 69.8°C. 
Saturation temperature in the external portion of the tubes 
kept at 70°C. The spray density load for this model varies 
between 0.02 and 0.06 kg/(m s). The maximum Reynolds 
number in the analysis reaches up to 1,750.

These models simulate the falling film evaporation of 
MED process. The steam that passes inside the tube con-
denses and also transfers heat in the form of latent heat 
condensation to the liquid film flowing outside tubes. The 
feed liquid spray density over the tube is indicated by 2Г, 
where Г (kg/(m s)) is the liquid feed rate per side and per 
unit length of the tube. Sea water is used as feed water in the 
present analysis. In the analysis, properties of the seawater 
are carefully selected for density and viscosity. Ansys Fluent 
14.0 version is used for the present analysis.

The assumptions given below are adopted from the 
study by Balaji et al. [17] for the CFD analysis:

• Film flow is assumed to be laminar.
• Sheet mode of liquid film is assumed in this study.
• Gravity force is considered dominant than the inertial 

force.
• Evaporation occurs only at the liquid–vapour interface.
• No occurrence of nucleate boiling in the liquid film.
• Scale formation on the tubes is negligible.
• Liquid density is assumed to be constant.

3. Governing equations and physical models

The following mathematical equations as adopted from 
the study by Balaji et al. [17] are described below for present 
simulation studies. The flow in the present simulation model 

Fig. 1. Physical model of elliptical tube (E = 1.5).
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is governed by the Navier–Stokes equation. The continuity 
equation is given as follows:
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The momentum equation in vertical direction (y-axis) 
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The fluid energy equation is given by:
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3.1. Evaporation–condensation model

The evaporation–condensation model (liquid–vapour 
mass transfer) is governed by vapour transport equation as 
shown below [17,18]:

∂
∂

+ ∇ ⋅ = −→ →t
V m mv v l v v l( ) ( )αρ αρ ν  (5)

where ρ is the density, TL is the liquid temperature; u is the 
x-component of water velocity, v is the y-component of water 
velocity, αL is the thermal diffusivity, g is acceleration due to 
gravity in y-direction, ν is vapour phase, α is vapour volume 
fraction, ρv is vapour density, Vν is the vapour phase velocity, 
ml→v and mv→l are the rate of mass transfer due to evaporation 
and condensation, respectively, (kg/m3 s).

The ml→v and mv→l are determined using the following 
relations as given below [18]:
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where coeff is co-efficient of mass transfer determined by the 
following equation [19]:
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where Lv is the latent heat of evaporation (kJ/kg) and Ts is 
saturation temperature. Using Eq. (8) the mass transfer co- 
efficient can be determined. Current analysis involves evap-
oration of liquid at the interface. Coeff in Eq. (8) denotes 
the mass transfer intensity factor or relaxation time with 
unit s–1. The value of coeff is recommended to be such as 
to maintain the interfacial temperature reasonably close to 
the saturation temperature as well as to avoid divergence 
issues.

3.2. VOF model

VOF model is proposed by Hirt and Nichols [20] in 1981. 
Falling film evaporation is a complex phenomenon in nature. 
With the development in the computational field, it becomes 
feasible to study and analyse the different flow modes and 
their dynamic behaviour. According to Hirt and Nichols 
[20], capturing and tracking the liquid/vapour interface is 
one of the challenging task. They developed VOF model 
based on Eulerian approach for identifying, tracking and 
locating the liquid/vapour interface. They reconstructed the 
mass conservation equation for each phase using void frac-
tion α [5]. According to Hirt and Nichols [20], the value of 
the volume fraction (α) lies between 0 and 1. The sum of the 
volume fractions of all phases is equal to 1 for each grid cell:

α αl v+ = 1  (9)

The governing equations of the volume fractions are 
given as follows:
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Fig. 2. Physical model of circular tube (25 mm OD).
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where
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The momentum equation can be expressed as follows:
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where v represents the vapour phase and l represents the 
liquid phase. The fluid properties such as density (ρ) and 
viscosity (μ) for each phase are computed based on the vol-
umetric change.

In order to include the surface tension effect in VOF 
model, Brackbill et al. [21] proposed a continuum surface 
force model in which surface force is converted into volume 
force, Fv, which can be expressed as follows:
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where K represents the surface curvature. It is evaluated 
from the local gradients in the surface normal at liquid–
vapour interface.

K n= −∇ ⋅  (17)

The surface unit normal vector n at cell next to wall for 
specified contact angle θw is given below:

n n tw w w w= ⋅ + ⋅co sinsθ θ  (18)

where nw and tw are normal and tangential unit vectors, 
respectively.

Ellipticity of the tube (E):

According to Qi et al. [11], the ellipticity of the elliptical 
tube is defined as follows:

E a
b

=  (19)

where a = longer (vertical) axis of elliptical tube 
(a = 28.5 mm), b = minor axis of elliptical tube (b = 19 mm).

4. CFD modelling and analysis

In recent years, CFD is used commonly for investi-
gating the two-phase heat transfer which is a cumbersome 
phenomenon as in the current work, where falling film 

evaporation of liquid happens over horizontal heated tubes 
in a low vacuum atmosphere. Two different 2D CFD models 
are developed based on the operating conditions followed 
by Qi et al. [11] in their experimental works for seawater 
desalination. Same operating parameters are given as input 
to the present CFD model. Physical domain of both the 
models developed based on the studies by Qi et al. [11]. 
Saturation pressure and temperature of around 312 mbar 
and 70°C are maintained, respectively, in the outside por-
tion of the tubes. Outside wall temperature of tubes is kept 
at 71.2°C. Orifice size of inlet is 1.5 mm. GAMBIT software 
is used for modelling and meshing of these two domains. 
Considering the advantage of the symmetric shape, half 
of the domain is modelled for reducing the processing 
time. In the regions of the curved surfaces, the fine mesh 
is adopted to resolve flow physics without any complica-
tions. Half models in the meshed conditions for both the 
problems are shown in Figs. 3 and 4, respectively. In the 
pre-processor, the boundary conditions such as velocity 
inlet and pressure flow outlet are enabled then they are 
imported into the FLUENT for carrying out the simulation 
studies. This tool implements the method of finite volume 
for solving the energy conservation, mass and momentum 
equations. PISO algorithm is chosen as the solver option 
for the transient simulation with an under relaxation fac-
tor of 0.3 for pressure and 0.7 for momentum and Green 
Gauss cell-based gradient is chosen for the CFD analysis 
[17]. A fully implicit method and body force formulation 
is adopted for the present study. A first-order upwind dif-
ferencing scheme is adopted in the present study. From the 
grid independence study, it is noted that no improvement 
in accuracy happens beyond meshes with 110,339 cells and 
also adds to the increment in the computational processing 
time. Size of each cell is around 0.03 mm. A time indepen-
dence study is carried out by keeping time step at 0.001 s. 
The details of the parameters used in the fluent analysis are 
shown in Table 1. The results of the analysis are discussed 
in Results and discussion section in comparison with the 
published results [11] under the same operating conditions 
for validation. In order to compare the results of the ellipti-
cal tubes with circular tube, CFD analysis is also carried out 
on circular tube of 25 mm outer diameter. Same pave mesh-
ing scheme is used in this model with 1,22,250 quadrilateral 
cells at 0.03 mm size arrived after carrying out grid inde-
pendent study with 0.001 s time step. The detail of the grid 
independence study carried out on elliptical tube and cir-
cular tube with respect to liquid film thickness is indicated 
in Tables 2 and 3, respectively. The results are discussed in 
Results and discussion section in comparison with pub-
lished results [11] under same operating conditions for val-
idation. Convergence criteria of 10–3 and 10–5 are used for 
mass, momentum and energy residuals, respectively [17].

5. Results and discussions

5.1. Effect of the elliptical tube on the HTC in 
comparison with circular tube

CFD studies are carried out for finding the HTC values 
and film thickness around the tubes of falling film evapo-
ration for elliptical tube (E = 1.5) model in comparison with 
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25 mm OD circular tube for a given surface wall temperature 
and inlet conditions.

Input parameters of the present study are as follows:

• Inlet feed spray density load: 0.007 to 0.16 kg/(m s)
• Saturation pressure outside the tube surface: 312 mbar
• Saturation temperature: 70°C
• Tube wall temperature: 71.2°C
• Intake feed water temperature: 69.8°C

The tube wall temperature is maintained constant 
at 71.2°C throughout the analysis. The contours of HTC 
at wall region for spray density of (Γ) 0.05 kg/(m s) for the 
elliptical tube is indicated in Fig. 5a and for 25 mm diameter 
circular tube in Fig. 5b. Qi et al. [11] conducted experiments 
using elliptical tubes with E = 1.5 and compared the results 
with circular tube of 25 mm OD for different liquid spray 
density and measured the HTC of the falling film evapo-
ration and liquid film thickness. In the present study, the 
CFD analysis is carried out using same operating parame-
ters of the above work with the help of fluent software for 
validating the simulation model. In the analysis, the liquid 
spray density is varied between 0.04 and 0.14 kg/(m s) and 
corresponding changes observed in HTC are measured and 
recorded for comparative analysis in Fig. 6. The figure indi-
cates the effect of spray density on the HTC for elliptical 
tube in comparison with circular tube. It is observed that 
the trend of the curve of the present CFD results is similar 
to the observations of Qi et al. [11]. A reasonable agreement 

of 10%–13% is observed between the results of the present 
CFD analysis and Qi et al. [11]. It is observed that increase 
of spray density resulted in the increase of the HTC val-
ues up to 0.09 kg/m s and after that horizontal pattern is 
observed for both elliptical and circular tubes for studies 

Fig. 4. Mesh model of circular tube.Fig. 3. Mesh model of elliptical tube.

Table 1
Details of parameters used in fluent analysis [17]

Simulation 2D

Solver Pressure based, laminar,  
 unsteady

Two-phase model VOF
Primary phase Air
Secondary phase Water vapour and water
Gravitational acceleration Downward direction in y
Tube wall Constant temperature 
Volume of fraction for water 1
Volume of fraction for vapour 0
Pressure velocity coupling PISO
Discretization pressure PRESTO
Discretization momentum First-order upwind
Top boundary Velocity inlet
Bottom side boundary Pressure outlet
Side boundary Symmetry
Wall boundary Tube curvature
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carried out by Qi et al. [11]. Whereas the present study pre-
dicted the HTC values that showed an increasing trend up 
to 0.12 kg/(m s) and maintains straight line after that. This 
could be due to the fact that thickness of the liquid film 
might be lesser than the results of Qi et al. [11] between the 
spray range 0.09 and 0.12 kg/(m s) which would certainly 
result in better conduction of heat with in the liquid due to 
less thermal resistance. A horizontal curve pattern observed 
as discussed above is due to the increased thermal resis-
tance above certain flow rate where the liquid film thickens 
offers resistance against the heat transfer that resulted in no 
improvement in the HTC values. The deviation in results 
between the experimental and present numerical study 
could be due to the practical aspects that encountered in 
the experimental study carried out by Qi et al. [11] such 
as condensation of supplied steam inside the heating tube 
and resultant formation of condensate that influences the 
heat transfer rate and presence of dissolved gases in the 
evaporation space which are complex may influence the 
liquid film HTC. This phenomenon could not be considered 
in the present simulation study due to complexity.

It is observed from Fig. 7 that the results of Qi et al. [11] 
for both elliptical and circular tubes are varying by 20%–22% 
average, which means the HTC values of the elliptical tubes 
are higher than the circular tubes almost by 20%–22%. This 

is due to the fact that film thickness all around the ellipti-
cal tubes is dominated by the force of gravity better than 
that of the circular tube. This phenomena resulted in the 
reduced film thickness and increased film velocity in the 
elliptical tubes than the circular tubes which obviously 
develops better heat transfer rate and hence the co-efficient. 
The present CFD results also depicted that the HTC values 
of the elliptical tubes are found to be higher compared with 
the circular tubes with a percentage difference of 24%–26% 
average between elliptical and circular tubes.

It is also observed from Fig. 7 that HTC varies with 
circumferential angular position on the tube. At the stag-
nation region, that is, near to the 0° angle, highest HTC of 
34.2 kW/m2 K is observed and with further increment up to 
15° angle, the HTC value slightly drops to reach the value 
of 33.8 kW/m2 K called as impingement region. Velocity 
of liquid film in this region is higher next to the stagna-
tion region; because of this, high HTC is observed here 
with better turbulence and decreased film thickness. After 
that, a sharp drop in HTC value is observed up to angle 
of around 56° angle and this region is called as thermally 
developing region. At the end of the thermally developing, 
the fully developed region commences. How to the identify 
the boundary between the thermally developed region and 
fully developed thermal region is discussed in Section 5.2 

(a) (b)

Fig. 5. Contours of heat transfer co-efficient (W/m2 K) for spray density Г = 0.05 kg/m s at Twall = 71.2°C, and Tsat = 70°C 
for (a) elliptical tube (E = 1.5) and (b) circular tube (25 mm OD).

Table 2
Computational results of grid independence for 2D, Γ = 0.15 kg/(m s) for elliptical tube

Grid size (mm) 0.05 0.04 0.03 0.02
Liquid film thickness at θ = 90° angle (m) 0.000317 0.000314 0.000311 0.000311

Table 3
Computational results of grid independence for 2D, Γ = 0.15 kg/(m s) for circular tube

Grid size (mm) 0.05 0.04 0.03 0.02
Liquid film thickness at θ = 90° angle (m) 0.000369 0.000365 0.000363 0.000363
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and how the commencement of the fully developed region 
from the present numerical study perfectly matches with 
the theory suggested by Chyu and Bergles [16] based on 
their experimental study is also discussed in Section 5.6. 
It is also observed from Fig. 7 that the HTC values at any 
region of the elliptical tube is comparatively higher than the 
circular tube due to thinner liquid film on elliptical tube.

5.2. Studies on the effect of the elliptical tube on the 
commencement of fully developed region on the tubes for 
varying spray density in comparison with circular tube

Chyu and Bergles [16] indicated three different heat 
transfer regions as depicted in Fig. 8. The top region of the 

tube is the jet impingement region, HTC is relatively high 
in this region due to liquid feed on the top of the tube at 
certain velocity. In the thermal developing region, no evap-
oration takes place but the liquid film is superheated to 
a fully developed region with heat from the tube is fully 
utilized for converting the saturated liquid into super-
heated liquid. In the fully developed thermal region, the 
superheated liquid started evaporating due to convective 
heat transfer at the liquid–vapour interface, provided no 
nucleate boiling is observed within the film.

In the present numerical study, the commencement of 
the fully developed thermal region is predicted using the 
contours of the mass transfer rate of the simulation model 
that exists in the region approximately between 20° and 70° 
angle, increases with an increase in the spray density which 
is indicated in Fig. 9 for both elliptical and circular tubes in 
comparison with mathematical model of Sharma et al. [22] 
of circular tube. The novelty of this prediction depends 
on the following factors such as [17]:

• Liquid film flow velocity
• Wall temperature of the tube
• Curvature length of the tube

Prediction of fully developed thermal region from the 
mass transfer rate contours of the simulation model is vali-
dated with the following references [17]:

• Studies conducted by Chyu and Bergles [16] on falling 
film evaporation which states that mass transfer rate or 
evaporation only occurs in the fully developed region 
and not anywhere else on the curvature of the tube.

• Mathematical model developed for the angular measure-
ment of fully developed region by Sharma et al. [22].

The result of the present CFD study is compared with 
the work of the Chyu and Bergles [16]. According to them, 
the liquid film vaporization, that is, the mass transfer rate 
occurs in the fully developed thermal region and no sign 
of vapour formation is noticed in the thermally developing 
region until the fully developed region commences which 

Fig. 6. Spray density (Г) vs. heat transfer co-efficient (kW/m2 K) 
at Twall = 71.2 °C, and Tsat = 70°C for the elliptical tube and circular 
tube.

Fig. 8. Falling film thermal regimes [16].

Fig. 7. Variation of HTC (kW/m2 K) around the circumferen-
tial position of tubes for elliptical and circular tube at wall 
temperature Twall = 71.2°C, Г = 0.045 kg/m s, Tsat = 70°C.
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is already discussed. It is observed from Figs. 10a–c that 
the mass transfer for this present CFD study occurs near to 
the 10° angle, 20° angle and 32° angle from the top of the 
tube corresponding to the feed rate of 0.04, 0.06, 0.08 kg/
(m s), respectively, for elliptical tube where the fully 
developed thermal region commences according to the 
simulation which predicts no sign of evaporation before 
this region, that is, in the thermally developing region, 
which is in line with the findings of Chyu and Bergles 
[16]. Similar observation is also noted for the circular tube 
as indicated in Figs. 11a–c. To validate these models, the 
results of the CFD are compared with the mathematical 
model given in Eq. (20) developed by Sharma et al. [22] for 
the prediction of the fully developed thermal region (θFD) 
over circular tubes as given below.

θ π
π α

µ
ρFD = −

⋅ ⋅








 ⋅

⋅ ⋅
⋅











1 3 4

5

1
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The percentage of the deviation between the mathe-
matical model and CFD results are indicated in Table 4.

The effect of the spray density on the commencement 
of the fully developed region at a wall temperature of (Twall) 
71.2°C and saturation temperature of (Tsat) 70°C is indicated 
in Table 4 for both elliptical tube and circular tube. The CFD 
results are compared with the values obtained from the 
model developed by Sharma et al. [22] for circular tubes and 
validated. From the comparative study, it is observed that 
commencement angle of the circular tubes of CFD model 
is showing a reasonable agreement of 10% (average) with 
the output values of Sharma et al. [22] and 24% (average) 
agreement is found between Sharma et al. [22] model and 
elliptical tubes corresponding to the spray density that var-
ies between 0.04 and 0.08 kg/m s. This high variation of 24% 
in elliptical tube is because of the model that is originally 
developed for the circular tubes by Sharma et al. [22]. It is 
also observed from Table 4 that the commencement angle 
of fully developed region of the elliptical tube from the top 
quadrant of the tube (i.e., 0° angle) is less or commenced 
earlier than the circular tube for the spray density range 
that varies between 0.04 and 0.08 kg/m s. This could be due 
to the fact that decreased film thickness and increased liq-
uid film velocity on the elliptical tube surface compared 
with the circular tube resulted in better heat transfer that 
shrinks the thermally developing region where the tempera-
ture of the liquid film is increasing towards the saturation 
temperature by conduction of heat with in the liquid film 
and evaporation initiates once the liquid film bulk tempera-
ture reaches to or above saturation temperature correspond-
ing to the surrounding pressure. It is also observed from 
Table 4 that with an increase of the spray density, the com-
mencement angle of the fully developed region near to the 
tube surface increases. This could be due to the increased 
liquid film thickness, which resulted in the increased ther-
mal resistance. This in turn lead to increased thermally 
developing region and reduced fully developed region, 
which is clearly observed in the contours of the mass trans-
fer rate from Figs. 10a–c for elliptical tubes corresponding 
to varying spray density. Similarly, the contours of the mass 
transfer rate for circular tubes are indicated in Figs. 11a–c. 
From these figures, it is observed that increase of the liq-
uid load resulted in the increase of the thermally develop-
ing region and decrease of the fully developed region, that 
is, increase of the commencement angle or delayed com-
mencing of the fully developing region. It should be also 

Fig. 9. Variation of commencement of fully developed region 
(θFD) (°) for elliptical and circular tube for varying spray density 
(Γ) at Twall = 71.2°C and Tsat = 70°C.

 

(a) (b) (c)

Fig. 10. Contours of mass transfer rate (kg/m3 s) on elliptical tube for different spray density Γ (a) Γ = 0.04 kg/m s, 
(b) Γ = 0.06 kg/m s, and (c) Γ =0.08 kg/m s. 



D. Balaji et al. / Desalination and Water Treatment 210 (2021) 31–4340

noted that for the same spray density or liquid load, the 
curvature of tube under fully developed region is greater 
for the elliptical tube than the circular tube. This phenome-
non attributed to possibility of high evaporation rate for the 
elliptical tube than the circular tube as the fully developed 
region is region where the evaporation actually takes place.

5.3. Effect of elliptical tube on the liquid film thickness for 
varying spray density in comparison with circular tube

The contours of the volume fraction of elliptical tube 
is shown in Figs. 12a–c corresponding to the liquid spray 
density (Γ) of 0.04, 0.06 and 0.08 kg/(m s), respectively. 
Similarly, the contours of the volume fraction of circular 
tube is shown in Figs. 12d–f corresponding to the liquid 
spray density (Γ) of 0.04, 0.06 and 0.08 kg/(m s), respec-
tively. It is clearly exhibited in these figures that the thick-
ness of liquid film gradually increases with the increase 
in the spray density around the tube surface. Due to the 
advantage in the profile of the curvature with gravity force 
lead to increased acceleration of liquid film with reduced 
film thickness as pointed out by Luo et al. [7] for the 
drop-shaped and oval-shaped tubes.

It is observed from Fig. 13 that the thickness of liquid 
film varies from maximum at the impingement region to 
the highest value near the bottom of the tube with thinnest 
value at the mid region of the tube somewhere near the 90° 
angle based on the experimental and numerical studies car-
ried out by Qi et al. [11]. In the present study, a CFD model 
is developed in the fluent software and simulation is car-
ried out using the same operating parameters as followed 

by Qi et al. [11] in their studies. The results obtained from 
the CFD model is compared with the outputs of Qi et al. 
[11] and found relatively a good agreement in the range 
of 8%–16%. The simulation results of the film thickness 
from Qi et al. [11] and present study follows almost similar 
pattern along the curvature of the tube length as indicated 
in Fig. 13. But the thickness of the liquid film in the exper-
imental study is found to be higher in the bottom of the 
tube as indicated in Fig. 13 compared with the CFD results. 
According to the present study, this difference could be due 
to the fact that no steam is supplied in the simulation model 
as done in the experimental study where the temperature 
of the wall of the tube would be fluctuating and also the 
condensation of the steam inside the tube disturbs the heat 
transfer mechanism that influences the physical properties 
of the liquid film at the bottom of tube. Hence the thick-
ness is found to be lower in the CFD model compared with 
the experimental studies. Effect of spray density (Г) on 
film thickness (mm) average around the tube surface for 
elliptical and circular tube at wall temp Twall = 71.2°C, and 
Tsat = 70°C is indicated in Fig. 14. It is observed that increase 
of spray density leads to increase in the film thickness value 
on the tube surface. The result of Qi et al. [11] for both ellip-
tical and circular tube of film thickness is compared with 
the results of the simulation model of the present study. 
A reasonably good agreement with a deviation of around 
8%–16% and 10%–20% is observed between the present 
study and results of Qi et al. [11] corresponding to the 
elliptical and circular tube, respectively. It is also observed 
from the results of Qi et al. [11] that film thickness on the 
outer walls of elliptical is almost 10%–20% thinner than the 

(a) (b) (c)

Fig. 11. Contours of mass transfer rate (kg/m3 s) on circular tubes for different spray density Γ (a) Γ = 0.04 kg/m s, (b) Γ = 0.06 kg/m s, 
and (c) Γ = 0.08 kg/m s..

Table 4
Comparison of CFD results with mathematical model for fully developed commencement angle from 0° angle

Spray density  
kg/(m s)

Present CFD results Sharma et al. [22] model 

Elliptical  
tube

Circular  
tube

Circular  
tube

θ°fd θ°fd θ°fd Avg % deviation

0.04 10 14 15.5 9.6
0.06 20 28 31 9.5
0.08 32 36 40 10.1
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circular tubes, where as the present CFD study indicated 
that the film thickness of the elliptical tube is thinner by 
8%–18% than the circular tubes. The thinnest film thickness 
for the elliptical tube is appearing between 90° and 110° 
angle and it varies with respect to the liquid spray density.

5.4. Effect of ellipticity on the HTC and liquid film 
thickness for varying spray density

Effect of ellipticity on the HTC and liquid film thick-
ness is studied by carrying out CFD studies for different 
spray density and resultant values are compared and vali-
dated with the results of Qi et al. [11] as indicated in Fig. 15 
for the film HTC and in Fig. 16 for liquid film thickness. 
Simulations have been done for two different ellipticity of 
tubes such as E = 1 and 1.5 in order to find out its influ-
ence on HTC and liquid film thickness values under vary-
ing feed water spray density. It is observed from Fig. 15 that 
with an increase in the spray density, the HTC values for 
the ellipticity of the tubes increases. It is also noticed that 
under the same operating conditions, the ellipticity of the 
tube with E = 1.5 exhibits better HTC than the tube with 
E = 1 for both Qi et al. [11] and present study. This could 
be due to the fact that increase of the ellipticity, that is, the 
ratio of major or vertical axis to the minor or horizontal axis 
of the elliptical tube absolutely resulted in the increase of 
perimeter area for the heat transfer which certainly pro-
motes good driving force on the liquid film with large flow 
area. It is also observed from Fig. 16 that increase in the spray 
density of liquid film resulted in the increase of the liquid 
film thickness and increase of ellipticity lead to the decrease 
of the film thickness. The thickness of the liquid film for 

(a) (b) (c)

(d) (e) (f )

Fig. 12. Contours of volume fraction on elliptical tube and cylindrical tube for different spray density Γ (a) Γ = 0.04 kg/(m s), 
(b) Γ = 0.06 kg/(m s), (c) Γ = 0.08 kg/(m s), (d) Γ = 0.04 kg/(m s), (e) Γ = 0.06 kg/(m s), and (f) Γ = 0.08 kg/(m s).

Circumferential angle (θ) degree of the tube

Fig. 13. Variation of film thickness (mm) around the circumfer-
ential position of tubes for elliptical tube at wall temperature 
Twall = 71.2°C, Г = 0.15 kg/(m s), Tsat = 70°C.
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E = 1.5 is thinner compared with the E = 1 and this could be 
due to the fact that increased driving force acting on the liq-
uid film resulted in the increased liquid film velocity, which 
in turn resulted in the decreased liquid film thickness and 
improved heat transfer rate. A good agreement of around 
8%–11% and 10%–12% is observed between present study 
and results of Qi et al. [11] corresponding to the ellipticity of 
E = 1 and 1.5, respectively, for HTC as indicated in Fig. 15. 
It is also observed from Fig. 15 for the present CFD study 
that ellipticity of the tube E = 1.5 exhibits 10%–20% higher 
HTC than the tube with E = 1. Similarly, it is also observed 
from Fig. 16 that liquid film thickness of elliptical tube, 
E = 1.5 is almost 10%–15% thinner than the tube with E = 1.

6. Conclusions

CFD analysis was carried out using fluent software for 
validating the HTC, film thickness and commencement 
of fully developed region for both elliptical and circular 
tubes with experimental results and empirical correlations 

available in the literature by varying the liquid load. 
Similarly, the ellipticity of the tube and its effect on the 
HTC and film thickness was also validated and analysed 
with experimental data available in the literature. It was 
observed from CFD studies that elliptical tube improves 
HTC of falling film evaporation by 24%–26% (avg) com-
pared with the circular tube for same operating condi-
tions. It was noted that the elliptical tube reduces liquid 
film thickness on the outer surface by 8%–18% than the 
circular tube. Increase of the shape factor (E) from 1 to 1.5 
enhances the HTC by 10%–20% and decreases liquid film 
thickness by 10%–15%. A low value of liquid film thickness 
was appeared between 90° and 110° angle on the tube cir-
cumference for elliptical tube. Finally, the novelty in pre-
dicting the commencement of fully developed region using 
the contours of the mass transfer rate from the simulation 
model is proved and validated with theory and mathemati-
cal model available in the literature.
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Symbols

A — Heat transfer area of the tubes, m2

C — Constant for tube diameter
Cpl — Specific heat capacity of water, kJ/kg K
d — Tube diameter, m
g — Acceleration due to gravity, m/s2

h — Heat transfer co-efficient, W/m2 K
hfg — Latent heat of evaporation, W/m2 K
ho — Film heat transfer co-efficient, W/m2 K
kl — Thermal conductivity of liquid, W/m K

Spray density (kg/m.s)

Fig. 14. Effect of spray density (Г) on δ (mm) around the cir-
cumferential position of tubes for elliptical and circular tube at 
wall temperature Twall = 71.2°C and Tsat = 70°C. Fig. 16. Effect of ellipticity (E) on liquid film thickness (δ; mm) 

for varying spray density (Г) (kg/(m s)) for elliptical tube at wall 
temperature Twall = 71.2°C and Tsat = 70°C.

Spray density (kg/m.s)

Fig. 15. Effect of ellipticity (E) on heat transfer co-efficient (kW/
m2 K) for varying spray density (Г) (kg/(m s)) for elliptical 
tube at wall temperature Twall = 71.2°C and Tsat = 70°C.
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L — Tube length, m
min — Mass flow rate of feed water, kg/s
mv — Mass flow rate of vapour, kg/s
OD — Outer diameter
Pr — Prandtl number
qf — Film heat transfer, W/m2

qw — Wall heat transfer, W/m2

R — Radius of the tube
Re — Reynolds number
Ti — Feed intake temperature, °C
To — Brine discharge temperature, °C
Ts — Saturation temperature, °C
Tstatic — Static temperature, °C
Tw — Wall temperature, °C

Greek

Г — Liquid spray density, kg/m s
μl — Dynamic viscosity, N-s/m2

ρf — Density of fluid, kg/m3

ρg — Density of gas, kg/m3

νl — Kinematic viscosity, m2/s
αL — Thermal diffusivity, m2/s
θ — Circumferential angle of tube, o
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