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Abstract

Horizontal tube liquid-driven evaporators find widespread application in industries such as chemicals, textiles, and food processing. In evapo-

rative heat exchangers, heat transfer variables around the horizontal round tube inherently fluctuate. Significant variations in film thickness are
observed in the upper and lower regions of the tube. Employing a transient liquid surface tracking technique, focusing on the interface of two
immiscible phases, is crucial. This paper conducts an insightful study to analyze the surface heat transfer and hydrodynamic behavior of gravity
driven film flow, considering various factors such as geometrical arrangements, liquid flow rate (Ref = 850, 1050 & 1250), and flow fluctuations.
The influence of film thickness is investigated by a Volume of Fluid (VOF) model implemented in ANSYS CFD software. The results, validated
against Nusselt (1916) correlations and experiments conducted by researchers documented in the literature, indicate that the maximum error

in simulations is limited to 6%.
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1. Introduction

In falling film tubular heat exchangers, evaporative heat trans-
fer takes place as a process of fluid flows over the internally
heated tubes. In these heat exchangers, an enhanced heat
transfer can be achieved with only a small temperature differ-
ence. Falling film evaporation plays a crucial role in fulfilling
the requirements of recent technological demands, especially
in the pharmaceutical sector, food processing industry and
desalination plants. Figure 1 presents a schematic overview of
a falling film evaporative heat exchanger (FFEHE), where in-
line horizontal cylinders are fixed at equal spacing and liquid
sprinklers are placed above the cylinders, the flow being regu-
lated by a regulating valve.

[1] carried out one of the earliest studies offering insights
into the application of falling-film evaporators to the dairy
industry. [2] investigated the rate of heat transfer process of
a gravity-driven liquid film on flat tubes. They observed that
the temperature of falling water depends upon the surround-
ing condition also. The surrounding humidity, air velocity

and tube spacing affect the film evaporation. Based on their
experiments an empirical correlation has been set to calculate
the evaporative fluid cooling. The microscopic surface texture
of the tube and its geometrical configuration present a prom-
ising area of research. Numerous renowned researchers have
conducted both theoretical and experimental investigations
to optimize operating temperature ranges, flow rates, tube
arrangements and spacing, and sprinkler heights, all of which
directly impact heat transfer performance. [3] performed an
experimental analysis to examine the effect of vapour flow
over a flat round tube bundle using refrigerant R134a in falling
film evaporation. They investigated that the rate of flow acts
as a significant factor which directs the surface heat transfer
quantity. The liquid film heat transfer coefficient is influenced
by the thickness of the flowing liquid film.

[4] contributed significantly to industrial applications like
dairy industries and juice evaporators. [5] employed a laser
measurement technique to determine the liquid film thickness
on the tube surface and assess the heat transfer. The investiga-
tion presented in the paper aligns well with the non-intrusive
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optical measurement technique and agrees with the classical cor-
relation proposed by [6]. This optical measurement technique has
been developed to enhance accuracy by avoiding direct contact with
the formed liquid film over the tube exterior; this led to more pre-
cise results regarding the film thickness over the surface of tubes. In
the primary stages of research, the film depth was obtained using a
micrometer technique, revealing a consistency with the [6] correla-
tion.
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Figure 1. Schematic representation of a falling film heat exchanger

An investigation conducted by [7], explored two geometric config-
urations, with in-line horizontal tubes and staggered tube arrange-
ments, revealing that rectangular pitch arrangements yielded supe-
rior heat transfer coefficient. Thickness measurement techniques
(Optical Interferometry, X-ray Reflectometry (XRR), Spectroscopic
Reflectometry, Capacitance and Optical Measurement) have been
employed and rigorously validated for measuring the spectrum of
film thickness, by [8-13].

[14] conducted a benchmark experimental study aimed at enhanc-
ing the rate of heat transfer characteristics in FFEHE, comparing
the structure and even surfaces of tube bundles. Investigations con-
ducted by [15,16] showed that the rolled work tubes have a higher
heat transfer coefficient, equated with smooth tubes. Beyond vary-
ing geometrical arrangements, constraints such as pitch of tubes,
sprinkler height, and rate of flow etc., have also been a crucial point
for research. [17] conducted a numerical simulation of liquid film
thickness around the horizontal tube. An experimental and numer-
ical study conducted by [18,19] focused on enhancing heat transfer
using annular ribs inside a tube. The results revealed that the ribbed
tube exhibited a higher heat transfer rate compared to the smooth
tube, along with an improved performance factor under turbulent
flow conditions.

[20] employed a multiphase Volume of Fluid (VOF) approach to
observe the effects of film thickness and heat transfer coefficient on
tube ellipticity, Reynolds number, inlet thermodynamic conditions,

and seawater salinity. The objective of this numerical analysis is to
investigate the fluctuating behavior of flow features to gain insight
into the fundamentals of flow hydrodynamics. [21] provided a
review focusing on research related to FFEHE frequently used in
desalination systems, particularly in multi-effect distillation (MED)
systems. The review covers topics such as methods of falling-film
evaporation, system operation, and challenges related to scaling. [22]
investigated numerically and revealed that falling film flow plays a
crucial role in determining the shell-side heat transfer character-
istics of spiral-wound heat exchangers. The study also highlighted
that the liquid surface adhesion over the tube surface significantly
influences the characteristics of the falling liquid film flow.

Several recent investigations have focused on improving heat ex-
changer performance through the strategic application of vortex
generators, flow deflectors, and engineered surface morphologies
[23-25]. The performance of heat exchangers has also been inves-
tigated by incorporating nanofluids as the working medium by
[25-28]. [28] provides an inclusive review of developments in pre-
dicting flow pattern transitions, fluid thickness, heat transfer, and
liquid film rupture in falling films over a flat array of tubes. [29]
conducted a study on 2-D external falling film evaporation on mi-
cro-ribbed tube surfaces. The research focused on examining how
different structural parameters of the micro-ribs influence the flow
behavior and heat transfer phenomena of the exterior falling film,
with the goal of identifying the optimum tube configuration for var-
ious operating conditions.

In the current simulation, a multiphase flow analysis using AN-
SYS (Fluent), a Computational Fluid Dynamics (CFD) software, is
conducted. The Volume of Fluid (VOF) technique is employed to
manage multiphase flow and detect the boundary between the two
immiscible fluids. The numerical investigation is primarily validated
against available data in the literature and then extended to examine
the effects of geometrical and flow parameters on falling film thick-
ness around the circumference of evaporative heat exchangers. To
minimize experimental costs, simulation analyses within acceptable
ranges have been employed, enhancing their applicability in future
studies. The novelty of the present work lies in examining a wider
range of flow conditions across different tube diameters, offering
deeper insights into the underlying flow physics. The study incorpo-
rates improved mesh resolution, an enhanced boundary-condition
strategy, a more robust validation procedure, and higher-quality
flow visualizations. Together, these advancements clearly distin-
guish in the investigation.

2. Problem formulation

A set of two in-line horizontal circular cylinders is arranged for in-
vestigation. Liquid spray is directed onto a horizontal tube from a
distributor array, propelled by gravity, and establishes a liquid film
over the tube’s exterior. This liquid film spreads circumferentially
until it completely covers the tube’s surface. Accumulating at the
bottom of the tube, the liquid forms a column and then flows onto
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the next tube. Gravity, surface cohesion, viscous forces, and inertial
forces collectively influence the progression of liquid film spreading.
To ensure uninterrupted flow formation, the extreme left side of
the simulation domain is set equal to the tube’s diameter. However,
the distributor hole diameter is influenced by aspects such as liquid
properties, operating conditions, tube diameter, and the required
flow distribution, and it is generally maintained within the range of
1-5 mm. In this simulation, the distributor hole diameter is set to
3 mm. For flow analysis, the tube diameter is maintained at 19.05
mm, with a spacing of 6.4 mm. The flow variables are examined cor-
responding to film Reynolds numbers of 850, 1050 and 1250. The
selection of these film Reynolds numbers is based upon the typical
operating range observed in film flow analysis. The simulation is
further extended in the second phase to include heat interaction.
For comparison with other geometrical parameters, an additional
tube diameter of 25.05 mm is selected, and the flow variable is ex-
tended to 1250. The film Reynolds number is defined as Re, = 4I'/
i, and the values considered here are 850, 1050, and 1250. Here, I
represents the mass movement rate per unit width (kg/m-s), and p,
is the dynamic viscosity of the flowing fluid (N-s/m?).

3. Meshing and boundary conditions

The boundary conditions imposed on the flow domain to capture
the dynamic behavior of thin film flow are shown in Figure 2. The
exterior surface of the tube wall is set as a zero-velocity boundary
condition also known as no-slip boundary condition, the inlet sec-
tion of the flow is designated as a velocity inlet, the outermost flow
domain is set as a free flow and thus considered as a pressure inlet
boundary condition, and the pressure at the exterior of the flow field
is static, hence boundary condition assigned as a pressure outlet.
The investigation initially focuses on studying the instable behavior
of the liquid film around the tube without heat interaction, followed
by further analysis incorporating energy interaction.

To enhance the efficiency of the simulation process, the flow domain
is subdivided into two symmetrical parts that are symmetric about
the Y-axis. Consequently, similar parts of the tubes are assigned
symmetric boundary conditions.

The generated mesh aligns precisely with the specifications of the
numerical solver used, ensuring smooth integration with the sim-
ulation software to effectively utilize the mesh and produce reliable
results. It plays a crucial role in simulation analysis and should be
robust enough to capture all the necessary parameters and meet
specified convergence criteria. The mesh is illustrated in Figure 3 (a),
(b) & (c), offering a detailed view of the mesh to assess its quality. An
inflation technique is applied over adjacent to the surface over the
tube, enabling it to capture a minute variation in this highly sensitive
zone. This involves a progressive increase in grid size along the tube
surfaces, facilitating an easy and precise capture of flow parameters.
The generated mesh is quadrilateral structured and becomes finer
near the wall, enabling the effective capture of small fluctuations.

Velocity inlet Pressure inlet

Symmetric Boundary

Tube wall

<— Pressure inlet

Symmetric Boundary ——

=

Pressure outlet

Figure 2. Boundary conditions and the flow domain

Figure 3. Mesh details (a) In-line double tube (b) Single tube (c)
Zoomed view (Inflation layer shown)

4. Methodology
4.1. Solver settings and operating conditions

The Volume of Fluid (VOF) multiphase model is used for simulation,
in conjunction with a pressure-based transient solver that employs
the Pressure Implicit-Splitting of Operators (PISO) method. The
Geo-reconstruct Volume Fraction discretization scheme was used.
The simulation utilized water density (p_ = 998 kg/m®), viscosity
(1, = 0.001 Pa.s), and surface tension coefficient (0.072 N/m) under
normal temperature and pressure conditions. The variable step size
ranged from 1x10” to 1x10°, with an absolute convergence criterion
of 1x10° chosen for the simulation. The VOF model is preferred to
dynamically detention the interface of two-phase (gas-liquid) flow
and to define the flow boundary of the liquid film. This method de-
fines the vapour-liquid boundary by computing the volume portion
of each phase in every grid cell. A specific area has been patched,
and the solution is initialized from the inlet boundary. A cut-off vol-
ume fraction of 0.5 is usually considered to distinguish the bound-
ary between the liquid and vapour (gaseous) phases. Key parameter
selections and their assigned values are presented in Table 1.
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Table 1. Parametric selection and assigned values X- Component:
S.N. Parametric selection Assigned methods/value 0 (pu) N 0 p R 0 Ty
1 Multiphase model Volume of fluid (VOF) ot + Vo (ouV) = - 0x + 0x + 0 y + of; 2)
2 Solver type Pressure based Y- Component:
3 Pressure velocity coupling PISO 5 P P P
4 Discretization scheme Geo-reconstruct éiv) +V . (pVV) =- ap + a::y + aTyy + of, (3)
5 Surface tension (water-air) 0.072 (N/m) Y Y
6 Time step size (variable) 1x10° <t>1x10° Material Equation:
7 Time frame Transient 0 (a N
) L +v.Va=0 (4)
8 Pressure outlet/inlet 1 atm ot
Volume Fraction Equation:
4.2. Grid independence test
0 =PI+ Qe Pc (5)
With all flow and fluid properties kept constant, the film thickness
at f = 90° has been evaluated with different grid sizes of 57,505, 1 = aulli+ Qcle (6)
46,576, and 31,462 cells and the results were compared across these
grids. It was observed that there was no considerable variation in ~ Nusselt (1916) Correlation for film thickness:
the outcome as the number of cells increased, as shown in Table 2. 30T 1
Therefore, the domain was divided into 31,462 cells to optimize the ®) = (—L> (7)
o1(o1 - ps) gsin B

computational resources for subsequent simulations.

Table 2. Film thickness with different grid points

No of Grid 57505 46576 31462

Film Thickness (8) 0.42342 0.42312 0.42318
(mm) at f =90°

For the selected number of cells, an acceptable and satisfactory min-
imum skewness of 1.3 x 10'° has been achieved, and the maximum
orthogonal quality approaches 1. The maximum and minimum
aspect ratios are 19.5 and 1, respectively. These parameters indicate
that the generated mesh is acceptable as a high-quality grid suitable
for accurate CFD simulations. During the grid independence test,
the Y" value was also determined according to the first cell height. It
was computed using the wall shear stress, fluid viscosity, and fluid
density. The resulting mesh is sufficiently fine to capture minor flow
variations, with a Y" value of 0.705.

4.3. Governing equations

The governing equations for the conservation of mass and momen-
tum are presented as equations (1), (2) and (3). The material conser-
vation equation, along with the volume fraction equations used to
capture the liquid-gas interface, are provided as equations. (4), (5)
and (6). The proposed Nusselt number correlation, developed based
on the numerical simulation results, is presented in Eq. (7).

Mass conservation:

%+ V.(oV)=0 (1)

Equation of momentum:

5. Results and discussion
5.2. Model validation

The method typically starts with a liquid feed entering the upper
portion of the tube. The fluid is evenly distributed across the sur-
face, forming a thin film that flows downward due to gravity. [30]
presented a robust methodology based on the fractional Volume of
Fluid approach, delineating two immiscible fluid flows or flow over
a free surface. In the present simulation, this VOF model has been
employed. The fluid domains have been discretized with volume of
fractions (a,=1, a =0) for liquid and air.

A fluctuating behavior of film thickness adversely affects the consis-
tency of the film evaporation in evaporative heat exchangers. Hence,
it is crucial to investigate the behavior of film thickness formation
over the circumference of the tube. This paper distinctly captures
and presents the revelation of the transient behavior of film flow
over the surface of a tube.

Figure 4 (a) & (b) illustrate a fully developed flow around the tube’s
circumference. The flow fields around the circumference of the
tube are classified into four zones, as depicted in Figure 4 (b). The
first zone (I) corresponds to the impingement zone within the flow
domain, where the liquid initially impacts on the upper section of
the tube. In this region, the formation of the film and its thickness
exhibit considerable fluctuations. Consequently, the variations in
thickness are not considered in this zone for further discussion.
Following this, the second (II) and third zones (III) pertain to the
developing and developed flow. The final category one is the detach-
ment zone (IV), where the flow begins to separate from the surfaces
of the tube.
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In the present investigation, the outcomes were initially verified us-
ing the correlation proposed by [6] and a non-invasive optical mea-
surement technique employed by [5] to investigate the allocation of
the liquid film thickness around the circumference of the tube.

Metal plate ———

Liquid falling film Air flow over the liquid film

a b

Figure 4. Schematic view of film formation (a) Sectional view
(b) Full view of the domain (Zones: I- Impingement, II Developing,
III- Developed, IV- Detachment)

The chosen tube diameter (D =19.05mm) is typically utilized in the
design of evaporative heat exchangers for commercial applications.
In comparison to fluctuating tube diameters under similar param-
eters, the variation in film thickness is more consistent around the
circumference of the tube. This behavior has also been noted in both
experimental studies conducted by [31] and numerical simulations
performed by [17].

The distribution of liquid film thinness is strongly linked to its
position along the circumference, which directly governs both the
direction and magnitude of the tangential (Fg)t) and radial (Fg)r) com-
ponents of gravity (F ), as depicted in Figure 5. On the apex tube
section, the tangential element of gravity (F ) begins at zero when
the circumferential position is 0°, gradually increasing to its max-
imum at 90°. The radial factor of gravity (F_)) is countered by the
normal force (F ) exerted by the tube surface, along with adhesive
force (F,) and surface tension (F ) within the fluid. Meanwhile, the
tangential factor of gravity (F, ) is counteracted by viscous drag (F ),
which opposes the flow direction.

o -

F,
F,,
B F,
F,+F,
F, F

Figure 5. Analysis of forces

The film thickness exhibits more fluctuations in both the impact
zone and the detachment zone. This paper focuses on analyzing the

instability and transitional behavior of film thickness in these zones.
The novelty of this paper lies in visualizing the flow domains and
gaining an improved understanding of the fundamentals of forma-
tion of liquid film instability and surface heat transfer characteristics
over the tube surface under gravity-driven flow. This research aims
to reduce reliance on costly experimental investigations that have
been consistently used and instead adopt a reliable numerical ap-
proach. The analysis is conducted with an outer tube diameter (D)
of 19.05mm, tube spacing (S) set at 6.4mm, and film Reynolds num-
bers (Re,) of 850 & 1050. Under fully developed flow conditions,
the film thickness around the specified circumferential positions
has been simulated. A comparison of the results available in the
literature is shown in Figure 6. The results at film Reynolds number
of Re, = 574 are equated with the available findings of [6] correlation
and [5], and it is further extended with the extended film Reynolds
numbers of Re, = 850 and 1050 on a single validation graph. The
observed variations are within the acceptable limit. However, it is
worth noting that the analysis does not consider the variation in lig-
uid film thickness near the stagnation zone (0° to 20°) and detach-
ment zone (160° to 180°) of the tubé€’s circumference. This exclusion
is deliberate because abnormal film thicknesses were observed in
this circumferential position. Figure 6 shows that the film thickness
at Re, = 1050 is consistently higher than that at Re, = 850 for all
angular positions around the tube, with an average reduction of
6.26%. The trend in both flows indicates a gradual decrease in film
thickness with increasing circumferential position up to the range
of 100°-120°, after which it begins to increase until the detachment
point. This behavior is attributed to the combined effects of tube
curvature, surface tension, and centrifugal forces acting on the flow.

0.7
= 067 ¢ 850
o Present result (Re; ) { #1050
06 | ° : 03 A Nusselt (1916)
o w05 Re=574 ® Gstoehl D (2004)
§ o X Poddar A (2021)
Zos * x =052 §0.52
£ R o . R =049
:E = 045 ®
= » o 042 =042 X
E04 ° ° .
= I
. 4
A A A A A
0.3 1 X X X
X
0.2
0 20 40 60 80 100 120 140 160 180
Circumfrentail Angles (B)

Figure 6. Film thickness variation around the circumference of the
tube

5.3. Numerical investigation
5.2.1. Transitional behavior of film fluctuations

In this section, a comprehensive portrayal of a descending liquid
film is presented. Figure 7 (a) elucidates the evolution of the film
by enveloping two horizontally aligned circular tubes. Notably, a
distinct void arises at the corner of the tubes, as presented in the
zoomed view in Figure 7 (b), indicating the parting of the liquid
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film from the surface in these areas. Furthermore, Figure 7 (c) il-
lustrates the allotment of velocity vectors surrounding the surface
of the tubes.

Figure 8 elucidates the outline of the mixture interface, clearly dis-
playing stagnation points, thereby providing a distinct visual repre-
sentation. Additionally, it is worth observing that the least observ-
able film thickness is achieved for the circumferential angles ranging
from 100° to 120°.

Figure 9 depicts the fluctuation in liquid film thickness over the
surface of the tube. The film thickness, observed at surface angular
position of p = 60°, 90° & 120° from the tube’s top, is examined over
time for a tube with a diameter of D_ = 19.05mm and a spacing of s =
6.4mm. The plotted data represent averaged values derived from the
circumferential profile of the tube surfaces. Specifically, the liquid
thickness at this circumferential position is considered after a flow
duration of 0.15s to ensure coherent behavior. The curve displayed
exhibits asymptotic behavior in film thickness for all angles after
0.3s. The transient film thicknesses exhibit coherence, indicating
a uniform and stable liquid distribution over time. This coherence
minimizes fluctuations in the local film profile, reducing the po-
tential formation of dry patches on the heat transfer surface. As a
result, the continuous wetting of the surface ensures improved heat
transfer performance and prevents localized overheating.
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Figure 7. Liquid film flow contours (a) Full domain (b) Enlarged
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Figure 9. Transient film thickness around the circumference of the
tube with respect to time

5.2.2. Flow contours

The velocity vectors illustrating the boundary layer development
around the tube surface are shown in Figure 10. The full flow do-
main with velocity vectors is shown in Figure 10 (a), where Figure
10 (b) and (c) depict a closer view of the top surface and formation
of boundary layer on the solid surface, respectively. The recircula-
tion zones observed around the tube depicted in Figure 11 result
from the separation and reversal of the flow field in these regions.
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Figure 10. (a) Velocity vectors (b) Top view (c) Development of
boundary layer

i :'l'l‘
il =

Two recirculation
regions formed

Figure 11. Velocity vector plot
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5.2.3. Wall shear stress

Figure 12 illustrates the shear stress over the surface of the tube, and
its distribution along the surface. Significant fluctuations are evident,
particularly in the vicinity of the tube’s impingement zone, with
analogous behavior observed near its base. A gradual progression of
fluctuations is observed between these regions. In the initial contact
zone, fluid meets the tube surface, where it momentarily reaches
zero velocity before being compelled to flow around the tube by the
inertial force of gravity. The maximum wall surface shear stress is
reached near the tube’s detachment zone.

4506400 1)y ve length (m) 0.005 = 30°

Average wall shear stress = 2.21 Pa
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Figure 12. Fluctuating wall shear stress (mixture) vs. Curve length
(Time: 0.35s)

5.4. Heat transfer characteristics over the tube surface

5.3.1. Mechanism of heat interaction with the falling liquid
film

In the current numerical simulation, heat interaction is considered
as a constant surface heat flux on the tube outer surface. Figure 13
illustrates the mechanism of heat interaction with the falling liquid
films.

Liquid film flow
Inlet

bbd bdd b

T,

Air outlet

T, dA

Solid surface

£

Outlet Air inlet

Figure 13. Mechanism of heat interaction with falling liquid film
(Form: Curve image)

The energy equation for a gravity-driven liquid film flows over the
tube within the control volume is described in Equation (8).

#,C, T, + U(T, - T, )(dA) =

(1, + dih )(Co )(Tw + dT.) + (H, )(di ) + ha (Toi + T.)(dA) )

[32] proposed a correlation presented in Eq. (9) for the heat transfer
rate in the region of nucleate boiling based on experimental obser-
vations:

g(plo- 0.) H (T, - Ta) ]

C.hyPr? ©)

qnuclea;e = thfg[
There are two alternative methods adopted to enhance the evapo-
ration rate of FFE are to increase the overall surface heat transfer
quantity or to increase the thermal potential difference. These two
approaches are limited because the evaporation rate can be in-
creased by increasing the thermal potential differences, but on the
other side the possibility of film breakdown increases when heat
flux increases beyond the operational limit. In another method, a
higher heat transfer coefficient can be achieved by increasing the
flow rate of flowing liquid. This method increases the use of extra
water resources; hence, the economy of operation suffers, and a
balanced approach is adopted. This section illustrates the numerical
prediction of film heat transfer analysis under a constant surface
heat flux (4 = 40 kW/m?K), while keeping other variables constant
as discussed in the previous section. The future scope of this work
includes exploring different heat flux conditions with various pa-
rameters. However, for the current study, the analysis is limited to a
single variable to maintain conciseness and avoid excessive length.
This study specifically investigates the sheet mode of flow within the
designated zone.

5.3.2. Surface heat transfer characteristics

Figure 14 illustrates the surface heat interaction contours across the
full numerical domain. with parameters set at constant surface heat
flux q = 40 kW/m’K, Re, = 1050, tube diameter D_ = 19.05 mm and
S = 6.4mm. It has been investigated that the surface heat transfer
coefficient shows a maximum fluctuation (9.21kW/m’K) in the
zone of impingement (0° < f > 20°) and then a continuous varia-
tion is shown in the downstream due to the development of thermal
boundary layers. The simulation shows that the surface heat-trans-
fer coefficient varies with angular position, thereby also elucidating
the local heat-transfer behavior, ranging from 9.21 kW/m’K at the
top to 2.15 kW/m’K at the bottom. Despite differences in absolute
values, [12] also observed a similar variation in heat transfer with
angular position.

9210403
8.900+03
8.600+03
8.290+03

Top surface

Bottom surface

Figure 14. Surface heat interaction contours (kW/m’K)
q =40 kW/m’K, Re, = 1050, D, = 19.05 mm and S = 6.4mm)
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The simulation was also conducted to analyze the effect of the sur-
face wall heat transfer coefficient for tube diameters of 19.05 mm
and 25.04 mm, while keeping flow variables constant. For an en-
larged tube diameter, the impingement effect is weaker compared to
a smaller tube diameter. This is because, for a larger tube diameter,
the reduced surface curvature and the smaller normal velocity com-
ponent of the falling film led to weaker impingement compared to
that on a smaller, more curved tube. However, even with a small-
er tube diameter, the variation in the film surface heat transfer
coefficient remains insignificant compared to that of a larger tube
diameter as depicted in Figure 15. The numerical simulation is fur-
ther broadened to evaluate the surface heat transfer coefficient for
different film Reynolds number as depicted in Figure 16. However,
a similar pattern of surface heat transfer coeflicients was observed
for Reynolds numbers Re, = 1250, 1050, and 850 across the entire
tube surface. It is observed that the surface heat transfer coefficient

10000

increases with increasing Re, which can be attributed to the en-
hanced convective effects resulting from higher flow momentum
under identical conditions. The highest fluctuations were found in
the impingement section of the tube surface, followed by a smoother
distribution. The fluctuations observed near the impingement zone
arise as the falling film begins to align along the curved surface of
the tube, particularly within the 0°-20 circumferential range. In
the 20°-160° circumferential range, the maximum variation in the
surface heat-transfer coefficient between film Reynolds numbers of
1250 and 1050 is limited to 11% while for Reynolds numbers 1050
and 850, the variation is 15%.

The detachment region exhibits a chaotic flow pattern, which also
contributes to fluctuations in the tail zone (160°-180°). A similar
fluctuation behavior has been carefully addressed by [12] to improve
predictive accuracy.

92000 9
8000
7000
6000
5000
4000

3000

Surface heat transfer coefficient (W/m?K)

2000

Re; = 1050, S = 6.4mm, q = 40 kW/m?

-—&--D = 19.05mm
w- @ D = 25.05mm

(1] 20

40 60 80

100 120 140 160 180

Circumferential position ([3)

Figure 15. Surface heat transfer coeflicient for tube diameters of 19.05 mm and 25.05 mm
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Figure 16. Surface heat transfer coeflicient for different film Reynolds numbers
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6. Conclusion

Utilizing the ANSYS Fluent CFD software, simulations were con-
ducted to visualize the liquid film flow patterns around horizontal
round tubes in a falling film evaporative heat exchanger. For tubes
of diameters 19.05 mm & 25.05mm, simulations were carried out
for three liquid film Reynolds numbers (Re, = 850, 1050 & 1250),
other fluid properties being held constant. The visualization of flow
around the round tubes was effectively captured, and the flow be-
havior was examined along the outer curvature of the tubes. It was
observed that as the film Reynolds number increased, the thickness
of the film surrounding the tube also grew; there was a concur-
rent rise in the likelihood of void formation on the bottom of the
tube. The fluctuating behavior of film formation around the tube
arrangements was distinctly identified. It was seen that the surface
wall shear stresses and surface heat transfer coefficient near the
impingement zone exhibit significant instability, showing abnormal
fluctuations which can be attributed to the impingement effect. It is
concluded that the current simulation approach accurately predicts
the phenomena involved and is sufficiently robust to accommodate
the possible variations introduced in the study.

The current two-dimensional study of falling film evaporation ana-
lyzes flow and geometrical effects on film behavior and heat transfer
but omits phase transition due to its complexity. Future work will
focus on three-dimensional simulations incorporating both heat
and mass transfer during phase transition.
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Nomenclature
C Specific heat (k]kg'lK'l)
<, Specific heat of the liquid, J/(kg-°C)
C, Experimental constant

dA Control volume (m?)

(1]

(2]

Fa Adbhesive force

F. Gravitational force

E, Tangential components of force

E. Radial components of force

F Normal force (N)

EF, Viscous drag

F, Surface tension

g Gravitational acceleration, m/s’

H Enthalpy of dry air (k.kg")

hi Heat trinst_'?r coeft.t at inner side of liquid film
(kW.m “.K")
Heat transfer coeff. at outer interface of liquid

wo (kW.m “K™)

H, Enthalpy of vapor (k].kg'l)

h, Enthalpy of vaporization, J/kg

0 Mass 1ﬂow rate of dry air at inlet of the evaporator

: (kg.s™)
. Mass flow rate o_f1 vapour at inlet of the
v evaporator (kg.s")

m Mass flow rate of distributed water at inlet (kg.s'l)

m, Mass flow rate of hot water at inlet (kg.s ")

Pr Prandtl number of the liquid

q Heat flux (W/m”)

T, Temperature of the vapor-water interface (°C)

T, Temperature of the distributed water (°C)

T, Temperature of the hot water (°C)

T Surface temperature of the heater, °C

T, Saturation temperature of the fluid, °C

U Overall heat transfer coefficient (kW.m >.K™")

T Film flow per unit width (m/nD), (kg/ms)

pl Viscosity of the liquid, kg/(m-s)

P, Density of the liquid, kg/m’

P, Density of the vapor, kg/m’

o Surface tension of the interface, (N/m)
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