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a b s t r a c t 

Falling-film heat exchangers are widely used to promote heat and mass transport within industrial en- 

vironments. In contemporary condensers, for example, liquid films continuously form over a tube row 

and impact multiple tubes beneath, resulting in a rich variety of two-phase flow phenomena, includ- 

ing the classical Rayleigh-Plateau instability. It is widely known that altering the contact angle of the 

tubes influences the heat exchangers’ heat and mass transfer characteristics by changing the falling 

films’ flow behaviour (i.e. dropwise or jet). Therefore, resolving interfacial flow characteristics, such as 

the Rayleigh-Plateau instability, is crucial for falling film studies as this instability may change the state 

of the falling film from being jet flow to dropwise/jet flow or even just dropwise. To explore this as- 

pect, three-dimensional direct numerical simulations are used in the present work to replicate the jet 

instability behaviour. By employing certain mesh refinement strategies demonstrated from various case 

studies, the interfacial flow behaviour and jet instability have been captured, showing good agreement 

with experimental and theoretical data previously published. This is determined from the increased jet 

bifurcation and a maximum error of 2.2% of the film thickness in comparison to Nusselt’s result within 

the bulk region of the tube. In addition, the average and local heat transfer coefficients across the first 

tube were compared with numerical solutions to give an average error of 3.2 and 14 %. Jet instability is 

found to be directly related to the amplitude of the axial pressure variations which is augmented by the 

growth rate of the capillary wave that travels upstream. Specifically, for contact angles of 30 and 60 °, 
the flow is in a dropwise and dropwise/jet state due to the emergence of the Rayleigh-Plateau instability. 

Notably, the additional satellite droplets that materialize from the unstable jet lead to an increase in the 

local heat transfer coefficient of the film compared to without the Rayleigh instability improvement. 

© 2023 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The occurrence of liquid films/drops plummeting over a bundle 

f tubes is frequently observed within many heat exchangers such 

s condensers, evaporators and absorbers that are heavily used in 

he fields of refrigeration/cryogenics, desalination, LNG (liquid nat- 

ral gas) phase change, food production plants and power plants 

1–4] . For example, in a horizontal tubular absorber, as the work- 

ng binary liquid mixture and water-vapour enter the system , 

he coolant pipes siphon the latent heat away from the vapour to 

e liquefied. The subcooled condensate then simultaneously mixes 

ith the operating hot liquid to dilute its concentration as it flows 

nd falls across the heat pipes [5] . Due to the inherent variation of

urface roughness across most thermal conductive materials, some 

reas of the pipes are left exposed, which reduces the rate of heat 
∗ Corresponding authors. 
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017-9310/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article u
nd mass transfer of vapour to the liquid-film i.e. the vapour’s ab- 

orption rate [6] . 

In addition, the hydrodynamics of the film is another contribut- 

ng factor as to whether it will increase or decrease the heat or 

ass transfer depending on the nature of its flow (i.e. sheet, jet or 

ropwise regimes) [7] . The ability to capture and examine the be- 

aviour of falling films is of great interest to guide improvement in 

verall efficiency of heat exchangers via surface topology modifica- 

ion. By investigating gravity-driven flow of falling films over mul- 

iple horizontal tube banks [8] , Killion et al . has noted that droplet

ucleation sites will form as soon as the liquid beneath the first 

ube starts to thicken. Specifically, as liquid is continuously driven 

nto the droplets, the hydrostatic force starts to become dominant 

ver the surface tension and pulls the droplet orthogonally from 

he tube. Hereafter, the inertial force between the liquid filament 

nd the circumference of the droplet continuously increases under 

ravitational acceleration. Consequently, the capillary bridge (still 

eing attached to the droplet) begins to shrink to a point where 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

Symbols 

a Wave velocity (m/s) 

Ar Archimedes number 

C Specific heat capacity (J/kg •K) 

Co Courant number 

d Diameter (m) 

e Internal energy (J) 

g Gravitational acceleration (m 

2 /s) 

Ga Galileo number 

h Heat transfer coefficient (W/m 

2 •K) 

k Thermal conductivity (W/m •K) 

L Length (m) 

˙ m Mass flow rate (kg/s) 

Nu Nusselt number 

P Pressure (Pa) 

Pr Prandtl number 

q o 
′′ Heat flux (W/m 

2 ) 

r Radial coordinate within film (m) 

R Radius (m) 

Re Reynolds number 

s Spacing (m) 

T Temperature (K) 

�t Timestep (s) 

u Velocity (m/s) 

V Volume (m 

3 ) 

We Weber number 

�x Cell size (m) 

Greek Symbols 

α Volume fraction 

� Specific mass flow rate (kg/m •s) 

γ Surface tension (N/m) 

δ Film thickness (m) 

θ Tube angle ( °) 
κ Specific heat ratio 

λ Wavelength (m) 

μ Dynamic viscosity (Pa ·s) 

ν Kinematic viscosity (m 

2 /s) 

ρ Density (kg/m 

3 ) 

Subscripts and superscripts 

b Bulk 

c Capillary 

cal Calculated 

ch Characteristic 

f Film 

g Gas phase 

in Inlet 

j Jet 

l Liquid phase 

lg Liquid-gas phase 

p Isobaric 

sg Solid-gas phase 

sim Simulated 

sl Solid-liquid phase 

t Tube 

tot Total 

v Isochoric 

w Wall 

Y Equilibrium contact angle 

y Coordinate axis parallel to flow direction 

z Coordinate axis within the axial direction 

∗ Dimensionless 

t

2

ts surface tension overcomes the viscous force causing the bridge 

o collapse [8] . 

It should be noted that the difference in overall interfacial ten- 

ion force between the tip and the bulk of the jet forces the jet to

etreat towards the tube [ 9 , 10 ]. This is then followed by a capillary

ave (formulated at the tip) that propagates along the liquid jet. 

hen the wavelength surpasses the circumference of the jet, the 

urface area of the filaments will decrease resulting in a reduction 

n surface energy. The diminished surface energy is then converted 

nto kinetic energy which dissipates along the stream causing the 

et to be perturbated [ 10 , 11 ]. These oscillations directly affect the 

aplace pressure gradient within the fluid, forming regions of high 

nd low pressures along the convex and concave curvatures [12] . 

s a result, along the high-pressure regions, the jet bifurcates into 

any satellite droplets [12] . Droplets that formulate from a pertur- 

ated liquid column are associated with the Rayleigh-Plateau in- 

tability [13–15] . 

In order to apprehend and understand such comprehensive 

hysics within the Rayleigh time-scale [16] , numerical simulations 

re required to locally analyse the hydrodynamic flow pattern to 

istinguish which properties or parameters will globally affect the 

roficiency of heat and mass exchangers. Further, interpreting the 

ayleigh-Plateau instability is of the utmost importance to encap- 

ulate within numerical simulations as the capillary ripples gen- 

rated on the film will induce film waviness. The increased wavi- 

ess of the film will provoke hydrodynamic instabilities which can 

ncrease the departure rates of droplets beneath the tube. Further- 

ore, such physical interaction will cause the interfacial area to in- 

rease as the additional capillary waves generated will stretch the 

iquid film further [8] . This will enhance the overall heat trans- 

er as the thermal resistance between the bulk liquid and solid 

s reduced with the reduction in film thickness. To capture this 

henomenon numerically, high-level mesh refinement is required 

ithin the liquid filament to resolve the capillary waves during the 

volution of the Rayleigh-Plateau instability. 

A study by Deshpande et al . focused on a mesh independence 

nalysis on the retraction of a laminar liquid column by alter- 

ng the number of grid points across the diameter of the jet [17] .

ithin the initial stages of instability, it was found that the mesh 

esolution was independent upon the retraction velocity and jet 

ontour. However, as the amplitude of the capillary wave started to 

ncrease, the larger number of grid points per diameter (between 

 and 32) showed greater rapid bulging of the liquid column and 

et bifurcation. At a grid resolution of 32 points within a particu- 

ar timeframe, droplet pinching was observed although lower grid 

esolutions did not apprehend this. It should be noted that during 

et instability, the diameter at the convex regions of the jet will 

ecrease to its smallest mesh size. Therefore, the neck diameter at 

hat particular region is limited to the number of grid points act- 

ng along its interface as it is directly proportional to the interfacial 

ension force [17] . Ultimately, the required number of grid points 

aries, depending on the film Reynolds and Weber numbers. In the 

ontext of falling films, the Reynolds number, Re f , is given as fol- 

ows [18] : 

e f = 

4�in 

μl 

(1) 

here μl is the dynamic viscosity and �in is the inlet specific film 

ow rate (kg/m •s), given by the following equation, 

in = 

˙ m in 

2 L t 
(2) 

here L t is the tube length (m) and ˙ m in is the mass flow rate at 

he inlet (kg/s). The Weber number represents the ratio of the in- 
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rtial to surface tension forces: 

 e l = 

ρl (u l,y ) 
2 λc 

γlg 

(3) 

Here, ρl is the density of liquid film (kg/m 

3 ), u l,y is the film ve-

ocity perpendicular to the direction of tubes (m/s) and λc is the 

apillary length of the fluid of interest (m). Shinjo et al . stated that 

he mesh spacing should typically be at least a fifth of the jets’ 

iameter to capture the profile of instability [19] . Nevertheless, as 

he film Reynolds number increases (i.e. the inlet velocity) the We- 

er number will simultaneously increase as it is proportional to 

he film velocity. In turn, this will increase the instability of the liq- 

id jet and reduce the diameter of the subsequent satellite droplets 

ollowing from Rayleigh-Plateau instability. As a consequence, fur- 

her mesh refinement is needed to capture these droplets which 

ay require a few hundred million grid points for a singular liq- 

id jet. On the other hand, to find out whether numerical results 

re correctly captured with the selected grid spacing requires the 

nspection of the waviness of the jet in which the formation of os- 

illating droplets can be identified. This will indicate how precise 

he interfacial surface tension has been captured [19] . 

Many have attempted to model and compare the kinematics 

f falling films in comparison to experimentally obtained results. 

osseinnia et al . numerically investigated how the falling-film flow 

egime affects the absorption rate of water vapour within a lithium 

romide (LiBr) solution whilst traveling over cooled heat pipes 

20] . However, the Rayleigh-Plateau instability seen on the liquid- 

et was only slightly captured, that is, only a few subsequent liq- 

id droplets were broken from the jet after droplet detachment. As 

entioned previously, this will ultimately affect the flow regime 

eneath the second pipe and hence the water vapour absorption 

ate. Ding et al . also compared numerical simulations against the 

xperiments from Killion et al ., and extended their investigations 

o explore the effect of surface wettability on the hydrodynamics 

18] . Nevertheless, as the Rayleigh-Plateau instability was under- 

esolved, it remains unclear how the true flow regime on the sec- 

nd tube (and so on) will be as a function of surface wettability. 

As briefly mentioned, changing the surface wettability of tube 

alls can significantly improve the heat transfer characteristics of 

eat exchanger systems. However, the wettability requirements for 

ach type of system (for example, absorbers and condensers) are 

istinctive. Firstly, when a liquid droplet is in kinetic equilibrium 

n an ideally flat solid surface, three governing surface tension 

orces co-exist [21] . Their direction and magnitude will affect the 

roplet’s equilibrium contact angle from which surface wettabil- 

ty is determined. This relationship is commonly expressed as the 

oung’s equation: 

os θY = 

γsg − γsl 

γlg 

(4) 

here θY is known as the equilibrium (or intrinsic) contact angle 

 °), γsg is the solid-gas interfacial tension (N/m), γsl is the solid- 

iquid interfacial tension and γlg is the liquid-gas interfacial ten- 

ion. Furthermore, a number of widely known wetting thresholds 

re prescribed from the extent of the contact angles. For exam- 

le, a superhydrophobic surface signifies that a water droplet has 

 contact angle more than or equal to 150 ° [22] . In relation, a

ydrophobic surface is when the droplet displays a contact angle 

ore than or equal to 90 ° [22] . These two states indicate that a

urface can be non-wettable or partially wettable. Conversely, a hy- 

rophilic surface promotes a contact angle of less than 90 °. Further 

ecreasing this state leads to a fully wetted substrate known as a 

uperhydrophilic surface where the contact angle is less than 10 °
22] . In a partial wetting regime, droplets that are associated with 

 microscopic thin film absorbed within their vicinity will have re- 

uced tendency to move laterally and longitudinally [23] . 
3 
To elaborate on different heat exchanger wettability require- 

ents, an absorber heat exchanger (or an evaporator) will favour 

 completely wetted surface (as momentarily stated beforehand). 

his is reflected from the previous work by Köroglu et al ., who fab- 

icated functional hydrophilic and hydrophobic surfaces upon cop- 

er heat pipe banks to investigate the heat transfer enhancement 

n a falling-film evaporator [24] . It was noted that the functional 

ydrophilic surface exhibited better performance in comparison to 

he plain and hydrophobic surface. This was due to the increased 

ffinity of the surfaces to water, promoting a thin liquid film along 

he interface. In respect to absorbers, the hydrophilic surface prop- 

rty increased the diffusion rate of the vapour onto the surface, 

hich explains the improvement in the heat transfer rate. Subse- 

uently, Zheng et al . studied the same effect on a falling-film evap- 

rator but further modified the surface to reach a superhydrophilic 

ondition [6] . As anticipated, the heat transfer coefficient of the 

uperhydrophilic surfaces outperformed the hydrophilic surface by 

t least twice the amount at low film flow rates due to complete 

urface wetting at low spray densities. 

During steam condensation within a condenser, when the su- 

ersaturated vapour falls onto bare subcooled heat pipes, the nat- 

ral hydrophilic quality of the material promotes filmwise conden- 

ation. This mode of condensation presents itself as a thin liquid 

lm across the surfaces, which induces additional thermal resis- 

ance between the vapour and the cooled surface. To repel the 

iquid film, a hydrophobic or superhydrophobic surface is needed 

hich can induce dropwise or even jumping-droplet condensa- 

ion [25] . Recently, Zhang et al . fabricated superhydrophobic and 

ydrophobic surfaces upon copper heat pipes which were then 

laced in a condenser to assess their heat transfer performance 

26] . At low subcooling temperatures (less than 12 K) the hy- 

rophobic surfaces outperformed the original surface in terms of 

eat transfer coefficient and heat flux, whilst the superhydrophobic 

urface exponentially enhanced the heat transfer rates. This was 

ue to dropwise and jumping-droplet condensation being estab- 

ished on the hydrophobic and superhydrophobic surfaces. These 

odes of condensation enabled the exposure of the working sur- 

aces, which promptly reduced the thermal resistance between the 

apour and solid interface. 

In this study, we present direct numerical simulations designed 

o resolve the Rayleigh-Plateau instability and other interfacial flow 

eatures of the falling film within the dropwise regime by focusing 

n mesh refinement within the liquid-jet. The flow phenomena on 

he first and second tubes is directly compared to the experimen- 

al results by Killion et al . [8] . In addition, the local heat trans-

er coefficient within the film is assessed to explore the effects 

f additional satellite droplets impacting the tube. Moreover, ef- 

ects of static contact angles are parametrically investigated across 

 wide range of surface conditions from superhydrophilic to super- 

ydrophobic states. The distinction between the wettability states 

s quantified from the hydrodynamics of the flow pattern (i.e. cap- 

llary wave propagation), changes in droplet departure diameter, 

lm waviness and instability, transition periods from dropwise to 

et flow and the film thickness across the impacted tubes. 

. Methodology 

.1. Geometry setup, boundary conditions and mesh refinement 

Firstly, to validate the numerical predictions, a similar tube con- 

guration as the experiments of Killion et al . was generated [8] . 

he system consisted of six horizontal brass tubes in a 300-mm 

ong column. The outer tube diameter ( d t ) and the longitudinal 

ube spacing ( s t ) (distance between the tube faces) was 12.7 mm 

nd 25.4 mm (double the tube diameter). To feed the water over 

he tubes, a distributer was placed 1 mm above the first tube. This 
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a

as to ensure that the fluid impacting the tube would be evenly 

istributed i.e. verifying that the planar shear stresses at the walls 

ould be negligible so that certain parabolic velocity profiles may 

ot be created and disturb the flow. 

To reduce computational power and time, only three horizontal 

ubes are selected for the simulation model where their length is 

quivalent to the Rayleigh-Taylor instability wavelength. The Taylor 

avelength is known as the distance between the droplets on the 

ipe where they start to nucleate from and leave. This was first 

oted by Hu et al . [7] who observed this behaviour and discussed 

he accuracy of the different correlations of other researchers used 

o determine the Taylor wavelength on horizontal tubes. However, 

s suggested by Ding et al . [18] , most studies ignored the effects

f the film Reynolds and Galileo numbers on the Taylor instabil- 

ty. Nevertheless, Armbruster et al . took this into consideration and 

orrelated the Taylor wavelength equation with a standard devia- 

ion of ±7.5% as [27] : 

= 

2 π
√ 

2 √ √ √ √ 

ρl g 
γlg 

( 

1 + 

(
Re f 

2 

Ga 
1 
4 

)0 . 8 
) 

+ 

2 
d 2 t 

(5) 

here g is the gravitational acceleration (m 

2 /s), and Ga is known 

s the Galileo number. The Galileo number is widely known as the 

atio of gravitational (i.e. buoyancy) to viscous forces of a liquid. 

he general Galileo number is given as: 

a = 

gλ3 
c ρ

2 
l 

μ2 
l 

(6) 

For falling films, the length scale, λc , is commonly expressed as 

he capillary length which is known as: 

c = 

√ 

γlg 

ρl g 
(7) 

By squaring the Galileo number and inserting the capillary 

ength, one gets a modified Galileo number, Ga ∗, shown below [7] , 

a ∗ = 

ρl γ
3 

lg 

μ4 
l 
g 

(8) 

To ensure that dropwise flow is initially maintained from the 

ube banks, the film Reynolds number must be within a certain 

hreshold. According to Hu et al ., the regime for which dropwise 

ow will occur is [7] : 

e f = 0 . 074 Ga ∗0 . 302 (9) 

ith a mean deviation of ±11% [7] . In addition, the transition 

egime of which dropwise flow will evolve into jet flow (i.e. drop- 

ise/jet flow) is verified as: 

e f = 0 . 096 Ga ∗0 . 301 (10) 

aving a mean deviation of ± 11.2% [7] . For water at approxi- 

ately room temperature and at atmospheric pressure, the criti- 

al Reynolds number where dropwise flow is maintained is given 

s Re f = 116 from Eq. (9 ). Based on this, the critical inlet specific

lm-flow rate from Eq. (1 ) is �in = 0.029 kg/m •s. It should be noted

hat the Reynolds number must be kept less than 100 as this is 

ypically the Reynolds number margin observed from the experi- 

ents by Killion et al . to establish droplet-to-droplet/jet behaviour 

8] . To make a direct comparison against the simulation results by 

ing et al ., a Reynolds number of Re f = 80 was selected which cor-

esponded to an inlet specific film-flow rate of �in = 0.02 kg/m •s. 

he tube length was chosen as 22 mm (rounded up from 21.7 mm) 

or these flow conditions based on the Taylor wavelength ( Eq. (5 )). 

he dimensions of the inlet feeder were fixed at 1 ×2 mm 

2 ( L z x
4

 x ) and positioned 1 mm above the first tube. This arrangement 

imits the effects of shear forces created from the feeder which 

ould perturb the liquid flow around the tube and invalidate the 

esults [ 18 , 20 ]. The length of the domain in the flow direction was

lso chosen to match that of the numerical study by Ding et al . 

18] which corresponds to 99.9 mm. 

To further note, in order to predict and validate the heat trans- 

er model prescribed, the Nusselt number can be used to describe 

he heat and mass transfer characteristics for each of the falling 

lm regimes. The Nusselt number is widely known as the ratio of 

he convective to the conductive heat transfer rate of a fluid, which 

s normally expressed as: 

u = 

hλc 

k l 
(11) 

here h is the convective heat transfer coefficient (W/m 

2 •K) and k l 
he thermal conductivity of the liquid (W/m •K). For falling films, 

he length scale here is denoted based on the characteristic film 

hickness ( δch ), which is given as [ 7 , 28 ]: 

ch = 

3 

√ 

v 2 
l 

g 
(12) 

ith v l being the kinematic viscosity of the liquid (m 

2 /s). There- 

ore, substituting δch for λc one obtains a modified Nusselt number, 

u ∗, 

u 

∗ = 

h 

k l 

3 

√ 

v 2 
l 

g 
(13) 

From the experimental observations made by Hu et al ., the re- 

ulting Nusselt number correlation established for dropwise flow 

s expressed as [7] : 

u 

∗ = 0 . 113 Re 0 . 85 
f P r 0 . 85 Ar −0 . 27 

(
s t 

d t 

)0 . 04 

(14) 

ith a mean deviation of ± 6.1% [7] . Here, P r is known as the 

randtl number and Ar is given as the Archimedes number. The 

randtl number illustrates the ratio of the momentum diffusion 

ate to the thermal diffusion rate of the fluid which is given as: 

 r = 

μl c p,l 

k l 
(15) 

Likewise to the Galileo number, the Archimedes number rep- 

esents the ratio of the gravitational to the viscous forces of a 

uid but instead as a function of the tube diameter [7] . There- 

ore, the length scale in this case is equivalent to the tube diameter 

 λc = d t ), and one finds the Archimedes number as, 

r = 

ρ2 
l 

gd 3 

μ2 
l 

(16) 

Also, the dimensionless parameters stated within the Nusselt 

orrelation equations were spanned in this work to a certain range 

or which Hu et al . experiments were conducted up to, with 

e f = 4 – 2060, P r = 4.8 – 75.6, Ar = 6.7 × 10 5 – 1.8 × 10 8 and

he ratio between the tube spacing and diameter, ( s t 
d t 

) = 0.3 – 5.2 

7] . 

Constant thermodynamic and fluid properties for water and 

ir were implemented which are evaluated at the inlet tempera- 

ure ( T in = 20 °C), where ρl = 998.2 kg/m 

3 , μl = 1.003 × 10 −3 

a •s, C p,l = 4182 J/kg •K, k l = 0.6 W/m •K, ρg = 1.225 kg/m 

3 ,

g = 1.79 × 10 −5 Pa •s, C p, g = 1006.43 J/kg •K, k g = 0.02587 

/m •K and γlg = 0.072 N/m. A symmetric boundary condition was 

mposed which permitted simulations of the complex two-phase 

ows while also reducing the computational domain size and re- 

ource demands. As shown in Fig. 1 a, a velocity-inlet is prescribed 

t the 1 ×1 mm 

2 sectioned area with a secondary velocity-inlet 
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Fig. 1. (a-b) Computational fluid domain with defined boundary conditions. 
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pted around the domain of the feeder. A liquid volume fraction 

f 1 ( αl ) is imposed at the inlet feeder to ensure only water-liquid

nters the domain from that area whilst a gas volume fraction ( αG ) 

f 1 is selected for the secondary velocity inlet as this particu- 

ar region will represent the atmosphere. A constant velocity of 

 l,y = 0.44 m/s was imposed at the feeder which was calculated 

rom Eq. (2 ) using the operating Reynolds number ( Re f = 80). At 

he minor inlet, u y = 0 m/s since no external airflow is present 

here. Symmetry boundary conditions are applied at the lateral 

ross-section of the tubes and at the front, back and side faces of 

he domain to reduce the number of mesh elements required by 

uplicating the current geometry normal to these directions. 

It should be nonetheless noted, for large contact angles ( ≥ 90 °), 
he symmetry boundary conditions on the left-hand side of Fig. 1 a 

ust be changed to pressure-outlet as some formulating droplets 

n the tubes escape the fluid domain. From Fig. 1 b a pressure- 

utlet is enforced at the bottom of the domain having a gauge 

or static) pressure of 0 Pa since the environment surrounding the 

ubes is only exposed to atmospheric pressure (101325 Pa). An in- 

rinsic contact angle of 0 ° ( θY = 0 °) was initially subjected on each

f the three tube walls, which will create a more accurate repre- 

entation of the fluid flow near the top section of the tubes. As the 

ffect of contact angle hysteresis is not included in this study, the 

ontact angle hysteresis is assumed to be 0 °, where the advancing 

nd receding contact angles are equal to the equilibrium contact 

ngle. Subsequently, a no-slip condition ( u w 

= 0 m/s) was also ap- 

lied at the walls, whereas the finite slip velocity practically expe- 
5 
ienced by the fluid at the solid-liquid interface is considered to be 

egligible for the characteristic length scale. Finally, a uniform heat 

ux, q ′′ o , supplied to the tube walls was equal to 50 kW/m 

2 based

n the experimental parameter range by Hu et al. [7] . 

The fluid domain had been meshed using hexahedral elements 

s shown in Fig. 2 . According to mesh sensitivity analyses con- 

ucted by Ding et al. and Hosseinnia et al ., respectively, the global 

esh size was selected to be 0.25 mm with the local mesh size 

eing 0.2 mm around the face of the tube walls [ 18 , 20 ]. To suf-

ciently capture the hydrodynamic and thermal boundary layers 

round the tube walls, additional refinement layers were added as 

een in Fig. 2 a. Sixteen grid points per unit jet length were used 

o capture the fine-scale interfacial flow features of the jet, equiv- 

lent to a cell length of 0.1 mm displayed in Fig. 2 b-c (based on

he smallest jet length observed that was 1.6 mm) [17] . Increas- 

ng grid resolution to 24 and 32 grid points resulted in limited 

mprovements in resolving the jet instability and droplet breakup. 

he concluded cell length was then used to locally refine the mesh 

ear the jet at the front and lateral planar faces. 

.2. Governing equations and numerical schemes 

To track the liquid-gas interface of an incompressible, Newto- 

ian, laminar fluid, the Volume of Fluid (VOF) method was used to 

etermine the volume fraction of the individual phases: 

1 

ρq 

(
∂ 

∂t 
( αq ρq ) + ∇ ·

(
αq ρq 

−→ v q 
))

= 0 (17) 
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Fig. 2. (a) Mesh refinement near the tube walls with additional inflation lay- 

ers added at tube wall interface to capture the liquids’ film thickness and hy- 

dro/thermodynamic flow displayed on the front plane of the second tube. (b) Planar 

view of mesh topology at the middle section between the first and second tubes 

without mesh refinement (0.25 mm), (c) with mesh refinement (0.1 mm). 
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here q stands for the liquid phase (l) or gas phase (g). The ve-

ocity field in the fluid domain is predicted using the momentum 

quation: 

∂ 

∂t 
( ρ� v ) + ∇ · ( ρ� v � v ) = −∇p + ∇ ·

[
μ

(∇ 

�
 v + ∇ 

�
 v T 
)]

+ ρ� g + 

−→ 

F v ol 

(18) 

As the velocity field is divided across the phases involved (i.e. 

olved within the mixture phase where a cell contains a value 0 < 

q < 1), the density and viscosity values in the transport equation 

re computed according to: 

= αl ρl + ( 1 − αl ) ρg (19) 

= αl μl + ( 1 − αl ) μg (20) 

here ( 1 − αl ) = αg since the volume fraction equation is solved 

nly using the secondary phase ( αl ). −→ 

F v ol is given as a source term which is used to interpret the sur- 

ace tension force upon the liquid interface. The continuum surface 

ension force (CSF) model developed by Brackbill et al . [29] is used 

o establish the interfacial force by calculating the pressure gradi- 

nt along the interface. If only two phases are present, then this is 
6 
epresented as: 

⇀ 

 v ol = γlg 

ρK∇αl 

1 
2 ( ρg + ρl ) 

(21) 

The temperature field defined in the fluid domain is derived 

rom solving the energy equation in the mixture phase: 

∂ ( ρe t ) 

∂t 
+ ∇ · [ � v ( ρe tot + p ) ] = ∇ · [ k ∇T ] (22) 

Here, e tot is given as the total internal energy 
(
e tot = e + 

v 2 
2 

)
,

here e is the internal energy defined as e = c v (T ) , with c v being

he isochoric specific heat capacity (J/m 

2 •K) and T the temperature 

K). p is the pressure based on the ideal gas law ( p = ( κ − 1 ) ρe )

here κ is equal to specific heat ratio ( κ = 

C p 
C v 

) . The thermal con- 

uctivity, k , is calculated in the mixture phase as: 

 = αl k l + ( 1 − αl ) k g (23) 

The local surface curvature of the liquid-gas interface, K , is de- 

ned as the divergence of the unit normal vector given as [29] : 

 = ∇ · ˆ n (24) 

here ˆ n is specified from the volume fraction gradient of the liquid 

hase. 

ˆ 
 = 

∇αl 

| ∇αl | (25) 

Similar to the theory proposed by the CSF model, the surface 

dhesion force associated to the magnitude of the contact angle 

θY ) imposed at the wall is computed using the wall adhesion 

odel. By selecting a contact angle value, the unit normal vector 

djacent to the wall is adjusted as: 

ˆ 
 = 

ˆ n w 

cos θY + ̂

 t w 

sin θY (26) 

here ˆ n w 

and 

ˆ t w 

are the unit vectors that are normal to and tan- 

ent from the wall. The volume fraction and momentum equa- 

ions are solved using an explicit discretisation scheme to reduce 

he complexity of solving the equations. As a consequence, this re- 

uces the robustness of the simulation stability and requires small 

ime-steps to counteract this problem. In terms of numerical sta- 

ility, to sufficiently capture the capillary wave propagation rate 

long the jet without divergence, the simulation must record the 

uid dynamics within a unit cell as the capillary waves propa- 

ate through each cell. To achieve this, an adaptive time-stepping 

ethod was required to adjust the timestep in accordance with the 

ave velocity (e.g. the faster the waves propagate, the smaller the 

imestep must be). This relationship can be expressed as Courant–

riedrichs–Lewy condition otherwise known as the Courant num- 

er [30] . 

o = 

a �t 

�x 
(27) 

Here, a is given as wave velocity (m/s), �t is the timestep 

s) and �x is the distance between the elements (m). When the 

ourant number is greater than one, numerical instability will start 

o arise as fluid particles begin to navigate through two or more el- 

ments at a given timestep. This causes the numerical diffusion (or 

he viscous diffusion coefficient) to become negative which makes 

he solution to the governing equations multiply indeterminately. 

o avoid this, a maximum Courant number of 0.4 was set. The 

lobal timestep was automatically adjusted during the simulation 

o meet this requirement. 

In order to ascertain the average heat transfer coefficient across 

he tube, the local heat transfer coefficient must first be solved. 

otably, the heat transfer coefficient will vary across the circum- 

erential and axial direction ( θ, z ) as the liquid spreads. Based on 
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Fig. 3. Evolution of droplet formation and Rayleigh-Plateau instability along the liquid bridge that is established during droplet detachment from the first tube. Compared 

against Killion et al. experimental results [8] . 
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ewton’s law of cooling, the local heat transfer coefficient is given 

s: 

 ( θ, z ) = 

q ′′ o 

T w 

( θ, z ) − T in 
(28) 

here T w 

is the wall temperature (K). Thus, the average heat trans- 

er coefficient, h̄ , is computed by doubly integrating the local heat 

ransfer coefficient on the surface area of the tube assuming the 

ntirety of the surface provides a uniform heat flux: 

¯
 = 

1 

2 πR t L t 

∫ ∫ 
h (θ, z) dA (29) 

Here R t is the radius of the outer tube surface (m). By calculat- 

ng the average heat transfer coefficient, the average Nusselt num- 

er, Nu , of the tube surface is obtained by substituting h̄ into h 

rom the modified Nusselt Eq. (13) . 

u = 

h̄ 

k l 

3 

√ 

v 2 
l 

g 
(30) 

Furthermore, the coupling of the pressure and velocity cor- 

ection gradients in the simulation were solved using the PISO 

Pressure-Implicit with Splitting of Operators) algorithm. The PISO 

ethod is suitable for transient cases as the pressure and velocity 

radient calculations are repeated indefinitely until the continuity 

nd momentum equations are satisfied. This is signified from hav- 

ng a normalized residual mean square value of ≤ 10 −5 [18] . In 

ddition, the mass, momentum and energy equations were spa- 

ially discretised using the PRESTO (PREssure STaggering Option) 

nd the second-order upwind scheme. Correspondingly, the Geo- 

econstruct scheme is used to interpolate the advection between 

he liquid and gas interface by assuming a piecewise-linear slope 

31] . Finally, the transient scheme used to solve the unsteady-state 

ifferential in the mass and momentum equations was first-order 

pwind, as high order schemes are restricted to implicit solvers in 

NSYS Fluent. 

. Results and discussion 

.1. Numerical validation 

Figure 3 illustrates the droplet detachment process assessed 

t different timesteps and evaluated against experimental results 

y Killion et al . [8] . The simulation results show good agreement 

ith the hydrodynamics observed in the necking progression of 

he pendent droplet. After the droplet detaches itself from the liq- 

id bridge (at 130 ms), the break-up of the liquid filament is ini- 

iated by the harmonic oscillations generated from the jet recoil. 
7 
he simulations adequately capture this phenomenon due to the 

esh refinement around the liquid-jet, while also capturing the 

xial motion of the droplet during droplet nucleation (from 0 to 10 

s). A pendent droplet that nucleates on a horizontal tube tends 

o elongate towards the axial direction due to the competing sur- 

ace tension and gravitational forces [8] . However, once the gravi- 

ational force overcomes the surface tension force, the pendulous 

roplet departs away from the tube. Due to its initial axial trans- 

ation, the shape of the droplets appears to be asymmetrical (seen 

rom 90 ms onwards). 

To quantitatively validate the hydrodynamics of the falling film 

round the first tube, the Nusselt solution can be used to ver- 

fy the expected film thickness and velocity profile within a two- 

imensional plane. The Nusselt’s film thickness for falling films 

pon a tube can be expressed as [32] : 

= 

(
3 μl �in 

ρ2 
l 

g cos θ

) 1 
3 

(31) 

here θ is the circumferential angle around the tube ( °). Addi- 

ionally, the circumferential and radial velocity profiles around the 

ube can be calculated as: 

 θ = 

ρl g 

μl 

sin θ

(
δr − r 2 

2 

)
(32) 

 r = − ρl g 

R t μl 

cos θ

(
δr 2 

2 

− r 3 

6 

)
− ρl g 

2 R t μl 

r 2 sin θ
dδ

dθ
(33) 

here r is the radial coordinate within the film (m). From Fig. 4 ,

he three-dimensional numerical film thickness located at the mid- 

lane (11 mm) is displayed when t = 2 s and plotted against the 

wo-dimensional Nusselt’s film thickness. As shown, the numeri- 

al film thickness is validated against the Nusselt’s solution with 

 maximum error of 2.2% between 7 and 129 ° (clockwise). How- 

ver, exceptions are made at the top of the tube and towards 

he bottom of the tube. The enlarged necking seen at the top of 

he tube is attributed to the surface tension effect of the inlet 

eeder. And the droplet formation (seen roughly 38 ° from the tube 

ounter-clockwise) is due to the symmetry boundary condition en- 

orced which creates a contact angle of 90 ° at the symmetric inter- 

ace. This makes the solid-gas surface tension become equal to the 

olid-liquid surface tension (as seen from Eq. (4 )) which allows the 

uid to be seemingly in contact with air (from a real-world per- 

pective). It should be noted that the Nusselt’s solution ignores the 

ffects of surface wettability which results in no droplet formation 

nd only filmwise flow. 



N.S. Singh, J. Stafford and N. Gao International Journal of Heat and Mass Transfer 206 (2023) 123936 

Fig. 4. Film thickness predictions against Nusselt’s model. Results are extrapolated 

from the first tube at the mid-plane (L = 11 mm) when t = 2 s. 

Fig. 5. Circumferential velocity profile calibration around the first tube at different 

circumferential angles when L = 7.3 mm at t = 2 s. 
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D

Fig. 6. Local heat transfer coefficient within the liquid film across the circumferen- 

tial direction at a tube length of 11 mm when t = 2 s at the first tube compared 

against the heat transfer model by Rogers et al. [33] . 

Fig. 7. Dimensionless circumferential temperature profiles within the liquid film for 

different circumferential angles when L = 11 mm at t = 2 s. 
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Furthermore, the circumferential velocity profiles at a tube 

ength of 7.3 mm across the first tube is shown in Fig. 5 . The ve-

ocity profiles chosen for validation were selected away from the 

iddle of the tube due to the droplet formation, which will alter 

he velocity profiles presented due to the three-dimensional flow 

ffecting the circumf erential velocity around the tube as stated by 

ing et al . [18] . Nonetheless, the simulated velocity profiles coin- 
8

ide with the Nusselt’s velocity profiles well for circumferential an- 

les of 45 ° and 90 ° with a maximum error of 10.6 % for 45 ° and 9

 for 90 °. The deviation between the theoretical and simulation re- 

ults is due to the effect of film waviness along the axial direction 

hich is neglected in the Nusselt solution. 

To validate the heat transfer model, the average Nusselt num- 

er was recorded on the first tube and then time-averaged across 

 seconds (total simulation time). The following result gave an av- 

rage Nusselt number of Nu sim 

= 0.26 (rounded up to 2 decimal 

laces), whilst the calculated result from Hu et al. gave a value of 

u cal = 0.27 [7] . This corresponded to an error of 3.2 %. Since Hu et

l. correlated Nusselt equation with a mean deviation of 6.1 %, the 

rror presented is satisfactory as it is confined within the bound- 

ries of the mean deviation. Moreover, the local heat transfer co- 

fficient of the film was also compared against a two-dimensional 

nalytical model by Rogers et al. [33] . It should be noted that the 

xperimental study by Killion et al . was conducted under isother- 

al conditions (ambient temperature) [8] . Nonetheless, with the 
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nalytical model, a heated tube surrounded by a running liquid 

lm is partitioned into two regions known as the developing ther- 

al boundary layer region and the fully-developed thermal bound- 

ry layer region. The developing thermal boundary layer region is 

nown to begin just after liquid impingement zone where the ther- 

al boundary layer thickness continuous to grow within the vis- 

ous (or hydrodynamic) boundary layer (for fluids with a Prandtl 

umber greater than one) [7] . When the thermal boundary layer 

ntersects the outer liquid film, the thermal boundary layer is con- 

idered to be fully developed causing the rate of change in the lo- 

al heat transfer to approach zero (i.e. thermal boundary layers ex- 

and towards the outside of the film). In this study, the local heat 

ransfer coefficient has been determined using the relationship for 

hermally developing boundary layers [ 7 , 33 ]: 

hd 

k l 
= 0 . 831 Re 

1 
9 Ar 

2 
9 P r 

1 
3 

(
sin θ

P ( θ ) 

) 1 
3 

(34) 
Fig. 8. Pressure contours showing capillary ripples generated from the satellite drop

9

here P (θ ) is given to be [ 7 , 33 ], 

 ( θ ) = 

∫ θ

0 

3 
√ 

sin θ dθ (35) 

Figure 6 displays the circumferential local heat transfer coeffi- 

ient within the liquid film at the middle section of the first tube 

hich is compared against the analytical model of Rogers et al. 

33] . The theoretical model disregards film waviness, surface ten- 

ion and liquid impingement which partly explains the large vari- 

tion in the results at certain tube angles [28] . Between 0 and 6 °,
he heat transfer coefficient rises to its peak due to the effect of 

iquid impingement of the inlet feeder (the stagnation zone). No- 

ably, the stagnation zone in this case is proportional to the width 

nd the height of the inlet feeder. After the stagnation zone, the 

uid enters the impingement region (6 to 30 °) where the velocity 

radient reduces due to the viscous force acting against the fluid 

as illustrated in Fig. 16 a). This region is analogous to the wall- 

et formed in classical jet impingement flows [34] , extending the 
lets and at different times after first droplet impaction upon the second tube. 
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Fig. 9. Velocity contours from initial droplet impaction to Rayleigh-Plateau instability jet break-up at different timescales upon the second tube. 
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evelopment region to much larger circumferential angles ( ∼100 °) 
nd resulting in numerically simulated heat transfer coefficients 

hat are comparable to the analytical prediction. 

In this developing thermal boundary layer section, the thermal 

oundary thickness represented by the dimensionless temperature 

rofile in Fig. 7 continues to increase within the liquid film. Within 

his region, the average difference in heat transfer coefficient is 14 

 compared to Rogers et al . theoretical model [33] . After 145 °, the

hin film can no longer follow the tube contour due to flow sepa- 

ation and droplet formation at the end of tube. This increases the 

uid velocity within the small intermediate region leading to an 

ncrease in the heat transfer coefficient from 145 ° to 180 °. Since 

he analytical model disregards surface tension, this phenomenon 

s non-existent causing no change in the heat transfer coefficient 

radient. The dimensionless temperature profile was determined 

s: 

 

∗ = 

T − T w 

T − T w 

(36) 

b K  

10 
here T b is equal to the bulk temperature of the fluid (K) which is 

efined as the average temperature within the liquid at a defined 

xis. 

.2. Implications of satellite droplet impaction on local heat 

ransfer within a liquid film 

As previously discussed, the improved capture of the jet lig- 

ment break-up will establish additional capillary ripples within 

he fluid which can be clearly seen in Fig. 8 . At 0 ms, the droplet

as successfully detached itself from the liquid filament and has 

tarted spreading more rapidly than the impact speed in the cir- 

umferential and axial directions. This is indicated from the low 

tatic pressure the fluid experiences upon impact and the nega- 

ive pressure gradient between the head and the puddle of the 

roplets. From this, the kinetic energy of the fluids starts to in- 

rease according to Bernoulli’s principle and is shown from the 

apillary velocity contours in Fig. 9 , which was also mentioned by 

illion et al . [8] . It should be noted, however, that this observation
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s only valid for isentropic flows. After 10 ms, the droplet has now 

attened into a saddle wave which then impinges onto the second 

addle wave adjacent to it and formulates a liquid hoop around 

he tube. The hoop appears to spread circumferentially and not ax- 

ally as the impact force from each of the saddle waves cancels 

ne another, caused by the adjacent droplet impacting the tube at 

pproximately the same time as the other. The velocity of saddle 
Fig. 10. Velocity vector plot of the liquid film impacting the middle of the second t

11 
aves then starts to decline as it continuously spreads over a large 

ortion of the tube due to the viscous forces being dominant. 

From 20 ms onwards, satellite droplets start to form from the 

et and impact the film which gives rise to capillary ripples gener- 

ted in the circumferential and axial directions. This is also noted 

y Killion et al ., although due to lighting conditions, only axial 

aves could be seen [8] . The circumferential waves then travel to- 
ube (from 30 to 50 ms) in the axial (a-c) and circumferential directions (d-f). 
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Fig. 11. a) Jet instability behaviour with and without mesh refinement on the second tube just after satellite droplet impaction. b) Axial heat transfer coefficient within the 

liquid film where Z = 0 mm is taken from the centre of droplet impaction. 
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ards the bottom of the tube where they constructively interfere 

ith the nucleating droplet and affect the morphology and depar- 

ure rate of the droplets. The increased number of waves gener- 

ted due to the further number of satellite droplets captured will 

ncrease the disturbance of the droplet causing it to depart faster 

han if the Rayleigh instability was not captured. It is noteworthy 

hat these capillary waves have been displayed to promote film 

ixing and thinning which further increase the heat and mass 

ransfer rates in conventional absorption systems [ 8 , 35-38 ]. How- 

ver, the magnitude of wave velocity starts to slow as the subse- 

uent droplets impact the film (seen in Fig. 9 ) due to their hydro-

tatic pressure being smaller than the other (size of the droplets 

eclines). 

The film mixing phenomenon within the fluid can be seen in 

ig. 10 from the velocity vector fields in the axial and circumfer- 
12 
ntial directions on the second tube. In Fig. 10 (a and d), initially 

s the satellite droplet impacts the film, the velocity vector field 

ithin the film shows little or no movement in the bulk region of 

he film. In the vicinity of droplet impaction, the capillary veloc- 

ty begins to increase as the generated saddle wave spreads across 

he film in all directions. Whilst the wave spreads, the wave dy- 

amically creates regions of high and low pressures (seen from the 

quashed regions of the fluid) which enhances the flow of the liq- 

id as shown in Fig. 10 (b-c, e-f). 

To illustrate how film mixing can alter the local heat transfer 

ate, Fig. 11 shows the axial local heat transfer coefficient within 

he liquid film just after the first satellite droplet impacts the film 

hich is compared before ( Fig. 11 a) and after the Rayleigh insta- 

ility improvement ( Fig. 11 b). At 0 ms, the local heat transfer coef- 

cient is lower within the droplet impaction regime in both cases 
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Fig. 12. Velocity contours of first droplet impaction onto second tube following on to Rayleigh-Plateau instability. 
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ompared to the rest of the tube. This is due to the increased film

hickness which is found to be inversely proportional to the lo- 

al heat transfer rate [ 28 , 39 ]. As the droplet flattens into a saddle

ave (5 ms), the liquid film within intermediate region begins to 

hin, which amplifies the local heat transfer coefficient causing the 

iquid film to cool. Between 5 to 10 ms, the capillary wave con- 

inues to spread across the tube which is seen in both graphs as 

he maxima point of the wave shifts axially along the tube. How- 

ver, at the same time, the heat transfer coefficient declines as the 

addle wave begins to settle within the film. Notably, for the im- 

roved Rayleigh capture state, another satellite droplet is detached 

rom the ligament, whilst for the flow state without mesh refine- 

ent, the jet is still formulating a satellite droplet. At 20 ms, for 

he mesh refinement state, the satellite droplet impacts the tube, 

enerating another capillary wave with the rest of the jet being 

roken into multiple satellite droplets. This promptly increases the 

ocal heat transfer coefficient as shown previously when the first 

atellite droplet impacted the film. For the flow state without mesh 

efinement, the heat transfer coefficient continues to decline as the 

apillary wave travels further along the tube with a second satel- 

ite droplet just beginning to be detached. This demonstrates how 

he additional capillary waves generated from the satellite droplets 

an enhance the local heat transfer rate by promoting film mixing, 

hinning and cooling. 

To explore the mechanism of the Rayleigh-Plateau instability, 

ig. 12 demonstrates the velocity contours of the jet just after the 
13 
igament breaks away from the leading droplet whilst Fig. 13 de- 

icts the axial velocity and pressure variation within the liquid jet. 

n Fig. 12 a/ Fig. 13 a, the tip of the liquid jet contracts away from

he droplet as the interfacial tension force starts to overcome the 

iscous forces. As doing so, capillary waves begin to generate at 

he apex of the formulating satellite droplet. As a consequence, the 

xial pressure gradient begins to fluctuate around the droplet and 

ecrease towards the bulk region of the jet according to the Young- 

aplace equation [ 40 , 41 ]: 

p = 

2 γlg 

r j 
(37) 

here r j is the radius of the jet. The capillary waves then start 

o propagate parallel to the direction of recoil (caused by capil- 

ary tension) in the form of a harmonic sinusoidal wave ( Fig. 12 b)

nd disperses its kinetic energy. Subsequently, the axial velocity 

alls and inversely increases the amplitude of the pressure gradi- 

nt along the necked region of the jet but then suddenly increases 

nce reaching towards the undisturbed region of the jet ( Fig. 12 b). 

ue to the harmonic oscillations subsided from the capillary wave, 

he interface of the jet is perturbated. As a result, the interfacial 

urface tension starts to become unbalanced and takes the har- 

onic form of the generated capillary wave. Notably, more subse- 

uent satellite droplets form from the unstable jet as the capillary 

aves further travel up the jet as displayed in Fig. 12 c/ Fig. 13 c.

he formation of these droplets is due to the change in the sinu- 
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Fig. 13. Axial velocity and pressure fluctuations within the central region of the unstable jet over time. 

14 
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oidal Laplace pressure gradient along its local maxima and min- 

ma points, which create regions of convex and concave curvatures 

long the jet. These observations coincide well with previously re- 

orted results for axial pressure variations [42] . Interestingly, the 

xial velocity starts to increase in magnitude near towards the 

ecked regions of the jet. This is due to the amplitude of the capil-

ary wave being high, which causes the surface tension force (along 

he convex regions) to become dominant over the concave regions 

43] . Therefore, the axial velocity of capillary waves is dependent 

pon the wavelength [42] . This can be shown in Fig. 13 c onwards

here the wavelength appears to be longer within the bulk region 

f the jet also having a smaller amplitude. 

In Fig. 12 d/ Fig. 13 d and beyond, the satellite droplets begin to

etach from the liquid filament as the jet starts to become thin- 

er due to capillary tension which pulls the jet towards the tube. 

herefore, the diameter of the jet starts to decline which further 

ncreases the Rayleigh instability as the capillary wavelength can 

urpass the lowered jet diameter. 

.3. Falling-film flow behaviour at different contact angles 

To briefly describe the flow behaviour on a completely wetted 

ube (contact angle of 0 °), as shown in Figure S1a and Supplemen- 

ary Movie 1, when exiting out of the inlet feeder, it is noted that 

he liquid spreads rapidly to form a thin film around the entity of 

he tube. Due to the inertia force provided by the feeder and gravi- 

ational force acting in the direction of the flow, the liquid is accel- 

rated towards the bottom of the tube where a droplet begins to 

ucleate. Once the hydrostatic pressure (gravitational force) is able 

o overcome the surface tension, the droplet departs and impacts 

he second tube where it also fully wets the surface. The same can 

e found on the third tube as well. Noticeably, just after 0.8 s, the 

roplet nucleation site has slightly shifted towards the left. This is 

ainly due to the Taylor wavelength instability where the ampli- 

ude of the wavelength changes as the liquid jet is recoiled back to 

he tube. The recoil velocity directly affects the interfacial surface 

ension forces, which alters the growth rate of the wave ampli- 

ude hence increasing the instability of the droplet formation site 

 8 , 44 , 45 ]. 

For a tube contact angle of 30 ° the falling-film mode illustrates 

 dropwise flow (shown in Figure S1b and Supplementary Movie 2) 

y resolving the Rayleigh instability. This is shown from the small 

uccessive satellite droplets that form from the liquid jet as the jet 

ecoils back to the tube after droplet impaction (seen at t ≥ 0.4 s). 
Fig. 14. Contour plots of the flow behaviour aroun

15 
n comparison to the work by Ding et al ., the flow shows a lami-

ar liquid jet throughout with no sign of jet instability or satellite 

roplets [18] . Notably, the spreading of the liquid along the first 

ube is substantially smaller than that of a tube with a contact 

ngle of zero degree. It forms a circumferential ring around the 

entre of the tube where its axial thickness near the top of the 

ube is larger than the bottom (shown from t ≥ 0.2 s). The rea- 

on is due to the reduced surface adhesion force the fluid expe- 

iences which causes the inertia, surface tension and gravitational 

orce experienced by the feeder to become highly dominant. This 

revents the liquid from spreading more axially than circumferen- 

ially as the surface tension force is able to overcome the viscous 

orce at a smaller axial distance [46] . The point where the liquid 

o longer spreads axially on the tube is where the surface ten- 

ion and viscous forces balance. This effect is particularly evident 

t larger contact angles. Since the surface tension force withdraws 

he liquid towards the centre of the tube, the film thickness starts 

o increase, which creates a rise in the hydrostatic pressure hence 

ncreasing the film flow rate. 

As the fluid flows in the circumferential direction, a droplet 

wiftly forms and starts to depart from the tube at t = 0.2 s. Since

he surface adhesion force is reduced, the gravitational force is able 

o overwhelm the surface tension at a smaller magnitude there- 

ore increasing the droplet departure rate. The same can be found 

n the tubes beneath where the spreading area of the liquid has 

ecreased causing the liquid to rapidly be removed off the sur- 

ace whilst still being in dropwise mode (for the second and third 

ubes). The formation of the sequential satellite droplets that im- 

act the film is what causes the flow to be dropwise since the film 

hickness is unable to reach a steady state value, hence, increasing 

lm instability [11] . At a contact angle of 60 ° (Figure S1c and Sup- 

lementary Movie 3), the flow is primarily in a dropwise/jet flow 

tate due to the increased surface tension force and the Rayleigh 

nstability capture as explained previously. 

These observations are valid up to a critical contact angle of 90 °
here the flow no longer exhibits a falling-film manner as seen in 

igure S1d and Supplementary Movie 4. At this point, the surface 

ension force has become so prevalent that the liquid film breaks 

nto two droplets (formed on either side of the tube) before reach- 

ng the bottom of the tube when t ≥ 0.16 s. The droplets then 

tart to detach towards the bottom of the tube with a thin liq- 

id film still being attached onto the tube. As the droplets wet 

he tubes beneath, macroscopic droplets are formed on the sur- 

ace with some being restored to a hemispherical shape. This indi- 
d the first tube at multiple contact angles. 
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Fig. 15. Hydrodynamic flow of liquid falling over the configurated pipes at different static contact angle states namely (a) 0 °, (b) 30 °, (c) 60 °, (d) 90 °, (e) 120 ° and (f) 150 °. 
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ates that the adhesion force of the surface has minimised to the 

oint where the surface tension force is beginning to overcome the 

nertia force generated from droplet impact. Nevertheless, at even 

arger contact angles from 120 to 150 °, (Figure S1e-f and Supple- 

entary Movies 5-6) droplets no longer impact the tubes beneath 

ut roll off the first tube and escape the fluid domain. Due to the 

mply reduced surface adhesion force, the tangential component of 

he gravitational force and surface tension force have become large 

nough to cause the droplet to depart from the tube at a relatively 

mall circumferential angle [47] . 

In the early stages of film formation (when t = 0.08 s), as the 

ontact angle of the tubes increases, the film thickness along the 

ircumferential direction begins to thicken. This is because the am- 

lified surface tension force pulls the liquid towards the feeder. By 

.1 s, for a contact angle of 150 °, the droplet has already detached
16 
tself from the liquid film and has begun to leave the tube. At 0.12 

, the droplet has completely left the tube and the fluid domain 

eaving the tube completely bare as doing so. This flow behaviour 

escribed simply repeats itself every 0.12 s. Notably at the same 

ime for 120 °, a droplet is formed and is separated from the film. 

hen t = 0.4 s, the film has mostly covered the entirety of the 

rst tube for contact angles of 0, 30 and 60 °. Clearly at this stage,

he film thickness is shown to rise between 0 and 60 ° ( Fig. 14 ),

hich has been explained earlier. 

Particularly at 60 °, the film has already separated itself from 

he second tube whereas for 30 °, the film is just beginning to ex- 

and along the tube. At 0 °, the film is still developing to initiate 

roplet nucleation. The film flow for 0 ° ultimately starts to catch 

p to the other contact angles when t = 0.6 s where the droplet 

as already impacted the second tube and the jet has been broken 
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Fig. 16. Velocity vector plot of the fluid exiting the inlet in the circumferential direction at different contact angles when t = 0.08 s. (a) 0 ° (b) 30 ° (c) 60 ° (d) 90 ° (e) 120 °
(f) 150 °. 
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nto small satellite droplets. Remarkably, at t = 0.9 s for a contact 

ngle of 30 °, the film in the circumferential direction splits in the 

iddle and is divided axially. However, the flow behaviour still re- 

ains dropwise. Finally, when t = 2 s the final state of the flow 

attern is revealed for each contact angle in Fig. 15 . For 0 °, the

ow remains dropwise. At 30 ° and 60 ° the flow pattern indicates 

 consistent dropwise and dropwise/jet flow up to 2 s. As for 90 °, 
he flow does not follow a falling-film behaviour, and there are just 

ontinuous droplets that migrate off the tubes. The same is appli- 

able for 120 ° and 150 °, although the droplets do not interact with 

he tubes beneath as stated before. 
17 
Figure 16 illustrates the velocity vector plot of the fluid flow 

ithin the liquid at different contact angles when t = 0.08 s. Ini- 

ially, for contact angles of 0 ° and 30 °, the velocity is relatively 

arge at the necking region due to the reduction in the fluids’ sur- 

ace area. However, within the bulk region, the velocity of flow is 

educed from the effects of increased surface adhesion. At larger 

ontact angles, the velocity at the inlet region appears to be ap- 

roximately the same as the prescribed velocity inlet since the in- 

erface of the fluid is undisturbed. Nevertheless, due to the growth 

n the circumferential film thickness between the contact angles, 

he velocity gradient of the fluid begins to increase. Most of the 
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uid is retained in the circumferential direction rather than the ax- 

al direction causing an increase of the inertial force, although, at 

he contact angle of 150 °, the velocity begins to increase again due 

o the reduced surface area, which causes the droplet to be swiftly 

emoved off the tube in comparison to lower contact angles. 

. Conclusion 

Numerical simulations capturing the Rayleigh-Plateau instabil- 

ty of liquid jets have been performed in this work by refining the 

esh where the liquid jet is propelled. The fluid dynamics of the 

ow has been successfully verified against previously published ex- 

erimental results on the first and second tubes alongside the ax- 

al and circumferential capillary waves. Additionally, the film thick- 

ess, velocity profiles, average and local heat transfer coefficients 

cross the first tube were reasonably calibrated against numeri- 

al solutions. A suitably resolved Rayleigh-Plateau instability has 

lso been verified against previous results for axial pressure varia- 

ions within an unstable liquid jet. Furthermore, the hydrodynam- 

cs of the flow pattern at different contact angles have been inves- 

igated and scrutinized. The following aspects of this investigation 

re summarised as follows: 

• Increasing the Rayleigh instability capture causes more satel- 

lite droplets to form towards the expected amount seen in ex- 

perimental results as the jet recoils back to the tube. This fur- 

ther increases the number of capillary waves seen on the im- 

pacted tube as each individual droplet increases the film wavi- 

ness and instability. As a result, the local heat transfer coef- 

ficient is also increased due to the sudden reduction in film 

thickness. The enhanced film instability causes the film to be 

abruptly removed off the tube, affecting droplet departure rates 

and droplet nucleation. 
• Axial pressure capillary wave variations within the liquid jet 

displays a sinusoidal profile during jet contraction. This is what 

causes the Rayleigh-Plateau instability to occur, due to in- 

creased Laplace pressure gradient inflicted by the restored sur- 

face tension force. The points of minima and maxima inflexion 

seen on the axial pressure profile indicate the necking regions 

of the liquid jet which eventually forms satellite droplets. The 

change in the axial velocity is associated with the variation in 

the capillary wavelength along the jet. 
• Increasing the contact angle of the tubes causes the film thick- 

ness along the circumferential direction to promptly rise with 

the axial film thickness being substantially smaller. It should 

be noted that, only contact angles of 0 °, 30 ° and 60 ° lead 

to a falling-film flow. For the contact angle of 90 °, the flow 

shows no falling-film effects but constant removal of macro- 

scopic droplets that impact the tube beneath. At even higher 

contact angles up to a superhydrophobic state, the formulated 

droplets simply roll off the fluid domain. 
• For a contact angle of 30 ° and 60 °, by introducing the Rayleigh 

instability capture, the falling film pattern has constantly re- 

mained to be in a dropwise and dropwise/jet state throughout 

the 2 seconds simulated. 

Future studies on falling films should extend the analyses under 

eal industrial environments such as the effect of laminar or turbu- 

ent vapour flow orthogonal to the pipes, implementing dynamic 

ontact angles and including vapour properties at saturated condi- 

ions. Multiple adjacent tube banks could be simulated for highly 

ydrophobic tubes (contact angles more than 120 °) as the droplets 

hat depart off the tube could interact with adjacent tubes beneath 

r on the first tube. Most importantly, the Rayleigh-Plateau insta- 

ility should be carefully considered in relation to falling films, 

ince this phenomenon will determine whether the flow pattern 
18 
s either jet or dropwise/jet as examined here which will have im- 

lications on the wetting phenomena of the tubes beneath. Addi- 

ionally, this will affect the heat and mass transfer characteristics 

f the tube as the enhanced film waviness promoted from the nu- 

erous satellite droplets will increase the rate of convection and 

ass transfer within the film. Likewise, this allows numerical flow 

atterns to be directly compared against experimental observations 

or different tube contact angles. 
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