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A B S T R A C T

Efficient electronics cooling has always been a perpetual challenge, with the limits of single-phase cooling almost
being reached. Two-phase cooling in the form of pool boiling is an attractive next step, with much research being
devoted to it. While refrigerants operating at lower saturation temperatures are key to achieving effective
cooling, surface modifications have been shown to also affect bubble dynamics and enhance nucleate pool
boiling heat transfer. A simple, easy to implement fabrication method was sought, with the goal of expanding the
knowledge of bubble dynamics. To this end, single bubble growth on structured surfaces that are achievable on a
lathe, with an average roughness of 75 μm and differing indentation angles between 90◦ and 46◦, was studied
numerically using an OpenFOAM multiphase library. Conjugate heat transfer was applied, with heat fluxes
ranging between 7.6 and 28 kW/m2 for pure refrigerants R32 and R1234yf. By comparing the bubble equivalent
diameter with that of a smooth surface at a fixed heat flux, it was found that the bubble growth rates of
structured surfaces were largely independent of indentation angles less than 90◦, but lower than for smooth
surfaces. For structured surfaces, a critical indentation angle of approximately 60◦ was identified which affected
the bubble dynamics. For angles greater than the critical angle the bubble growth time was up to 150 % longer,
which also resulted in larger departure diameters. However, the opposite trend was observed as the indentation
angle was decreased below the critical angle. From a force analysis, it was found that the physical limitation
imposed on the bubble growth was responsible for the critical indentation angle behaviour, with the most acute
angle of 46◦ showing the shortest departure time. Furthermore, the bubble growth from a single cavity corre-
sponded better with the trends of a smooth surface than a structured surface with comparable indentation angles.
On a structured surface, once the bubble reached the edge of the cavity, its base diameter was limited by the
physical characteristics of the surface. For the single cavity surface, however, bubble growth was uninhibited
beyond the cavity, mimicking a completely smooth surface. The marked difference between results of a fully
structured surface and the single cavity implies that future research will have to take the structural limitations on
bubble growth imposed by a roughened surface into account.

1. Introduction

With the continual increase in computational power, the need for
CPU cooling has become an ever more active field of research in the last
few years. Single-phase forced convection cooling is reaching its limits,
and the next step is to implement two-phase cooling. To this end, im-
mersion cooling coupled with nucleate boiling is a promising two-phase
cooling method, but it comes with a series of challenges, akin to the
initial development of free convection air-cooled heat sinks. As the

boiling process is strongly dependent on the heat transfer surface and
fluid used, it is important to obtain a surface that will provide a steady,
predictable means of removing heat, while also keeping costs and
manufacturability in mind.

Purified, demineralised water is one of the obvious choices for im-
mersion cooling, but the high boiling temperature and conductivity of
water at atmospheric temperature make it unsuitable for electronics
cooling, introducing some additional complications in maintaining sub-
atmospheric pressures. Instead, low temperature, low pressure re-
frigerants are a promising alternative that have been the topic of much
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research, although the global warming potential of these refrigerants
remain a concern. Regardless of which fluid is used, the study of bubble
dynamics remains of prime importance as a thorough understanding of
the boiling process assists in optimising the cooling method.

With the intense research attention dedicated to this field, many
studies have been published. According to an account by Mohanty and
Das [1], bubble departure size and frequency as well as active nucleation
site density are major contributors to nucleate boiling heat transfer. Of
note is that the surface roughness seemed to be insignificant in the
development of bubble growth or departure correlations. Many studies
investigated bubble dynamics from smooth and rough surfaces, both on
plates and tubes [2–5].

Moreover, regarding the surface roughness of horizontal plates,
relevant experimental research by McHale and Garimella [2] on the pool
boiling of FC-77 indicated that the bubble departure diameter decreases
and bubble departure frequency increases for roughened surfaces in
comparison with smooth substrates. In their study, the rough surface
had an average roughness of 5.89 μm and was compared to a nominally
smooth surface with an average roughness of 0.03 μm. Active nucleation
site density increased with both wall superheat and roughness. In a
similar study on the experimental pool boiling of PF-5060, Suszko and
El-Genk [3] also found that the bubble departure diameter was lower
and the departure frequency was higher for roughened surfaces with an
average roughness from 0.21 to 1.79 μm compared to the nominally
smooth surface with a roughness of 0.0039 μm. Nucleation site density
increased with roughness, while the departure diameter and frequency
were found to be largely independent of the level of roughness
considered.

In general, three strategies are followed to modify bubble behaviour
[6]: (1) fluid modification, (2) passive surface modification, and (3)
active external fields. Passive surface modification, which is the focus of
this study, includes porous coatings, modification of wettability, and the
introduction of micro- and nano-structures. While nano- and
micro-coatings on surfaces offer a very attractive way of modifying
bubble dynamics and increasing nucleate boiling effectiveness, the
fabrication cost and fragility of many of the proposed methods [7,8]
raises questions on the practicality of such methods.

Nucleate boiling of water on a composite surface of macro- and mi-
cropores and dendritic structures obtained by electrochemical methods
was studied experimentally by Xu et al. [9]. The macropores were on the
scale of approximately 200 μm, the micropores 2 μm, and the dendritic
structures 0.4 μm. They found that this combination improved both the
heat transfer coefficients and critical heat fluxes at heat fluxes below
100 kW/m2 and above 600 kW/m2. The micro- and nano-structures
increased nucleation site density, with the macropores influencing
bubble size and departure rates. Under high heat fluxes exceeding 400
kW/m2, the bubbles were not only larger, but also grew approximately
three times faster than from a smooth surface.

Li et al. [10] leveraged alternating hydrophobic and hydrophilic
surfaces in a carefully constructed grid in an attempt to fine-tune
experimental bubble behaviour. This was achieved by coating a
smooth polished copper surface in a hydrophobic film, then sintering
hydrophilic copper wires of diameters 20–50 μm in a mesh on top of the
film. A numerical study to complement the experimental work was also
performed, without taking conjugation into account. It was found that
the hybrid surface offered an adaptable way of tuning bubble behaviour
by altering the ratio of hydrophilic to hydrophobic surfaces.

Focusing on structured surfaces, Wang et al. [11] performed a nu-
merical study of the effect of structured hemispherical indentations and
protrusions with a radius of 1 mm on the heat transfer and critical heat
flux of boiling water at atmospheric conditions. It was found that the
surface modifications both exhibited a decreased superheat for the same
heat flux compared to a smooth surface. The indentations provided the
best heat transfer at the cost of a lower critical heat flux.

Song et al. [12] experimentally demonstrated a simple technique for
enhancement in both heat transfer coefficient and critical heat flux of
boiling water by using sandblasted silicon surfaces. The arithmetic mean
roughness-value of these surfaces depended on the particle size used
during the sandblasting. The roughness ranged from 0.5 to 8 μm, cor-
responding to particle sizes ranging from 25 to 150 μm. The results
showed a significant increase in heat transfer coefficient of 433 % and in
critical heat flux of 193 % over smooth silicon for the coarsest abrasive
surface.

Another simple manufacturing technique for structured surfaces was

Nomenclature

Co Courant number [− ]
c Specific heat [J/kg◦C]
D Diameter [m]
F Force [N]
g Gravitational acceleration [m/s2]
h Enthalpy [J/kg]
P Pressure [Pa]
R Roughness [m]
q Heat flux [W/m2]
t Time [s]
T Temperature [◦C]
V Volume [m3]

Superscripts
* Normalised
i Placeholder for either liquid or vapour
l Liquid
v Vapour

Subscripts
a Average
B Buoyancy
base Base of bubble

bub Bubble
eq Equivalent
int Interface
KC Kays and Crawford
net Net
p Isobaric
pc Phase change
rgh Pressure without hydrostatic contribution
s Solid
S Surface tension
sat Saturation
w Wall

Greek letters
⍺ Phase fraction [− ]/Thermal diffusivity [m2/s]/

Indentation angle [◦]
β Thermal expansion coefficient [1/◦C]/Vertical angle [◦]
δ Dirac delta [− ]/Thickness [m]
λ Thermal conductivity [W/m◦C]
ρ Density [kg/m3]
μ Dynamic viscosity [Pa.s]
θ Contact angle [◦]
σ Surface tension [N/m]
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employed by Nirgude et al. [13] utilising electric discharge machining.
Structured surfaces were fabricated with what amounts to square pin
fins on the boundary between macro- and microscale. The structures
were chosen to explore two different heights of 1000 and 500 μm
respectively, with a width of 900 μm and differing gaps between fins of
725 and 610 μm. It was found that any structured geometry provided
better heat transfer performance than a smooth surface for both the
water and isopropyl alcohol they considered. It was also common to see
a lesser wall superheat at boiling initialisation for the structured sur-
faces, and that the depth of the structures had a definite impact on the
heat transfer enhancement for water while not being significant for
isopropyl alcohol.

According to Honda and Wei [14], microscale pin fins were most
effective at increasing the critical heat flux, while surface roughness
achieved by, for example, sandblasting, was effective but no direct link
between the roughness parameter and the thermal enhancement existed.
They also found that microstructures act to increase the bubble depar-
ture time. In an experimental study on boiling FC-72 by Wei and Honda
[15], microscale pin fins of heights between 60 and 270 μm and thick-
ness of 30 and 50 μm, directly dry etched onto silicon computer chips
were evaluated. They found a considerable increase in heat transfer and
critical heat flux as compared to a smooth chip, with fins of height 270
μm and thickness 50 μm showing the greatest improvement in critical
heat flux.

On the one hand, while nucleate boiling processes can be signifi-
cantly improved with carefully controlled surface enhancement pro-
cesses [9,10], these processes might not necessarily suitable to be
implemented on an industrial scale due to a combination of fragility,
expense, and manufacturing difficulty. On the other hand, simple sur-
face modifications such as fins and pins on a microscale level of between
50 and 1000 μm show much promise [11,13,15]. However, experi-
mental work, even for these simple surfaces, is fraught with difficulty
and expense.

Taking advantage of the simplicity of numerical versus experimental
work with regards to investigating a wide range of different surfaces, the
focus of this study was to investigate engineered surfaces with an
emphasis on ease of manufacture. Different topologies were created by
imposing different indentation angles, achievable on a lathe, with a
fixed average roughness of 75 μm over an entire surface. R32 and
R1234yf, two refrigerants that are being considered for use in CPU
cooling, were evaluated. The engineered surfaces were compared to a
smooth surface as well as to a single cavity to determine the effect of
conjugate heat transfer and the extended surface topology on bubble
dynamics. This provided valuable insight into the boiling characteristics
of machined surfaces that could feasibly be found in industry.

2. Numerical model

Numerical simulations were performed using the OpenFOAM
framework, coupled with an open-source multiphase boiling library,
TwoPhaseFlow [16]. This library included three different OpenFOAM
solvers, each building on the previous and increasing in complexity.
Coupled with extensible, modular models for phase change and surface
tension, and validated analytically, the code provided a solid foundation
for simulation of heat and mass transfer across a fluid interface. The
governing equations and assumptions for the computational fluid dy-
namics model are briefly discussed in this paper, with the full detail of
the equations available in Scheufler and Roenby [16].

The microlayer contribution to the heat transfer and bubble growth
was neglected in this study. This decision was made after observing that
it did not play a major role for pure refrigerants in the experimental and
numerical studies of Li et al. [17,18], which were used to validate the
results obtained in this study. Li et al. [17,18] found that the bubble
growth was predicted remarkably well by the correlation of Sakashita
[19], and that the microlayer appeared to evaporate in approximately
25 ms for pure R32. This is in good agreement with Kim [20] who

asserted that a large part of observed bubble growth was due to the heat
gained at the bubble cap which is largely independent of the processes at
the wall. As the microlayer of the fluid between the bubble and the
surface accounted for at most approximately 25 % of the heat transfer in
the first few microseconds of bubble growth, it can be ignored.

2.1. Governing equations

The multiRegionPhaseChangeFlow solver in TwoPhaseFlow was
used. This is a compressible, non-isothermal solver that accounts for
phase change and conjugate heat transfer, using a Volume of Fluid
method for interface tracking. The assumption was made that the flow
was incompressible, leading to the following phase continuity equation:

∂α
∂t +∇ • (uα) = α̇pc (1)

where ⍺ is the volume fraction, u is the velocity field, and ⍺pc is the
explicit source term accounting for phase change.

With the added assumption of laminar flow, the Navier-Stokes
equation reduced to:

∂(ρu)
∂t +∇(ρuu) − ∇ ⋅

{
μ
(
∇u+(∇u)T

)}
= − ∇prgh +(g ⋅x)(ρl − ρv)n̂ intδint

+ f
(2)

where μ is the dynamic viscosity, g and x the gravity and position vector,
respectively, n̂int a unit normal vector on the interface surface pointing
into the denser fluid, and δint the Dirac delta function at this interface.
Additional source terms, such as surface tension, were taken into ac-
count with the term f. In the interest of numerical efficiency, the pres-
sure term was replaced by the auxiliary term prgh, defined as:

prgh = p − (g ⋅x)ρ (3)

This represents the pressure, p, with the hydrostatic component
removed and has the advantage of the Dirac delta function only being
non-zero at the interface between the liquid and vapour. It should be
noted that quantities that were averaged in a finite volume framework
contained contributions of both liquid and vapour at the interface.

The energy equation for the fluid is given as:

∂αiρicipTi

∂t +∇ ⋅
(

αiρicipT
iu
)
=∇ ⋅

(
λi∇Ti)+

˙q̇i
pc (4)

Since the two-field approach was adopted, the superscript i can
either be v for vapour or l for liquid. The energy change due to phase
change is denoted by the source term q̇ipc. Conjugate heating was
accounted for using the following heat transfer equation:

∂ρshs

∂t − ∇ ⋅

(
λs

csp
∇hs

)

=0 (5)

where the superscript s denotes the solid, ρs denoting the density, hs the
enthalpy, csp the isobaric specific heat capacity, and λs the thermal con-
ductivity of said solid.

The equations were solved using standard OpenFOAM algorithms
with the Courant number, Co, being limited to 0.5. The Courant number
is defined as:

Co=
uΔt
Δx

(6)

Fixing the Courant number limited the time step, Δt, with the
magnitude of the flow velocity in a certain direction, u, being calculated
at each instance, and the length between cells in that direction, Δx,
being fixed by the mesh resolution.

The models that are described next are critical components for any
multiphase solver, and owing to the modularity of the TwoPhaseFlow
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library they are easily interchangeable. The Volume of Fluid method
utilised by the framework requires an advection scheme and a recon-
struction scheme. The geometric Volume of Fluid method proposed by
Roenby et al. [21] was employed, which uses a Piecewise Linear Inter-
face Construction scheme for reconstruction of the interface [22].

The phase change module specifying mass flux across the interface
between the vapour and liquid consists of a means of describing the
saturation properties and an energy source term. Since the temperature
ranges were very small, constant thermophysical properties were
assigned to the fluid’s liquid and vapour phases. A gradient based means
was used to calculate the power associated with phase change:

qpc = λl∇Tl • n̂ int + λl∇Tl • (− n̂int) (7)

The implicit gradient method proposed by Batzdorf [23] was used in
this equation. The mass source term used was a modified Hardt and
Wondra scheme [22], while the surface force module incorporated a
Reconstructed Distance Function model based on Cummins et al. [24].

2.2. Numerical domain, boundary, and initial conditions

Since this study aimed to mimic real life applications, solid conju-
gation with a prescribed heat flux instead of temperature was considered
critical. This also meant that a surface containing a single cavity would
be insufficient, since the structural limitations on bubble growth, as well
as possible conjugate effects on the thermal boundary layer of an uneven
surface would not be captured fully.

While modeling a fully three-dimensional heat sink with varying
machined surface patterns would be ideal, the constraints of time and
computational power, as well as the vast scale differences restricted the
domain size. The numerical domain (Fig. 1) consisted of an axisym-
metric solid with a width and height of 0.0016 m, which was situated in
a fluid of the same width of 0.0016 m and a height of 0.0048 m.

The y-axis at x= 0 m was the axis of symmetry, with the solid-to-fluid
interface being situated at y = 0 m. This interface was set to be a no-slip
velocity boundary condition, while a slip boundary condition was
assigned at x = 0.0016 m. Simulations were first conducted using a
smooth interface for validation and comparison purposes, and thereafter
for set roughness topologies, as shown schematically in the figure. At the
top of the domain (y = 0.0048 m) a pressure inlet/outlet velocity was
prescribed. For the temperature boundary condition, it was assumed
that adiabatic conditions prevailed at all surfaces but the interface,

which was set to a simple coupled condition. At the bottom of the
domain (y= − 0.0016m) the solid was set to have a constant heat flux. As
the heat flux was prescribed on an idealised smooth surface, and prop-
agated through the thickness of the solid, a constant heat flux could be
prescribed, disregarding the extended area necessitated by the rough-
ened surfaces. Lastly, the pressure was set to a fixed flux at the interface
and sides, with a total pressure condition being assigned to the top of the
domain.

Since a bubble nucleation model was not included in the solver, an
initial seed bubble of radius Rb = 100 μm was placed at the origin (x =

0 and y= 0). The bubble centre was then raised by 0.67Rb to ensure that
the prescribed contact angle was easily satisfied. A constant contact
angle (not shown in the figure), θ = 54◦, was prescribed, based on the
experimental observations by Li et al. [17] for smooth surfaces.

For the validation using a smooth surface, and the structured surface
comparisons, a single-phase simulation was run with an initial satura-
tion temperature of 25 ◦C throughout the domain for a set time to obtain
the temperature field for each surface. This was then used as the initial
temperature condition for the two-phase simulation. The single-phase
simulation times were specifically chosen to ensure that the fluid re-
gion at a thickness of y = 0.00025 m and x = 0 m was at a superheat of
0.9 ◦C. This thickness was dictated by the Kays and Crawford [25] free
convection equation:

δKC =7.14
(

μlαl

ρlgβl(Tw − Tsat)

)

(8)

where ⍺l is the thermal diffusivity of the liquid and βl the thermal
expansion coefficient of the liquid. This calculated distance varied be-
tween 0.00033 m and 0.00023 m depending on the imposed heat flux
(and thus superheat). It was decided to keep this distance constant at
0.00025 m for ease of visual confirmation of the temperature and time in
the visualisation software used.

2.3. Surface characterisation

This study focused on surfaces obtainable with simple manufacturing
processes, such as by use of a lathe, as shown in Fig. 2. In this figure,
each rotation of the lathe accounted for 120 μm in the lateral direction.
This was used as a guideline to define surfaces with differing triangular
topologies which could feasibly be achieved.

These topologies were chosen to investigate the effect of selecting
differing incident cutting tool angles or different cutting speeds to finish
a surface. The average surface roughness (Ra), defined as the arithmetic
average profile height deviation from the mean line, is often used as an
indication of surface finish. Referring to the scale in Fig. 2, and for
comparison purposes, Ra was kept constant at 75 μm (meaning that the
depth of cut was 150 μm). Selection of the angle at which the cutting tool

Fig. 1. Numerical domain illustrating the dimensions of the solid, fluid, and
bubble seed.

Fig. 2. Top down photograph of physical example of the proposed surface
obtained using a lathe.
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met the surface and the depth of cut meant that the indentation angle
was fixed. This angle differed between the centre and the grooves
because of a lathe’s operation, but due to only a single bubble being
investigated at the centre, this was deemed negligible. Five different
triangular surface topologies were considered, each with a different
indentation angle, as shown in Fig. 3. The vertical incident angle β was
chosen to be 90◦, 80◦, 70◦, and 60◦, with the special case of the isosceles
triangle having a value of β = 63◦. With the value of Ra staying constant
throughout, the resulting indentation angles ⍺ were 90◦, 79◦, 65◦, and
46◦, with the special isosceles case resulting in an indentation angle of
53◦.

Since the problem was axisymmetric, it was limited to a single
bubble at the origin, and thus a fully machined surface over the extent of
the numerical domain width was not strictly necessary. An alternative
approach was to limit the structured area of the surface to two or three
grooves from the centre, with the remainder of the surface being
smooth. In the interests of generality and completeness, however, the
entire surface was considered as machined.

2.4. Numerical simulation matrix

The smooth surface and five machined surfaces were investigated
using different wall heat fluxes and two refrigerants, as summarised in
Table 1. For comparison purposes, the selection of refrigerants (R32 and
R1234yf) and heat fluxes were based on the experimental values ob-
tained from Li et al. [17]. The fluid properties of both refrigerants were
obtained from CoolProp [26], and are compared at saturation

Fig. 3. Schematic of the machined surfaces considered in this study with a constant average surface roughness of 75 μm and indentation angle, ⍺, equal to (a) 90◦, (b)
79◦, (c) 65◦, (d) 53◦, and (e) 46◦.

Table 1
Numerical simulation matrix.

Surface type q [kW/m2]

7.6 16 28 8.2 16 26

Smooth R1234yf R1234yf R1234yf R32 R32 R32
⍺ = 90◦ R1234yf R1234yf R1234yf R32 R32 R32
⍺ = 79◦ R1234yf R1234yf R1234yf R32 R32 R32
⍺ = 65◦ R1234yf R1234yf R1234yf R32 R32 R32
⍺ = 53◦ R1234yf R1234yf R1234yf R32 R32 R32
⍺ = 46◦ R1234yf R1234yf R1234yf R32 R32 R32

Table 2
Physical properties of refrigerants at 25 ◦C.

Fluid R32 R1234yf

Psat [Pa] 1 689 621 682 582
ρl [kg/m3] 961 1091
ρv [kg/m3] 47 38
μl [Pa.s] 0.000112 0.000145
μv [Pa.s] 1.377 1.254
cp,l [J/kg◦C] 1936 1392
hlv [J/kg] 270 908 145 367
λ [W/m◦C] 0.134 0.0636
⍺ [m2/s] 7.205 × 10− 8 4.181 × 10− 8

σ [N/m] 0.00679 0.00617
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temperature of 25 ◦C in Table 2. Although two refrigerants were tested,
the results obtained using R32 were presented almost exclusively in this
paper due to the similarities in the results.

2.5. Mesh dependence

To ensure the reliability of the results and analysis, the effect the grid
size had on the solution had to be quantified. Ideally, mesh indepen-
dence would be achieved once the calculated parameters no longer
changed appreciably with additional mesh refinement. The initial con-
ditions should have no effect on the results in the case of achieving a
pseudo-steady state solution, but reaching this state requires many
ebullition cycles of bubble growth and departure. To speed up solution
times, a linear initial temperature field was prescribed. To ensure bubble
growth, this field ranged from a superheated surface temperature of
28.6 ◦C at y = 0, up to the saturation temperature of 25 ◦C at a semi-
arbitrary distance of y = 0.00346 m. This surface temperature was ob-
tained from the experimental values by Li et al. [17].

Since this study was concerned with bubble dynamics, the chosen
parameter for this dependency test was the equivalent bubble diameter,
Deq. This value was calculated by outputting the bubble volume and,
during postprocessing, setting it equal to the volume of a sphere, from
which the equivalent diameter could be obtained:

Deq =

(
6Vbub

π

)1
3

(9)

where Vbub is the volume of the bubble output by an OpenFOAM
postprocessing function. The specific case chosen for the mesh depen-
dence study was that of the bubble growth of R32 on a smooth surface
with a constant wall heat flux of 16 kW/m2, with the remaining initial
and boundary conditions as described in Section 2.2.

The meshes were structured and approximately square, with a uni-
form mesh resolution throughout the domain. To construct the meshes, a
combination of tools was used. First, the interface was constructed in the
software tool Gmsh [27] and exported as an STL file. This file was loaded
into snappyHexMesh, an OpenFOAM meshing tool, which was then
applied to map a structured mesh to the solid, taking the interface be-
tween the solid and fluid into account.

An example of the coarsest mesh on a smooth surface with a reso-
lution of 56 μm was chosen as baseline and compared with the results of
successively finer resolutions of 32, 24, 20, and 16 μm. The number of
cells for each of these resolutions is summarised in Table 3, with the
bubble growth results compared in Fig. 4.

It follows from Fig. 4 that increasing the mesh resolution results in an
increased bubble growth and departure rate. Bubble departure is indi-
cated by the equivalent diameter becoming constant at approximately
0.001 m, with the sudden sharp drop indicating that the bubble has left
the numerical domain. The difference in equivalent diameter as a
function of time between the two finest meshes (resolutions of 16 and
20 μm) considered was only 2.6 %. While it was possible to increase the
accuracy further by introducing smaller mesh resolutions, the solution
times would become untenable without a substantial increase in solu-
tion accuracy. Initial simulations with a mesh of 32 μm resolution
resulted in a wall-clock time of approximately 3600 s to solve 1.5 s of
bubble growth. Halving the resolution to 16 μm, resulted in a four-fold
increase in the number of elements, with a concomitant almost four-fold

increase in the time taken to solve, in this case approximately 13 000 s.
Halving this resolution to 8 μm resulted in wall-clock times in excess of
50 000 s, and it was therefore decided that the 16 μm mesh resolution
was sufficient for this study.

For the smooth surface, no problems were encountered with mesh-
ing. However, the sharp points in the different topologies envisaged in
Fig. 3, made it excessively hard to obtain a mesh that did not result in
diverging solutions. After extensive modification of the parameters in
the snappyHexMesh tool, meshes which produced non-divergent results
were successfully generated for all the topologies that were to be
investigated. An example of this type of mesh, constructed for the to-
pology in Fig. 3(d), is shown in Fig. 5.

2.6. Validation

With the mesh resolution selected, attention was turned to validating
the bubble growth and departure rates. Although many studies investi-
gated nucleate pool boiling on smooth surfaces and single cavities, to the
authors’ best knowledge, no prior investigations considered the micro-
structures investigated in this study. Therefore, the validation was
conducted using a smooth surface by comparing the results with the
experimental data of Li et al. [17] for R32 at a heat flux of 16 kW/m2, as
well as the correlation by Sakashita [19] in Fig. 6.

The same method used by Li et al. [17] was used to obtain the
equivalent diameters and careful attention was paid to ensure that the

Table 3
Mesh resolution and number of cells.

Mesh resolution (μm) Number of cells

56 3335
32 10 200
24 17 889
20 25 600
16 40 400

Fig. 4. Mesh dependence study for bubble growth of R32 on a smooth surface
at a heat flux of 16 kW/m2.

Fig. 5. Sample of a non-divergent mesh for β = 63◦obtained with
snappyHexMesh.

W.J. van den Bergh et al. International Journal of Thermal Sciences 206 (2024) 109340 

6 



experimental conditions were reproduced, such as the applied heat flux
which was obtained directly from the authors. From this figure it be-
comes apparent that the numerical approach was valid, with the bubble
diameter as a function of time showing a mean absolute error of 6 %
when compared to the experimental values, and a mean absolute error of
9 % when compared to the correlation of Sakashita [19]. The bubble
growth time until departure was also within 0.2 % of the experimental
data. When comparing the departure diameter with the experimental
data, it was higher by 6.6 %, but considering the low mean absolute
error and departure time error, this was deemed acceptable.

3. Results

First, a qualitative investigation was done to gauge the effect of the
different surface topologies at a specific wall heat flux before an in-depth
force analysis was done to investigate the bubble departure. This led to a
comparison of the simulation results of the entire machined surface with
only a single indentation of the same topology.

3.1. Qualitative effect of surface topology on bubble dynamics for multiple
heat fluxes

The bubble growth curve and departure time for R32 over varying
surfaces for heat fluxes of 8, 16, and 26 kW/m2 are shown in Fig. 7. The
surface topology had a definite impact on bubble dynamics, as expected,
although some of the results were surprising. In general, the bubble
behaviour for the surfaces were similar for all heat fluxes, and inde-
pendent of the refrigerant. It follows from Fig. 7(a) that a decrease in
indentation angle resulted in faster bubble departure. Furthermore, as
has been found by previous experimental studies [28,29], an increased
heat flux also resulted in a faster bubble departure. The departure
diameter remained largely unaffected by the increasing heat flux for any
surface.

Of interest is the fact that the bubble growth rate for any indentation
angle less than 90◦ was almost exactly the same, with only the departure
time and thus departure diameter differing. The growth rate was slower
than for a smooth surface. This agrees with extant literature [30,31] in
that the diameter is proportional to time raised to an exponent n,
multiplied with a proportionality constant. The structured surfaces
inevitably caused the bubble to have less contact area with the heated
surface and disrupted the thermal boundary layer which delayed the
growth compared to the smooth surface. However, this decreased bub-
ble growth rate (and thus decreased heat removal rate) was balanced by
the higher bubble departure frequency for indentation angles below a
critical value, as discussed below.

To further investigate and quantify the effects of indentation angle
and heat flux on departure diameter and time for the different surfaces,

the departure diameter and time have been normalised with respect to
the smooth surface and compared as a function of indentation angle in
Fig. 8. From the solid circle markers in this figure, it follows that
indentation angles of 90◦ and 79◦ had very little influence on departure
diameter, while the cross markers indicate that it had a marked effect on
departure time, being in excess of 130 % of that of the smooth surface.

As the indentation angle decreased to 53◦ and 65◦, the departure
time approached that of the smooth surface, with the departure diam-
eter being between 85 % and 90 % of the smooth surface. For an
indentation angle of 46◦, however, the departure diameter and time
decreased significantly. The diameter was approximately 75 % of the

Fig. 6. Validation of numerical work by comparison to experimental data [17]
and analytical predictions [19] for R32 at a heat flux of q = 16 kW/m2.

Fig. 7. Bubble growth on various surfaces for R32 at (a) q = 8 kW/m2, (b) q =

16 kW/m2, and (c) q = 26 kW/m.2.
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smooth surface, with the time being 70 %. These results indicated that a
critical indentation angle existed above which only the departure time
was affected and below which both the departure diameter and time
were affected. The critical angle appeared to be approximately 60◦ for
the machined surfaces investigated in this study, but can be refined
through additional studies on a wider range of surfaces.

To compare the trends for different refrigerants, Fig. 9 compares the
bubble growth of R32 and R1234yf for different indentation angles at a
heat flux of 16 kW/m2. As can be seen, the qualitative behaviour of
R1234yf was very similar to that of R32 and different departure times
and diameters were caused by the difference in fluid properties. The
enthalpy of vaporisation for R1234yf is much lower than that of R32, as
seen in Table 2, which was why at the same heat flux the bubble
diameter for R1234yf was larger at a specific time. The density of
R1234yf is also lower than that of R32, and this was visible in the
decreased departure time. The results obtained using R1234yf will not
be presented and discussed in detail.

3.2. Force analysis for smooth and machined surfaces

It was concluded from Figs. 7 and 8 that the bubble dynamics were
largely influenced by the surface topology, with opposite trends in de-
parture time being exhibited when comparing the extremes of the
indentation angles. To gain an improved understanding of the effect of
surface topology on bubble growth and departure time, a force analysis

was performed, taking into account the major forces acting on the
bubble in the vertical direction.

The dominating forces were the buoyancy force, FB, the pressure
force, FP, and the surface tension force, FS. While other forces, including
drag, added mass, and gas momentum also played a role in the bubble
growth, the growth rate was considered too low for these to have an
undue influence. Boubendir et al. [32] concluded the under quasi-static
conditions, only the buoyancy, pressure, and surface tension forces were
important. Mahmoud and Karayiannis [33] found that for boiling water,
the vapour inertia, drag, and lift forces could be neglected, and that
beyond the initial bubble formation time of about 4 ms, the pressure,
surface tension, and buoyancy forces dominated. As such, a schematic of
these forces is shown in Fig. 10, with the convention that attaching
forces (FS) are in the negative direction, while detaching forces (FB and
FP) are positive.

The buoyancy force was calculated as follows:

FB =(ρl − ρv)gVbub (10)

where Vbub is the volume of the bubble. To calculate the pressure force, a
similar approach to Boubendir et al. [32] was followed:

FP =(Pv − Pl)
π
4
D2

base (11)

where Pi is the appropriate liquid or vapour pressure, and Dbase is the dry
patch diameter. This agrees with extant literature in that the area of the
dry patch plays an important role in calculating the pressure force.
Mahmoud and Karayiannis [33], for example, calculated the pressure
force using the area of the dry patch combined with the surface tension
and actual bubble radius. The surface tension force was calculated using:

FS = πDbaseσ sin θ (12)

where σ is the surface tension and θ is the contact angle. Finally, Fnet is
the sum of the three contributing forces:

Fnet = FB + FP − FS (13)

Since the qualitative results from Fig. 7 were very similar, only two
surfaces from Fig. 7(b) were selected: (1) indentation angle of 79◦,
which showed delayed bubble departure time, and (2) indentation angle
of 46◦, which showed the opposite trend. The force evolutions recorded
for these two surfaces are compared in Fig. 11. To show the effect of the
forces and surface topology on the bubble growth, the non-
dimensionalised base diameter, D*base, is also included. This diameter
was non-dimensionalised by the initial base diameter cavity diameter
for the smooth surface and by the cavity diameter for the structured
rough surfaces. For clarification in subsequent discussions, the initial
bubble growth stage is marked by the symbol A, the maximum base
diameter by B, and the point of necking and departure by C.

Fig. 8. Normalised departure diameters and times with respect to a smooth
surface for R32 as a function of indentation angle for multiple heat fluxes.

Fig. 9. Comparison between the bubble growth of R32 and R1234yf results for
different surfaces at a heat flux of 16 kW/m2.

Fig. 10. Force diagram of a growing bubble indicating the attaching (FS) and
detaching forces (FB and FP).
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It follows from Fig. 11(a) that for a smooth surface, the surface
tension continually increased as there was no limitation on the expan-
sion of the bubble. It plateaued at roughly t = 0.8 s, where the base
diameter was no longer increasing. In opposition, the pressure force
grew with the base diameter, as did the buoyancy force with the volume
of the bubble. When the buoyancy and pressure forces exceeded the
surface tension force, the base diameter in contact with the surface

suddenly contracted and the bubble departed. The net force line was
relatively stable around the zero line for the smooth surface. The net
force line was positive before bubble departure and deviated only
slightly from zero, indicating that the additional adhesive forces,
although active, did not play a major role in the force balance. It was
thus concluded that the accuracy of the solution was not significantly
influenced by only considering the forces shown in Fig. 10.

When comparing the results of the smooth surface to the structured
surfaces for indentation angles of 79◦ (Fig. 11(b)) and 46◦ (Fig. 11(c)), it
follows that the maximum surface tension force was reached almost
immediately, and remained constant for the entire growth period until
bubble departure. When the non-dimensionalised diameter was
considered, the reason for this became apparent. Since the initial bubble
diameter was somewhat smaller than the cavity diameter in Fig. 11(b),
D*base started at a value less than unity. The bubble grew until it reached
a D*base value of approximately unity, after which the base diameter
ceased growing. The cavity diameter and the initial bubble diameter
were approximately equal for Fig. 11(c), meaning D*base started at a
value of unity and did not increase. This implied that the bubble in
contact with the heating surface could not physically grow due to the
structural limits imposed by the machined surfaces. This necessarily
meant the surface tension and pressure force were limited as well. The
value in excess of unity for D*base in Fig. 11(b) was due to the base
diameter being defined as the position where the phase fraction was zero
(fully liquid). Due to the diffusive effects of the volume of fluid method
and the mesh size selected, this was slightly beyond the cavity radius.
The oscillation visible in Fig. 11(c) was due to the bubble radius being on
the same scale as that of the mesh size, amplifying minor fluctuations.
These problems were unexpected, and can be avoided in future by
implementing a finer mesh and decreasing the radius of the bubble seed.

This physical limitation in bubble base diameter can also explain
why the bubble departure time was slower for the indentation angle of
79◦ and faster for the angle of 46◦. The equivalent diameter (and thus
the volume and buoyancy force) grew at approximately the same rate for
all surfaces, as seen in Fig. 7. However, since the surface tension force
was limited by the achievable base diameter, which was much smaller
for the angle of 46◦, the net force quickly became positive, resulting in
bubble departure.

On the other hand, for the angle of 79◦, the maximum surface tension
force was reached quickly and maintained, but the pressure force was
reduced to such an extent that the buoyancy force had to overcome the
downwards force on its own for detachment to happen. For the smooth
surface, the base diameter was unconstrained and the surface tension
force was larger, but the pressure force was also larger which aided the
buoyancy and resulted in a faster departure time than for a shallow
indentation angle surface.

3.3. Comparison of bubble dynamics between structured surfaces and
single cavities

Many experimental studies focused on single bubble dynamics on a
smooth surface [33,34] or from a single artificial nucleation site [17,35]
to control bubble nucleation. Many numerical studies followed the same
route [18,36,37], while others aimed to elucidate the interaction be-
tween neighbouring bubbles [38]. It is worth noting that a fully struc-
tured surface, as would be encountered at application level, was not
investigated in previous studies. Since bubble growth is not physically
constrained in these investigations, the results are different when
compared to a fully structured surface. Depending on the goal of the
study, it may be critical to consider a fully structured surface, even if
only single bubble growth is being evaluated.

This was borne out by Fig. 12, in which the bubble growth results of
single cavities of the same indentation angle as the fully structured
surface were compared. This figure indicates that the single cavities
exhibited much closer results to the ideal perfectly smooth surface than
the fully structured surfaces. Similar departure diameters were obtained

Fig. 11. Force evolution and base diameter for a growing R32 bubble with heat
flux 16 kW/m2 for (a) a smooth surface, (b) an indentation angle of 79◦, and (c)
an indentation angle of 46◦.
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with minor deviations in the bubble growth rate. For the fully structured
surface, the growth rates were slightly less than for the smooth and
single cavity results, while the departure diameter and time were
significantly affected by the indentation angle. This was due to the
physical limitation on the bubble size and the limits imposed on the

major forces, as discussed in Section 3.2.
To cement the idea that bubble size limitations should be one of the

main factors considered in future studies, the force balance diagrams for
the single cavities are shown in Fig. 13, with the diameters non-
dimensionalised with the cavity diameters. When comparing this to
the smooth surface in Fig. 11(a), the similarities are self-evident. For the
cavity with an indentation angle of 79◦ in Fig. 13(a), the bubble seed,
which was smaller than the radius of the cavity, grew steadily until a
time of approximately 0.05 s, at which point the growth was paused
until 0.01 s. This is the timeframe in which the bubble reached the cavity
lip, and once the bubble overcame that lip, it continued growing similar
to the bubble growth on a smooth surface. The same behaviour can be
observed in Fig. 13(b), where the bubble seed radius equalled the cavity
radius immediately, and once the lip was overcome, the bubble growth
proceeded similar to the smooth surface.

The bubble growth for smooth surfaces, single cavities and struc-
tured surfaces are compared visually in Fig. 14 for refrigerant R32. The
bubble growth stages are labelled A (initial bubble growth), B
(maximum base diameter), and C (necking), as in Figs. 11 and 13. The
time at which the observations were made are included below each
image, while the normalised times (with respect to the departure time)
are given in brackets.

As expected, the initial stages were similar for all surfaces. For the
single cavities, the maximum value of the base diameter was almost
exactly the same as that for the smooth surface. The structured surfaces,
however, limited the maximum base diameter. This was most prominent
in the structured surface with an indentation angle of 46◦, where the
bubble grew in a spherical shape, as opposed to the ellipsoidal shape of
the other surfaces. The remaining images shown for necking are snap-
shots of the bubble just before departure. Since the output time was not
set to a fine enough level, being 0.005 s, the necking was not fully visible
for the smooth surface or the cavity with an indentation angle of 46◦. For
both the cavity and surface with indentation angle of 79◦ the necking
behaviour looked similar, although no firm conclusions could be drawn
from the results without refining the output times.

Bubble dynamics is of prime importance for heat transfer purposes. If
one focused on bubble departure time and critical heat flux, the results
investigated in this study seem to lead to a simple conclusion that more
acute indentation angles resulted in shorter bubble departure times,
leading to improved critical heat fluxes. Future investigations can thus
be limited to indentation angles of 46◦ and below. However, the physical
limitations on bubble size of the fully machined surface also limit the
possible heat transfer due to surface rewetting which scales with the
difference between maximum and minimum bubble base radius. Other
factors also play important roles in bubble dynamics and heat transfer.
For example, the uniformity of departure frequency and departure
diameter both play a major role in the stability of heat transfer, which is
critical for electronics cooling. Vapour retention, eliminating the wait-
ing time for bubble nucleation, was not investigated in this work, since
only a single bubble departure was modelled. Furthermore, running
several ebullition cycles can provide in-depth understanding of the
bubble generation, growth, and detachment.

4. Conclusions

The need for a cost-effective, easy to implement method of
enhancing and controlling the nucleate boiling process and bubble dy-
namics, along with the need to gain greater understanding into the
bubble behaviour was recognised. To this end, the potential of using a
lathe to manufacture structured surfaces for heat sinks was investigated
numerically for R32 and R1234yf, two refrigerants being considered for
immersion cooling. Conjugate heat transfer in a multiphase library for
OpenFOAM was utilised, and a structured mesh of element size 16 μm
was used. The structured surfaces, obtained using a combination of
tools, had different indentation angles but a constant average roughness
of 75 μm. These structures were compared to a smooth surface, as well as

Fig. 12. Comparison of bubble growth between fully structured surfaces and
single cavities for indentation angles 79◦ and 46◦ with a heat flux of 16 kW/m2.

Fig. 13. Force evolution and base diameter of a growing R32 bubble with heat
flux of 16 kW/m2 for a single cavity with (a) an indentation angle of 79◦, and
(b) an indentation angle of 46◦.
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a smooth surface with a single cavity and comparable indentation
angles.

Qualitatively, it was observed that the bubble growth curves showed
similar behaviour at heat fluxes ranging from 7.6 kW/m2 to 28 kW/m2

for R32 and R1234yf. The growth rate was slower than the smooth
surface, but approximately the same for all indentation angles less than

90◦. The equivalent diameter and time, normalised with respect to a
smooth surface, showed that the departure diameter was independent of
heat flux. The departure time for indentation angles of 90◦ and 79◦ was
upwards of 130 % than that of the unmodified surface, while the de-
parture diameters for these indentation angles were very similar to the
smooth surface. For indentation angles of 65◦ and 53◦, the departure

Fig. 14. Bubble growth comparison between smooth, structured, and single cavity surfaces for R32 with heat flux 16 kW/m2. The time at which the observations
were made are included below each image, while the normalised times (with respect to the departure time) are given in brackets.
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time was similar to the smooth surface, with the departure diameter
being approximately 85 %–90 % of that of the smooth surface. The
departure diameter and time for an indentation angle of 46◦ were 75 %
and 70 % of those of the smooth surface, respectively. The critical angle
at which bubble dynamics showed this shift in bubble departure time
and diameter was approximately 60◦, although it can be refined through
further investigation.

A force analysis led to the conclusion that the bubble growth being
physically inhibited by the structured surfaces was responsible for both
the delayed and accelerated departure time of the bubble. To investigate
and confirm the major effect this pinning of the bubble at the edge of the
structured roughness had, a comparison with the more traditional single
cavity study was also conducted. These single cavity tests exhibited
similar behaviour to that of the smooth surface, and differed widely from
the structured surfaces. This confirmed that testing a surface that is
machined beyond just the bubble nucleation cavity, either numerically
or experimentally, plays a critical part in evaluating surfaces that will
eventually be used in practice. For practical implementation, a shorter
bubble departure time is desirable to delay the onset of critical heat flux,
and thus an indentation angle of below 46◦ was suggested for further
study.

Additional work is needed to illustrate multiple bubble interactions,
uniform bubble departure size, and stable frequency of bubble depar-
ture. In order to facilitate meshing and reduce computational re-
quirements, a structured surface containing smoother edges and only the
minimal amount of grooves that would limit bubble size can be adopted
in future.
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