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Abstract 

This paper presents a method for modelling interfacial mass transfer in Interface Capturing 

simulations of two-phase flow with phase change. The model enables mechanistic prediction 

of the local rate of phase change at the vapour-liquid interface on arbitrary computational 

meshes and is applicable to realistic cases involving two-phase mixtures with large density 

ratios. The simulation methodology is based on the Volume Of Fluid (VOF) representation of 

the flow, whereby an interfacial region in which mass transfer occurs is implicitly identified by 

a phase indicator, in this case the volume fraction of liquid, which varies from the value 

pertaining to the ‘bulk’ liquid to the value of the bulk vapour. The novel methodology 

proposed here has been implemented using the Finite Volume framework and solution 

methods typical of ‘industrial’ Computational Fluid Dynamics (CFD) practice. The proposed 

methodology for capturing mass transfer is applicable to arbitrary meshes without the need to 

introduce elaborate but artificial smearing of the mass transfer term as is often done in other 

techniques. The method has been validated via comparison with analytical solutions for planar 

interface evaporation and bubble growth test cases, and against experimental observations of 

steam bubble growth. 
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1 INTRODUCTION 

Computation of two-phase flows with phase change requires combined solution of the 

hydrodynamics and heat transfer processes in the liquid and vapour phases, plus some form 

of tracking of the interface motion and of the local rate of interfacial mass transfer. A 

mathematical model that is general enough to be applied to any phase change process does not 

exist yet due to the multi-physics and multi-scale nature of the problem. Nevertheless, the 

development of Interface Capturing modelling techniques [1], such as the Volume Of Fluid 

(VOF) and Level Set methods, at the continuum scale enabled significant progress to be made 

in microscopic modelling of phase change phenomena in two-phase flow, at least in laboratory 

conditions. The vast majority of methods [2-4] for modelling mass transfer have been 

implemented in research codes applicable only to structured meshes and elementary 

geometries, and the only method [5] so far conceived to be applicable to arbitrary meshes and 

complex geometries typical of ‘industrial’ Computational Fluid Dynamics (CFD) is affected by 

serious shortcomings.  

Here we present an Interface Capturing framework for simulation of multiphase flows with 

phase change on arbitrary meshes. The method’s cornerstone is a straightforward 

representation of interfacial mass transfer that is applicable to any vapour-liquid phase change 

phenomenon and arbitrary fluids and is amenable to simulation on arbitrary meshes. For 

demonstration, the methodology was implemented using the open-source CFD toolbox 

OpenFOAM and was verified with a set of test cases that entails simulation of real fluids with 

large density difference and strong interfacial evaporation. The aim of this article is to 

demonstrate that the proposed method retains the capabilities of state-of-the-art methods for 

capturing mass transfer while extending their range of applicability to arbitrary meshes while 

avoiding the elaborate measures introduced by the Ref [5] methodology. The novelty of this 

work is a general model for capturing mass transfer driven by phase change and its 

demonstration on an unstructured mesh framework via application to fluids with large density 

ratio and high rates of phase change.   

Ref [6] is considered to be the first to apply the VOF method to simulate two-phase flow with 

interfacial mass transfer using mechanistic evaluation of the rate of phase change at the vapour-

liquid interface. Similar VOF-based methods were later adopted by a number of workers and 

applied to model nucleate boiling [7-9] [10], film boiling [5] and boiling in microchannels [11, 

12]. The most popular VOF implementation, based on the work of Ref [5], has been 

implemented in the Computational Fluid Dynamics (CFD) codes ANSYS [12] and OpenFOAM 

[8] [13], and is therefore in principle applicable to arbitrary geometries and computational 

meshes typical of industrial CFD simulation. However, that methodology presents some 

shortcomings due to the introduction of numerical smearing of the interfacial rate of phase 

change, which is some distance removed from the true interfacial region, being artificially 

relocated in order to achieve numerical stability. Despite this spurious numerical ‘cropping’ of 

the physical rate of phase-change, which the current method eliminates, the work of Ref [5] is 

so far the only Interface Capturing method for phase change that appears to have been 

implemented in industrial CFD codes. The Level-Set [3, 14] [15] and Front Tracking [2, 16] [17] 

[18] methods were also applied to various phase change problems, however these methods 

have not yet been used in industrial CFD practice and their application has been limited to 
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idealised test cases; they also suffer from problems in conserving volume and mass requiring 

elaborate numerical measures. A different approach, based on the Constrained Interpolation 

Profile (CIP) method [19], has been implemented in a general-purpose two-phase flow solver 

[4] [20], which has been extensively used for modelling boiling phenomena [21] [22] [23]. The 

accuracy of the methodology was demonstrated both via comparison with analytical solutions 

and experimental data [24] and that method is therefore considered as a benchmark for 

numerical simulation of phase change in two-phase flow. Despite these superior attributes, the 

method is still not applicable on arbitrary meshes. Likewise, in Ref [25] a capable Phase Field 

model for quantitative prediction of mass transfer phenomena, albeit only applicable to 

elementary geometries, was developed. In all the above methods, a common approach to 

modelling phase-change at the vapour-liquid interface is based on explicit evaluation of the 

heat flux jump (‘Stefan condition’ [26] [1]) at the phase boundary, which requires explicit 

reconstruction of the interface and of the interfacial temperature gradients, typically resulting 

in unwieldy procedures [3, 4, 7] in order to extrapolate the temperature gradient from/to each 

side of the interface. An alternative approach has been derived from first principles within the 

framework of near-equilibrium thermodynamics and applied to Phase Field simulations of 

boiling phenomena [25]. The treatment of mass transfer in Ref [25] is based on the principles of 

equilibrium thermodynamics and was used to determine consistent formulations for the rate 

of phase change (as a function of the local deviations of interface temperature from its 

saturation value) and for the interfacial heat balance equation in near equilibrium conditions. 

An appropriate version of the general approach, suitable for incorporation into a VOF-based 

methodology, is that of Ref [27], in which the rate of phase change depends explicitly on the 

interface thickness, which cannot be justified on physical grounds. Different values of the 

interface thickness are used in the two implementations of the method reported so far [27] [25]; 

however, neither author provided justification for any particular imposed value of the interface 

thickness.  Use of other methods, such as Lattice Boltzmann simulation [28] [29] [30], has so far 

been limited to idealised fluids and test cases; also narrow is the range of applicability of 

conventional unstructured-mesh CFD approaches, which have typically been developed as 

application-specific tools [31, 32]. 

The majority of the Interface Capturing methods discussed above are embodied in research 

codes of limited practical applicability; their implementation in the generally applicable 

framework of ‘industrial’ CFD for simulation on arbitrary geometries and computational 

meshes is still in the early stages of development. It is therefore desirable to generalise the 

phase-change modelling capabilities of current CFD approaches and enable their application 

to the simulation of two-phase flow on arbitrary meshes suited to geometrically complex flow 

configurations [33, 34]. 

In this paper, we present the development of a methodology to capture mass transfer in 

Interface Capturing simulations of two-phase flows on arbitrary grids, using the VOF 

technique within the CFD toolbox OpenFOAM [35]. The proposed simulation methodology is 

a novel approach that builds on the strengths of current general modelling techniques and 

extends their applicability to arbitrary meshes through implementation in a flow solver based 

on the VOF Interface Capturing method. The methodology is suitable for modelling boiling 

and bubble growth in industrially relevant fluids (e.g. water boiling at atmospheric pressure), 
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which represent a real challenge for most Interface Capturing numerical methodologies, due 

to the large density difference between the liquid and vapour phases and the presence of strong 

evaporation. Therefore, a set of planar surface evaporation and bubble growth test cases has 

been chosen to test the proposed methodology. The objective of this paper is to demonstrate 

the accuracy of the current simulation methodology, via comparison with analytical solutions 

and laboratory observations of steam bubble growth in realistic boiling conditions. 

2 MATHEMATICAL MODEL 

The proposed simulation framework comprises a fluid flow model (Section 2.1), a method for 

interface capturing (Section 2.2) and a thermal model (Section 2.4). These are augmented in 

order to simulate, at the vapour-liquid interface, the effect of mass transfer due to phase change. 

The rate of phase change is computed mechanistically at the interface based on the predicted 

local temperature distribution (Section 2.3).  

2.1 Fluid flow model 

The incompressible Navier-Stokes equations can be written as 

𝜕𝒖

𝜕𝑡
= −∇ ∙ (𝒖⨂𝒖) + ∇𝑻 −

1

𝜌
∇𝑝 +

1

𝜌
𝒇                     (1), 

where 𝜌  is the density, 𝒖  the fluid velocity, 𝑻 =
1

2
𝜈[∇𝒖 + (∇𝒖)𝑇]  ( 𝜈  being the kinematic 

viscosity), p the pressure and 𝒇 = 𝒇𝑔 + 𝒇𝜎  the body force, which in this case includes a 

gravitational term 𝒇𝑔 = 𝜌𝒈  (being g the gravitational acceleration) and a suitable 

approximation 𝒇𝜎 of the surface tension force to be discussed in a later section. 

For incompressible flows with phase change under investigation, the velocity divergence ∇ ∙ 𝒖 

is linked to the volumetric rate of phase change �̇�  [
𝑘𝑔

𝑚3𝑠
] through a continuity constraint (see 

Ref [4] for derivation):  

∇ ∙ 𝒖 = �̇� (
1

𝜌𝑣
−

1

𝜌𝑙
)                     (2). 

In equation (2) and in the following, the subscript l indicates the liquid phase and v the vapour 

phase. 

The current methodology is based on the Volume Of Fluid (VOF) method [1], whereby the 

phases are identified with the volume fraction of liquid 𝛼, which is used to compute a generic 

(or mixture) fluid property, say the density 𝜌, as 

𝜌 = 𝛼𝜌𝑙 + (1 − 𝛼)𝜌𝑣                     (3). 

The phase indicator 𝛼 varies from 1 (in the liquid) to 0 (in the vapour) across the fluid interface, 

whereby the phase indicator (in this case the liquid volume fraction) is used to model a 

transition [5] between the bulk phases, as opposed to other methods ([3, 4] [36]) that are based 

on reconstructing explicitly the geometry of the phase boundary.  
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2.2 Interface capturing model 

In principle, it may be assumed that the phases are separated by a sharp interface relative to 

the global dimensions of the domain. However, within the VOF methodology this “sharp” 

interface is inevitably smeared numerically over a few mesh cells. Many schemes have been 

developed in the past (e.g. Ref [37]) to control and minimise that smearing and here one such 

method [38] is employed. In the current work, as illustrated in the text that follows (Section 4.1), 

the sharp interface occupies three cells. 

The model equation for a generic conserved phase indicator derived in Ref [25] is used here to 

advance in time the liquid volume fraction distribution: 

𝜕𝛼

𝜕𝑡
+ ∇ ∙ (𝛼𝒖) = −

�̇�

𝜌𝑙
+ (2α − 1)∇ ∙ 𝒖                      (4). 

The last term in the equation is operative only in the interface region which is inevitably 

diffused numerically over a few mesh cells and it arises from the consideration that the liquid 

and vapour phases have different velocities within that region, as derived in Ref [25]. 

Using the continuity relation (2), the ∇ ∙ 𝒖 term can be eliminated from the right-hand side of 

equation (4), which can be expressed in terms of the rate of phase change �̇� and rewritten as  

𝜕𝛼

𝜕𝑡
+ ∇ ∙ (𝛼𝒖) = 2�̇� (

1

𝜌𝑣
−

1

𝜌𝑙
) 𝛼 −

�̇�

𝜌𝑣
                      (5). 

Ordinary interpolation schemes fail to maintain a constant interface thickness when used to 

discretize an advection equation such as (5) and typically cause unphysical diffusion of the 

interfacial region. The problem of interface diffusion is well known in computational science 

and a popular method to alleviate it has been proposed by Ref [38], who introduced a modified 

advection equation, augmented by additional compressive terms for maintaining the sharp 

interfaces. Equation (5) is therefore augmented to include interface ‘sharpening’ terms 

𝜕𝛼

𝜕𝑡
+ ∇ ∙ (𝛼𝒖) + ∇ ∙ [𝛼(1 − 𝛼)𝒎] = ∇ ∙ (휀∇𝛼) + 2�̇� (

1

𝜌𝑣
−

1

𝜌𝑙
) 𝛼 −

�̇�

𝜌𝑣
                      (6), 

where the ∇ ∙ [𝛼(1 − 𝛼)𝒎] term promotes interface compression and ∇ ∙ (휀∇𝛼) is a diffusive 

term. Here 𝒎 =
∇𝛼

|∇𝛼|
 is the interface unit normal vector and 휀 is the desired interface thickness, 

which needs to be specified as an input to the model. Proof of the effect of the additional terms 

in equation (6) was illustrated from first principles in the original work [38] in a Level-Set 

framework (in the absence of phase change); the Ref [38] sharpening technique was also 

successfully applied to flows with phase change in Ref [4], using the Constrained Interpolation 

Profile [19] method for advancing the interface. In this work, as in the previous studies that 

used the Ref [38] sharpening method, the interface thickness 휀 is related to the grid size. 

The interface transport model here proposed has been solved with the standard MULES solver 

available in the OpenFOAM code [39]. 

2.3 Calculation of the rate of phase change 

The rate of phase change is computed at the interface from the local temperature distribution. 

As noted in the introduction (Section 1), various approaches can be used to this end, all falling 

into two categories, namely i) methods based on a continuum-field representation of the mass 
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transfer terms and ii) methods based on the explicit reconstruction of the temperature gradients 

at the interface (‘Stefan condition’ or ‘Stefan model’). The former class of methods has the 

advantage of simplicity, whereas the Stefan model would be elaborate and cumbersome to 

implement in a general procedure.  

The continuum-field method selected for implementation in the current work [5] is based on 

considerations at the molecular level [40] and uses a basic kinetic theory description of the 

interfacial phase change process to link local deviations of the interface temperature from its 

saturation value to the rate of phase change pertaining to the continuum fluid model. With the 

kinetic approach, the rate of phase change can be computed in the interfacial region as  

�̇� = 𝜑(𝑇 − 𝑇𝑆𝐴𝑇)|∇𝛼|                      (7), 

where 𝑇𝑆𝐴𝑇 is taken as the saturation temperature at the externally imposed pressure and the 

coefficient 𝜑 is computed as 

𝜑 =
2�̂�

2−�̂�
(

𝑀

2𝜋𝑅𝑔
)

1/2
𝜌𝑣ℎ𝑙𝑣

𝑇𝑆𝐴𝑇
3/2                       (8), 

where ℎ𝑙𝑣 is the latent heat of vaporization, M the molar mass and 𝑅𝑔 the universal gas constant. 

The assumption implicit in equation (7) is that the portion of surface area of vapour-liquid 

interface contained in one cell can be expressed as 𝑆𝐼𝑁𝑇 = |∇𝛼|𝑉𝑐𝑒𝑙𝑙. �̇� ≠ 0 only in the interfacial 

region where |∇𝛼| ≠ 0 and �̇� = 0 elsewhere; the rate of phase change is positive for the case of 

evaporation (𝑇 > 𝑇𝑆𝐴𝑇) and negative for the case of condensation (𝑇 < 𝑇𝑆𝐴𝑇). The value of the 

‘accommodation coefficient’ �̂�  for single-component pure fluids is chosen to be 1 as 

recommended in Ref [40] which provided a detailed discussion of the experimental and 

theoretical bases for that value. A value of 1 is applied to the accommodation coefficient in all 

simulations presented in this work. 

It was found in [5, 11] that flow solvers using equation (7) for modelling mass transfer were 

subject to numerical instabilities in the case of strong evaporation and large density ratios 

𝜌𝑙/𝜌𝑣 , as is the case in most flows of practical interest. In order to alleviate the issue, a 

‘cropping’ procedure was introduced, whereby the source terms due to mass transfer are 

artificially removed from the interfacial region and located some distance away. The current 

solver is aimed at circumventing this problem and it has therefore been possible to eliminate 

the unphysical ‘cropping’ step. 

For all simulations presented in this paper, the volumetric rate of phase change �̇� is computed 

with equation (7).   

2.4 Thermal model 

In most flows of practical interest, interfacial mass transfer is driven by diffusion of heat 

towards or away from the vapour-liquid interface; in typical boiling conditions, for example, 

evaporation is driven by the flow of heat from the liquid towards the interface. Therefore, it is 

necessary to solve an appropriate enthalpy balance equation in order to obtain the temperature 

field required for evaluation of the rate of phase change. To this end, a single-fluid enthalpy is 

defined as  

ℎ =
[𝛼𝜌𝑙𝑐𝑙+(1−𝛼)𝜌𝑣𝑐𝑣](𝑇−𝑇𝑅𝐸𝐹)

𝛼𝜌𝑙+(1−𝛼)𝜌𝑣
                      (9), 
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where c is the specific heat capacity and a possible choice of the reference temperature is the 

saturation temperature at the prevailing system pressure, that is, 𝑇𝑅𝐸𝐹 = 𝑇𝑆𝐴𝑇. 

Enthalpy transport is modelled with the following balance equation  

𝜕𝜌ℎ

𝜕𝑡
+ ∇ ∙ (𝜌𝒖ℎ) − ∇ ∙ (𝜌𝐷∇ℎ) = 𝑆ℎ                     (10), 

where 𝐷 =
𝑘

𝜌𝑐
 is the mixture thermal diffusivity. 

The volumetric heat sink 𝑆ℎ is due to phase change and is modelled after Refs [25, 27] as 

𝑆ℎ = −�̇� [ℎ𝑙𝑣 + (𝜌𝑙𝑐𝑙 − 𝜌𝑣𝑐𝑣)
√2

(
1

𝜌𝑣
−

1

𝜌𝑙
) 𝒎 ∙ ∇𝑇]                     (11), 

where, as noted in the derivation presented in Ref [25], 휀 is the same quantity appearing also 

in the interface advection equation (6). Equation (10) can be solved with any standard iterative 

method. In the current simulations, use of a pre-conditioned bi-conjugate gradient solver, 

available in OpenFOAM [35], was made. Note that owing to the current formulation of mass 

transfer it is possible to model the effect of phase change on the energy balance with a 

volumetric sink term, which enables one to dispense with explicit reconstruction of the 

interfacial heat flux jump. The thermal model of the interface embodied in the right-hand-side 

sink term (equation 11) of the energy balance (equation 10), coupled with the computation of 

the rate of phase change (equation 7), allows for deviations of the interfacial temperature from 

𝑇𝑆𝐴𝑇 in cases where the rate of phase change is particularly high. Such conditions may be found 

in forced evaporation phenomena e.g., annular flow regime at very high heat fluxes driven 

through very thin (<0.1 mm) liquid films, or during the evaporation of a microlayer i.e., the 

ultra-thin (~1 𝜇𝑚) liquid film that may from beneath a steam bubble growing at a heated surface 

in low-pressure and atmospheric pressure boiling [41]. We defer analysis of deviations of the 

interfacial temperature from equilibrium to future work.  

3 MODEL SOLUTION 

3.1 Advecting the interfacial region 

The interface is advanced through time using the standard MULES solver available in the 

OpenFOAM code. In semi-discrete form, equation (6) can be written for a control volume O as 

𝑉𝑂

𝛿𝑡
(𝛼𝑂

𝑁𝐸𝑊 − 𝛼𝑂) + ∑ {ℒ(𝛼𝑂)𝜙𝑓 + ℒ[𝛼𝑂(1 − 𝛼𝑂)]𝒎𝑓 ∙ 𝑺𝑓} = 𝑉𝑂𝑆𝛼𝑓                      (12) 

Which is solved explicitly using the MULES solver 

𝛼𝑂
𝑁𝐸𝑊 = 𝛼𝑂 −

𝛿𝑡

𝑉𝑂
∑ {ℒ(𝛼𝑂)𝜙𝑓 + ℒ[𝛼𝑂(1 − 𝛼𝑂)]𝒎𝑓 ∙ 𝑺𝑓} + 𝛿𝑡𝑆𝛼𝑓                      (13). 

In the above equations, 𝑉𝑂 is the control volume, f indicates the surfaces separating the control 

volume O from each one of its neighbours i, 𝛿𝑡 the time step, ℒ indicates linear interpolation 

from cell centres to cell faces, 𝜙𝑓 is the face flux computed from the nodal velocity 𝒖𝑂 as 𝜙𝑓 =

ℒ(𝒖𝑂) ∙ 𝑺𝑓, 𝑺𝑓 is the face area vector (normal to face f), and 𝒎𝑓 the unit vector normal to the 

liquid-vapour interface evaluated at the centroid of face f. The terms on the right hand side of 
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equation (6) are included in the source term 𝑆𝛼 =
𝑉𝑂

∑ [‖𝑺𝑓‖(∇⊥𝛼)𝑓]𝑓 + [2�̇�𝑂 (
1

𝜌𝑣
−

1

𝜌𝑙
) 𝛼𝑂 −

�̇�𝑂

𝜌𝑣
], 

where (∇⊥𝛼)𝑓 is the component of the volume fraction gradient normal to surface f. 

3.1 Pressure-velocity coupling 

Coupling between pressure and velocity is achieved with a PISO-based [42] [43] segregated 

algorithm.  

With O as the control volume under consideration and i indicating neighbouring control 

volumes, the advection-diffusion matrix is unpacked into its diagonal and off-diagonal 

components:  

 ∫ [−∇ ∙ (𝒖⨂𝒖) + ∇𝑻
 

𝑉𝑂
]𝑑𝑉 → 𝑯(𝒖) − 𝐴𝑂𝒖𝑂                     (14), 

where  

𝑯(𝒖) = ∑ 𝐴𝑖𝒖𝑖𝑖 , 𝐴𝑂 = ∑ 𝐴𝑖𝑖                       (15), 

and the details of the particular interpolation schemes used to generate the coefficients 𝐴𝑖 are 

specified in a later section. The central coefficient 𝐴𝑂 is augmented by a contribution 𝐴𝑂
0 =

𝑉𝑂

𝛿𝑡
 

due to the temporal derivative. The form of the central coefficient A so computed, which 

includes 𝐴𝑂
0 , depends on the chosen temporal discretization scheme, also to be specified in a 

later section. 

As is common in modelling buoyant flows, the hydrostatic pressure is lumped together with 

the static pressure to give the piezometric pressure as a main working variable 𝑝𝑧 = 𝑝 − 𝜌𝒈 ∙ 𝒙 

with the body force being computed as 𝒇𝑔 = −(𝒈 ∙ 𝒙)∇𝜌, x being the position vector. 

In the adopted segregated solution procedure, the nodal velocity 𝒖𝑂 is advanced in time and 

corrected as follows: First, the component of the velocity normal to face f (or flux) is estimated 

as 

𝜙𝑓 = ℒ (
𝑯(𝒖)

𝐴
) ∙ 𝑺𝑓 +

ℒ(𝒇)∙𝑺𝑓

�̅�𝑓ℒ(𝐴)
                     (16), 

with the face density �̅�𝑓 taken as the harmonic average [44] of densities in the two adjacent 

cells: 

1

�̅�𝑓
=

𝑤𝑂

𝜌𝑂
+

𝑤𝑖

𝜌𝑖
                     (17), 

where 𝑤𝑂 and 𝑤𝑖 interpolation factors based on the distance of each cell centre i or O from the 

face centre f. For a uniform grid, the face density would be 

 
1

�̅�𝑓
=

1

2
(

1

𝜌𝑂
+

1

𝜌𝑖
) → �̅�𝑓 =

2𝜌𝑂𝜌𝑖

𝜌𝑂+𝜌𝑖
                       (18). 

Here f indicates the surface separating the control volume O from each one of its neighbours i, 

ℒ indicates linear interpolation from cell centres to cell faces, 𝑺𝑓 is the face area vector (normal 

to face f). The surface tension force 𝒇𝜎 is computed from the interface curvature using the well-

established Continuum Surface Force (CSF) method of Ref [45] as 

𝒇𝜎 = 𝜎𝜅∇𝛼                     (19), 

where 𝜎 is the surface tension coefficient and the curvature 𝜅 is computed as   
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𝜅 = −∇ ∙ 𝒎                     (20). 

The pressure field is computed by solving a modified equation that includes the source term 

�̇� (
1

𝜌𝑣
−

1

𝜌𝑙
) due to mass transfer, that is: 

∑
𝑆𝑓

�̅�𝑓ℒ(𝐴)
∆𝑓𝑝𝑧 =𝑓 ∑ 𝜙𝑓 − �̇� (

1

𝜌𝑣
−

1

𝜌𝑙
)𝑓                     (21), 

where ∆𝑓𝑝𝑧 is the piezometric pressure difference across face f. The flux is then corrected using 

the newly calculated pressure field, and used to update the nodal velocity as 

𝒖𝑂
𝑛+1 = 𝒖𝑂

𝑛 +
1

𝜌𝐴
ℛ {

[𝜙𝑓
𝑛+1 − ℒ (

𝑯(𝒖)
𝐴

) ∙ 𝑺𝑓]

�̅�𝑓ℒ(𝐴)
} 

                    (22), 

n being an integer used to count corrector steps. 

The corrected velocity can be used to recalculate 𝑯(𝒖)  and repeat the corrector step. The 

reconstruction operator [46] [47] is defined as ℛ(𝑎𝑓) = (∑
𝑺𝑓⨂𝑺𝑓

𝑆𝑓
𝑓 )

−1

∙ [∑ 𝑎𝑓

𝑺𝑓

𝑆𝑓
𝑓 ], 𝑎𝑓  being any 

scalar defined at cell faces and 𝑆𝑓 = ‖𝑺𝑓‖. 

For unsteady simulations, two corrector steps are sufficient for convergence within a time step 

[42, 48]. The sequence of steps for enforcing coupling of the pressure and velocity fields 

highlighted in the preceding text is in the same spirit as that which may be employed by any 

standard segregated flow solver; the modifications introduced here are for extending the 

solution procedure to two-phase flows (equation 16) and for including the effect of mass 

transfer (equation 21). 

3.2 Solution loop 

The solution procedure entails solving the Navier-Stokes equations, including the volumetric 

CSF approximation of the surface tension force and the body force, the energy and interface 

advection equations, and evaluating the mass transfer model. 

For every time step, the segregated solution sequence is as follows: 

1. Evaluate equation (13) to advance the interface using a known rate of phase change 

from the previous time step. 

2. Update the single fluid properties (equation (3)).  

3. Compute the surface tension force with the CSF method. 

4. Compute the rate of phase change with equation (7). 

5. Solve the enthalpy equation (10). 

6. Recalculate the rate of phase change. 

7. Compute the velocity and pressure fields via the desired number of PISO steps (as 

outlined in Section 3.1). 

The Euler scheme was used for temporal discretization, therefore in the discretized equations 

𝐴 = 𝐴𝑂 + 𝐴𝑂
0 . For the current simulations, two ‘corrector’ steps were used in the PISO loop. The 
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time step was dynamically updated based on the CFL condition, 𝛿𝑡 ≤ 𝑆𝐶𝐹𝐿
∆𝑥

|𝒖|
, where ∆𝑥 is the 

smallest cell size, |𝒖| is the maximum value of the velocity magnitude in the domain (enabling 

dynamic update of the time step during the simulation), and 𝑆𝐶𝐹𝐿 is a safety factor here set 

equal to 0.2. In conditions of interest, typical flow velocities driven by mass transfer are of the 

order 0.1 – 1.0 m/s, which correspond, for cell sizes as small as 0.8 micron typical of the current 

simulations, to time step values around 10−7 s.   

All numerical schemes used for discretization of the model equations have been selected from 

the standard choices available in the OpenFOAM code, further details on OpenFOAM 

discretization schemes are available online [35] and in the Ref [39] thesis.  

4 VALIDATION - PLANAR INTERFACE TEST CASES 

In order to validate the current method, simple one-dimensional planar interface test cases are 

considered first.  

In the Stefan problem test (Section 4.1), the evaporation-driven motion of a flat interface 

separating two fluids with equal density is considered; for this test, owing to the equal density 

assumption, there is no fluid dilatation due to evaporation, the domain boundaries are 

impermeable and the interface moves solely due to the local effect of mass transfer.  

In the sucking interface problem (Section 4.2), another one-dimensional flat-interface 

benchmark, saturated water at atmospheric pressure is the test fluid, with a density ratio 
𝜌𝑙

𝜌𝑣
≅

1600. In this case, the domain boundary on the liquid side is open and the interface moves due 

to the pushing of the interface caused by vapour generation.  

4.1 Stefan problem 

The Stefan problem, sketched in Figure 1, concerns the prediction of the evaporation-driven 

motion of a planar interface due to transport of heat from superheated vapour. A fictitious fluid 

is considered for which the two phases have equal density. The boundaries of the domain are 

impermeable, no flow is allowed into or out of the domain and the interface moves only due to 

mass transfer. The one-dimensional domain is 1 mm long and the temperature of the heated 

wall 𝑇𝑤 is 383.15K. The opposite wall is at a temperature of 373.15K which is also taken as the 

saturation temperature of the fictitious fluid. Interface position and temperature distribution 

are known from theory [5] and can be expressed as 

𝑥𝑖(𝑡) = 2휁√𝐷𝑣𝑡                     (23)  (interface position) 

𝑇(𝑥, 𝑡) = 𝑇𝑤 −
(𝑇𝑤−𝑇𝑆𝐴𝑇)

erf( )
erf (

𝑥

2√𝐷𝑣𝑡
)                     (24)  (temperature distribution), 

where 𝐷𝑣 =
𝑘𝑣

𝜌𝑣𝑐𝑣
 is the vapour thermal diffusivity and the constant 휁  is computed from the 

solution of the following equation  

휁 exp(휁2) erf(휁) =
𝑐𝑣(𝑇𝑤−𝑇𝑆𝐴𝑇)

√𝜋ℎ𝑙𝑣
                     (25). 

The fluid properties listed in Table 1 have been used in the test case. For uniform grids 

considered here and in the following, 휀 =
∆𝑥

2
, as in previous applications of the Ref [38] interface 
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sharpening method reported above. The domain, shown in magnified view, near the boundary 

at 𝑇𝑤, in Figure 2, consists of 1000 cubic cells of size 1 micron and symmetry is assumed along 

the ‘y’ and ‘z’ directions. As an initial condition (t=0) indicated in Figure 2a, the domain is 

entirely filled with liquid, save the three cells closest to the boundary at 𝑇𝑤, which are filled 

with vapour, and the temperature, shown in Figure 2b, is set to 𝑇𝑆𝐴𝑇 in the whole domain. Heat 

diffuses to the vapour from the wall at 𝑇𝑤 , which causes vapour to be generated and the 

interface to move. As the simulation advances (t>0), the sharp interface is maintained by the 

balance of the compressive and diffusive terms in equation (6). The interface thickness of three 

mesh cells shown in the figure is the result of imposing 휀 =
∆𝑥

2
, whereas a smaller (or larger) 

value of 휀 would have caused the interface to be sharper (or more diffuse in the case of larger 

value).  

 

Figure 1 

Schematic of the planar interface evaporation test case (Stefan problem) with equal density 

fluids and impermeable domain boundaries. 

 

 

Fictitious fluid properties 

Property Vapour Liquid 

Dynamic viscosity 𝜇 [𝑃𝑎 ∙ 𝑠] 1.0 × 10−5 0.01 

Density 𝜌 [𝑘𝑔/𝑚3] 1.0 1.0 

Specific heat capacity 𝑐 [𝐽/

𝐾𝑔/𝐾] 

1000.0 1000.0 

Thermal conductivity 𝑘 [𝑊/

𝑚/𝐾] 

0.01 1.0 

Surface tension coefficient 

𝜎 [𝑁/𝑚] 

0.01 

Latent heat of vaporization 

ℎ𝑙𝑣 [𝐽/𝐾𝑔] 

1000.0 × 103 

Gas constant 𝑅 = 𝑅𝑔/𝑀 [𝐽/

𝐾𝑔/𝐾] 

461.52 
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Table 1 

Physical properties of the fictitious fluid considered for the Stefan problem. 

 

 

    

 

Figure 2 

Illustration of the simulation setup for the Stefan problem. Panel (a) shows the phase 

indicator distribution near the boundary kept a 𝑇𝑤, panel (b) indicates the temperature 

distribution.  
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The test was repeated for different values of the vapour thermal conductivity 𝑘𝑣 and for each 

case the simulated interface position was compared with the analytical solution, as shown in  

Figure 3,  where agreement between numerical (solid lines) and analytical (triangles) solutions 

is seen to be excellent. Conditions of the test case are the same as the Stefan problem validation 

case presented in Ref [5], which demonstrates that the current methodology attains the same 

level of accuracy of the Ref [5] established methodology.  

 

Figure 3 

Interface position versus time for the case of mass transfer driven motion of a planar interface 

separating two fluids with equal density. 

 

In the following sections, additional effects of large fluid density ratio are introduced. The main 

challenge posed by the density difference is that the generation of vapour causes the fluid 

volume to increase, which needs to be accommodated by a displacement of the interface. For 

incompressible fluids, this can happen only if at least one of the domain boundaries are open 

to allow outflow, as is the case of all the tests that follow.  

4.2  Sucking interface problem 

The physical problem considered here, sketched in Figure 4, is that of predicting the motion of 

a planar interface, separating liquid and vapour phases, due to the transport of heat from the 

remote superheated liquid (at temperature 𝑇∞) towards the interface. The vapour phase is 

assumed as saturated and confined by an adiabatic wall, whereas there is an open boundary 

on the liquid side of the one-dimensional simulation domain. Vapour is generated at the liquid-

vapour interface, which causes the interface to be pushed towards the open boundary of the 

domain.  



 

 14 

 

Figure 4 

Schematic of the planar interface evaporation test case (sucking interface problem) with fluids 

of different density in an open domain. 

 

For this case of thermally-driven motion of a planar interface, closed-form expressions were 

derived in Ref [6] for the temporal variation of the interface position and of the temperature 

distribution in the liquid. The interface position varies with time as 

𝑥𝑖(𝑡) = 2휂√𝐷𝑣𝑡                     (26), 

the constant 휂 is computed via solution of the following equation 

휂 −
𝑓( )

𝑔( )
= 0                     (27), 

with  

𝑓(휂) = (𝑇∞ − 𝑇𝑆𝐴𝑇)𝑐𝑣𝑘𝑣√𝐷𝑣 exp (−휂2 𝜌𝑣
2

𝜌𝑙
2

𝐷𝑣

𝐷𝑙
)                     (28) 

and 

𝑔(휂) = ℎ𝑙𝑣𝑘𝑣√𝜋𝐷𝑙 erfc (휂
𝜌𝑣

𝜌𝑙
√

𝐷𝑣

𝐷𝑙
)                     (29). 

 

The corresponding temperature distribution in the liquid is 

𝑇(𝑥, 𝑡) = 𝑇∞ − (𝑇∞ − 𝑇𝑆𝐴𝑇)
𝑒𝑟𝑓𝑐(

𝑥

2√𝐷𝑙𝑡
)

𝑒𝑟𝑓𝑐(
𝜌𝑣
𝜌𝑙

√
𝐷𝑣
𝐷𝑙

) )
                     (30). 

For evaluation of the analytical solutions, the thermophysical properties of saturated water at 

1 bar, as indicated in Table 2, have been used. 𝑇∞ is set equal to 378.15K. 

 

Properties of saturated water at 1 bar 

Property Vapour Liquid 

Dynamic viscosity 𝜇 [𝑃𝑎 ∙ 𝑠] 12.2 × 10−6 281.6 × 10−6 

Density 𝜌 [𝑘𝑔/𝑚3] 0.6 958.4 
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Specific heat capacity 𝑐 [𝐽/

𝐾𝑔/𝐾] 

2077.5 4216.6 

Thermal conductivity 𝑘 [𝑊/

𝑚/𝐾] 

24.8 × 10−3 677.8 × 10−3 

Surface tension coefficient 

𝜎 [𝑁/𝑚] 

0.059 

Latent heat of vaporization 

ℎ𝑙𝑣 [𝐽/𝐾𝑔] 

2258.0 × 103 

Gas constant 𝑅 = 𝑅𝑔/𝑀 [𝐽/

𝐾𝑔/𝐾] 

461.52 

Table 2 

Physical properties of saturated water at 1 bar. 

The one-dimensional domain is 10 mm long and it consists of 1600 cubic cells of side 6.25 𝜇𝑚; 

the simulation is continued for 1.1 seconds. 

As indicated in Figure 5 and Figure 6, both the time history of the interface position and the 

temperature distribution in the liquid at 0.65 seconds into the simulation match the analytical 

solution. 

  

 

Figure 5 

Interface position versus time for the case of evaporation-driven motion of a planar interface 

(sucking interface problem). 
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Figure 6 

Temperature distribution in the liquid at t = 0.65 s for the case of evaporation-driven motion 

of a planar interface (sucking interface problem). 

 

The time history of the interface position calculated with the current method is compared in 

Figure 7 against predictions of the Ref [5] method presented in Ref [8], indicating a deviation 

of predictions of the Ref [5] [8] approach from the current method and from analytical solution. 

 

Figure 7 

Comparison of predicted time history of the interface position obtained with the current 

method and with the Ref [8] method. 
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5 VALIDATION - ISOLATED BUBBLE GROWTH IN A POOL OF LIQUID 

A set of isolated bubble growth problems is used to validate predictions of mass transfer at a 

curved interface.  

The physical problem is that of predicting the growth of a spherical bubble in a uniformly 

superheated pool of liquid, away from solid surfaces and in the absence of gravity, as originally 

considered by the theory of Scriven presented in Ref [49]. It should be pointed out that as in 

the theoretical model, all computations presented here commence with an already formed 

bubble. These ‘ideal’ conditions are modelled in Section 5.1.2 and 5.1.4 for the cases of water 

boiling and sodium boiling. The additional sodium boiling test was chosen because the boiling 

behaviour of that fluid has not yet been adequately studied from a computational perspective; 

nevertheless, sodium is an important substance widely used in the energy conversion industry. 

The main difference between sodium and other fluids, such as water or refrigerants, more 

commonly studied using CFD is that liquid sodium has a much higher thermal conductivity 

than water or any refrigerant.  

Using a Scriven test for the case of water, the current method is validated on polyhedral and 

triangular grids in Section 5.1.3. Such a qualitative test, using low-resolution grids to limit the 

computational effort, is used to demonstrate applicability of the method to arbitrary meshes.  

Finally, the current method is validated in Section 5.2 and Section 6 against laboratory 

observations [50] [51] of steam bubble growth at a distance from walls in a uniformly heated 

pool of liquid.   

In the test cases that follow, axisymmetric simulation has been used to compare results with 

spherical analytical solutions and experimental observations.  

5.1 Comparison with analytical solution 

5.1.1 Analytical solution 

The growth of an isolated bubble in a uniformly superheated pool of liquid is one of the few 

boiling test cases for which a solution for the bubble radius as a function of time can be derived 

analytically [49]. The theory 1  assumes that a bubble grows due to the evaporation of the 

surrounding liquid caused by diffusion of heat from the liquid towards the curved surface of 

the bubble [52]. Under the assumption that the vapour pressure inside the bubble is the same 

as the remote liquid pressure (i.e. the externally imposed system pressure), it is assumed that 

 
1 The theory is predicated on the assumption that bubble growth is driven purely by thermal effects. Ref 

[37] showed that assuming thermally-driven bubble growth is appropriate at times after bubble inception 

larger than a characteristic time scale computed as 𝜏 =
𝐵2

𝐴2
, where 𝐵2 =

12

𝜋
𝐷𝑙𝐽𝑎, 𝐴2 =

2

3

ℎ𝑙𝑣𝜌𝑣𝑐𝑣

𝜌𝑙𝑇𝑆𝐴𝑇
, the Jakob 

number is computed as 𝐽𝑎 =
∆𝑇𝜌𝑙𝑐𝑙

𝜌𝑣ℎ𝑙𝑣
 and ∆𝑇 is the liquid superheat in excess of the saturation temperature 

𝑇𝑆𝐴𝑇 . All calculations presented in this work start at a time into bubble growth sufficiently large compared 

to the time constant 𝜏.  
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the body of vapour in the bubble is at the saturation temperature corresponding to the 

externally imposed pressure, and that saturated vapour is generated at the bubble surface. 

Neglecting the effect of gravity and surface tension, the growth of the bubble is limited purely 

by the rate of diffusion of heat towards the bubble surface at 𝑇𝑆𝐴𝑇 , from the remote liquid 

assumed at some higher temperature 𝑇∞. Scriven derived expressions for the bubble radius as 

a function of time and for the temperature distribution in the liquid as a function of time and 

of the radial distance r from the bubble surface. These formulae are reported below and have 

been used for initialising the isolated bubble growth simulations. The Scriven theory predicts 

that the bubble radius increases proportionally to the square root of time through a growth 

constant 𝛽: 

𝑅(𝑡) = 2𝛽√𝐷𝑙𝑡      (bubble radius)                (31). 

The growth constant is evaluated via solution of the following transcendental equation (a 

discussion of the applicability of the Scriven approach to computing the growth constant of 

bubbles is presented in [53]): 

𝜌𝑙𝑐𝑙(𝑇∞−𝑇𝑆𝐴𝑇)

𝜌𝑣(ℎ𝑙𝑣+(𝑐𝑙−𝑐𝑣)(𝑇∞−𝑇𝑆𝐴𝑇))
= 2𝛽2 ∫ exp (−𝛽2 ((1 − 𝜉)−2 − 2 (1 −

𝜌𝑣

𝜌𝑙
) 𝜉 − 1)) 𝑑𝜉

1

0
      (growth constant 

equation)                (32) 

Once the growth constant and the temporal variation of bubble radius are known, the radial 

temperature distribution in the liquid (as noted, the vapour is assumed at the saturation 

temperature) can be computed at any time t via evaluation of the following expression: 

𝑇(𝑟, 𝑡) = 𝑇∞ − 2𝛽2 (
𝜌𝑣(ℎ𝑙𝑣+(𝑐𝑙−𝑐𝑣)(𝑇∞−𝑇𝑆𝐴𝑇))

𝜌𝑙𝑐𝑙
) ∫ exp (−𝛽2 ((1 − 𝜉)−2 − 2 (1 −

𝜌𝑣

𝜌𝑙
) 𝜉 − 1)) 𝑑𝜉

1

1−
𝑅(𝑡)

𝑟

      

(temperature distribution in the liquid)                (33). 

An estimate of the approximate thickness 𝑑𝑇  of the thermal boundary layer in the liquid 

around the bubble can be computed from an energy balance at the bubble surface. The heat 

flux into the bubble can be computed at the bubble surface (vapour-liquid interface) as �̇�𝑐𝑜𝑛𝑑
′′ =

𝑘𝑙 (
𝜕𝑇

𝜕𝑟
)

𝑖𝑛𝑡
≅

𝑘𝑙(𝑇∞−𝑇𝑆𝐴𝑇)

𝑑𝑇
, and the latent heat transfer due to evaporation can be expressed as 

�̇�𝑙𝑎𝑡
′′ = 𝜌𝑣ℎ𝑙𝑣 (

𝜕𝑅

𝜕𝑡
) = 𝜌𝑣ℎ𝑙𝑣 (

2𝛽2𝐷𝑙

𝑅(𝑡)
) . �̇�𝑐𝑜𝑛𝑑

′′  and �̇�𝑙𝑎𝑡
′′  must be equal and therefore 𝑑𝑇 ≅

𝜌𝑙𝑐𝑙(𝑇∞−𝑇𝑆𝐴𝑇)

𝜌𝑣2𝛽2ℎ𝑙𝑣
𝑅(𝑡).   

The above set of expression can be used to compute bubble radius, temperature distribution 

and thermal boundary layer thickness at any time and is used in the following to compute the 

initial conditions of the simulations presented. 

5.1.2 Modelled bubble growth vs analytical solution - water 

Fluid properties are those of saturated water at atmospheric pressure indicated in Table 2. 

Initial conditions for the simulation are generated with the Scriven model equations (described 

in the preceding text) at 𝑡0 = 0.17 𝑚𝑠 into bubble growth (sufficiently large compared to 𝜏 ≈

7 × 10−3 𝑚𝑠). This is an arbitrary time chosen in order to obtain initial radius 𝑅0 and initial 

thickness 𝑑𝑇 of the thermal boundary layer respectively equal to 0.11 mm and approximately 

5 micron, values that are representative of the early stages of bubble growth in typical low-
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superheat laboratory conditions. The superheat of the remote liquid is equal to 3.1K, a value 

typical of laboratory experiments [50], and the corresponding bubble growth constant 𝛽 , 

computed with equation (31) is equal to 9.4. The simulation follows the growth of the bubble 

until the bubble radius is approximately four times the initial radius. The axisymmetric 

computational domain is a square of 800 × 800 𝜇𝑚2 and is discretised with increasingly small 

uniform cells of 4.8, 3.2, 1.6 and 0.8 𝜇𝑚 in size. A diagram of the initial conditions is shown in 

Figure 8. In Figure 8a, the left boundary is the axis of symmetry, the bottom boundary is a 

symmetry plane, and the other two boundaries are open to the flow.  

 

          

Figure 8 

a) initial bubble shape and b) temperature distribution for the isolated bubble test case. 

This test case is more demanding, from the point of view of numerical resolution, than the 

planar interface case (Section 4.2), as the grid size needs to be fine enough to resolve the very 

thin initial thermal boundary layer on the liquid side of the interface, which is initially about 5 

microns thick. In practice it was found that only a few mesh points are required to resolve the 

initial thermal boundary layer, as indicated in Figure 9, where good agreement with analytical 

solution is observed for the two finest meshes that correspond, respectively, to 3 and 6 grid 

points in the initial thermal boundary layer. The spherical bubble tests were affected to some 

extent by the build-up of spurious currents, a well-known numerical artefact discussed, for 

example, in Refs [4] [44] [54]. The currents are due to irreducible errors inherent (according to 

Ref [45]) in the surface tension model, however they were of small enough magnitude for the 

numerical solutions not to be affected significantly.    
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Figure 9 

Comparison with analytical solution of modelled time history of bubble radius for the case of 

bubble growth in isolation in a uniformly superheated pool of liquid water. 
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5.1.3 Simulation using different mesh configurations 

A test case similar to the one above was tackled using two-dimensional meshes, where a two-

dimensional “cylindrical” bubble is simulated. Polyhedral and triangular mesh configurations 

are considered, with cells of average size equal to approximately ∆𝑥̅̅̅̅ ≈ 4.8 𝜇𝑚, respectively 

shown in Figure 10 and Figure 13. For these tests, 휀 = ∆𝑥̅̅̅̅ /2 and the results are compared with 

the case using a uniform two-dimensional quadrilateral mesh with ∆𝑥 = 4.8 𝜇𝑚 and 휀 = ∆𝑥/2. 

 

 

Figure 10 

a) Polyhedral mesh and b) close-up of the initial volume fraction field for a test using a 

polyhedral mesh.  
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Bubble shapes on the polyhedral grid at a sequence of times into the simulation are shown in 

Figure 11 and magnified around the interfacial region in Figure 12. Bubble growth on the 

triangular grid is illustrated in Figure 13 and Figure 14. A qualitative comparison of time 

histories of the bubble radius on different mesh configurations is shown in Figure 15 and it 

demonstrates that the current method retains on irregular grids approximately the same 

accuracy attained using uniform grids. 

    

Figure 11 

Volume fraction distribution at a sequence of times for bubble growth simulation using a 

polyhedral mesh.  

     

Figure 12 

Magnified view of the volume fraction distribution in the interfacial region for bubble growth 

simulation on a polyhedral mesh. 
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Figure 13 

Close-up of the initial volume fraction field for a test using a triangular mesh. 

 

     

Figure 14 

Magnified view of the volume fraction distribution in the interfacial region for bubble growth 

simulation on a triangular mesh. 
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Figure 15 

Comparison between time histories of the bubble radius modelled on triangular, 

quadrilateral, and polyhedral meshes.  

The finite volume method incorporated in the code used has the capability to handle hybrid 

grids (composed of a mixture of hexahedral, tetrahedral and polyhedral cells). The model 

presented herein is independent of the type of mesh used and is shown to work on all three 

types of meshes individually, and there is no reason to suppose that it would not perform 

similarly on a combination thereof. 

5.1.4 Modelled bubble growth vs analytical solution – sodium 

Comparison with analytical solution was repeated for the case of a spherical sodium vapour 

bubble. Liquid sodium is used alongside water as coolant in nuclear reactors [55] and therefore, 

as for the case of water, it is important to study its behaviour in conditions when nuclear 

reactions generate enough heat to cause the fluid to boil; the fluid is also used in single-phase 

liquid and phase-change receivers of solar power plants [56]. The properties of saturated 

sodium [57, 58] in conditions typical of its industrial applications are listed in Table 3. The 

thermal conductivity of liquid sodium is about 70 times higher than liquid water. The test has 

been conducted considering the same liquid superheat of 3.1K of the water-boiling case and 

taking the sodium fluid properties from Table 3. 

 

Properties of saturated sodium at 1.48 bar (1200K) 

Property Vapour Liquid 

Dynamic viscosity 𝜇 [𝑃𝑎 ∙ 𝑠] 1.8 × 10−11 152.9 × 10−6 

Density 𝜌 [𝑘𝑔/𝑚3] 0.39 732.0 

Specific heat capacity 𝑐 [𝐽/

𝐾𝑔/𝐾] 

2750.0 1250.0 
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Thermal conductivity 𝑘 [𝑊/

𝑚/𝐾] 

48.0 × 10−3 47.2 

Surface tension coefficient 

𝜎 [𝑁/𝑚] 

0.115 

Latent heat of vaporization 

ℎ𝑙𝑣 [𝐽/𝐾𝑔] 

3840.0 × 103 

Gas constant 𝑅 = 𝑅𝑔/𝑀 [𝐽/

𝐾𝑔/𝐾] 

361.0 

Table 3 

Properties of saturated sodium at 1.48 bar and 1200K. 

 

Initial conditions of the simulation were computed with Scriven’s theory at 4 ms into bubble 

growth (in this case 𝜏 ≈ 0.2 𝑚𝑠), corresponding to an initial radius 𝑅0 of 2 mm and initial liquid 

thermal boundary layer thickness of 0.386 mm. As for the previous case of water, agreement 

with the analytical solution is observed as the grid is increasingly refined, as shown in Figure 

16. 

 

Figure 16 

Comparison with analytical solution of modelled time history of bubble radius for the case of 

bubble growth in isolation in a uniformly superheated pool of liquid sodium. 

5.2 Comparison with experiment 

The experiments of Ref [50] consist of optical observations of steam bubbles growing in 

isolation in a uniformly superheated pool of water. These are very unusual measurements 
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because normally steam bubbles are observed growing at a heated wall, which introduces the 

additional complexity of modelling bubble-wall interactions and the very large near wall 

temperature variations typically found in the liquid around the bubble. On the other hand, the 

set of experiments of Ref [50] is, to our knowledge, possibly the only one suitable for 

verification of isolated bubble growth simulations.  

Comparison between numerical and experimental bubble growth is shown in Figure 17, 

showing all three experimental runs from the Ref [50] data set, for the case of 3.1K of liquid 

superheat, corresponding to a bubble growth constant 𝛽 = 9.4. The simulation ran on a 384 x 

384 uniform mesh for 16152 time steps (physical time 0.016 s) on 16 cores on CPU Intel 6154 

Xeon3.0, simulation time was 3374 seconds (about 56 minutes). Numerical values of the bubble 

radius follow closely the experimental data and are well within the bounds of the experimental 

uncertainty of ±10% estimated in Ref [50]. 

 

Figure 17 

Comparison between numerical (red solid line) and experimental (black/white symbols) 

bubble growth. Superheat of the remote liquid is equal to 3.1K for all three experimental runs.  

6 RISING STEAM BUBBLE UNDER GRAVITY 

The final validation test considers the simultaneous growth and rise of a steam bubble in an 

initially stationary pool of superheated water under gravity. Experimental data for comparison 

are taken from Ref [51], reporting three series of bubble growth observations at similar 

superheat levels of 3.2, 3.5 and 3.6 K. The axisymmetric simulation domain is a rectangle of 6.0 

x 10 mm2  where a spherical bubble is initialized 1.5 mm above the bottom boundary. All 

boundaries are slip walls except for the symmetry axis and for the outflow boundary at the top 
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of the domain. The bubble is initialized according to the Scriven solution for ∆𝑇 = 3.5𝐾 at a 

time 𝑡0 = 0.003 𝑠, corresponding to an initial radius of 0.473 mm, initial thermal boundary layer 

thickness of 55 micron and growth factor 𝛽 = 10.5. The bubble simultaneously increases in size 

due to mass transfer and rises in the pool of liquid due to buoyancy, as indicated in Figure 18, 

showing close-up views of temperature and velocity distributions, for a uniform discretization 

with ∆𝑥 = 5.0 𝜇𝑚. The fields are displayed at different times until 0.048 s into the simulation 

i.e., the latest time at which an experimental value for the bubble radius is available. Drag due 

to relative motion between the rising bubble and the surrounding stationary liquid causes the 

bubble shape to depart from a sphere, while currents generated by bubble rise under the effect 

of gravity distort the temperature distribution around the bubble, which loses its spherical 

symmetry, and generate a wake of cold liquid at positions swept by the bubble’s vertical 

motion. Comparison between modelled and measured bubble growth is indicated in Figure 19. 

Values of the bubble radius have been divided by the group 2𝛽√𝐷𝑙 for comparison with the 

Ref [51] experimental data, which are presented in such a form. The comparison increases 

confidence in applying the current method to situations where interface motion is not solely 

due to phase change. External forces such as gravity and hence non-trivial velocity fields 

causing convective heat transport are captured adequately, at least in conditions of interest and 

to the extent where available experimental data on bubble growth provide a meaningful 

comparison. 
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Figure 18 

Close-up views of temperature and velocity distributions for the rising bubble test case at 

0.003 s (initial condition, panel a), 0.028 (b), 0.038 (c), 0.043 (d) and 0.048 s (e).   
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Figure 19 

Comparison between modelled and measured bubble radius for the Ref [51] rising steam 

bubble test case. 

 

7 CONCLUSIONS 

This paper presented a numerical methodology capable of simulating mass transfer at phasic 

interfaces on general meshes. The methodology was tested on computational mesh 

configurations, such as triangular, quadrilateral and polyhedral meshes here employed that 

are typical of industrial CFD practice. The accuracy of the method, applicable to arbitrary fluids, 

was tested via application to evaporation and bubble growth problems representative of the 

boiling of real fluids, in this case water and sodium. The chosen set of problems represents a 

severe test for Interface Capturing methodologies due to large density ratios and the presence 

of strong interfacial evaporation; the proposed framework is however not limited to boiling 

and may be extended to other phase change phenomena. Comparison with laboratory 

observations of steam bubbles growing in an extended pool of uniformly superheated water 

demonstrated that the proposed methodology is applicable to modelling phase-change 

phenomena in realistic conditions. The perspectives of this work are application to simulating 

bubble growth and departure from a hot surface (‘wall-boiling’). The proposed mass transfer 

model is directly applicable to wall-boiling conditions. The simulation methodology embodied 

by the proposed combination of interface capturing method, fluid flow model and thermal 

mass transfer model can be extended to modelling the intersection of the vapour-liquid 

interface with a solid surface (‘contact line’) at the base of a bubble in wall boiling; to this end, 
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one possible modelling approach is the contact line model of Ref [45]. We defer the analysis of 

wall-boiling to future work.  

8 ACKNOWLEDGEMENTS 

This work was supported by the United Kingdom Engineering and Physical Sciences Research 

Council (EPSRC) through grant EP/T027061/1.   

9 DATA AVAILABILITY 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. 

10 REFERENCES 

[1] G. Tryggvason, R. Scardovelli, and S. Zaleski, Direct Numerical Simulations of Gas–Liquid 

Multiphase Flows. Cambridge: Cambridge University Press, 2011. 

[2] A. Esmaeeli and G. Tryggvason, "Computations of film boiling. Part I: numerical 

method," International Journal of Heat and Mass Transfer, vol. 47, no. 25, pp. 5451-

5461, 2004, doi: 10.1016/j.ijheatmasstransfer.2004.07.027. 

[3] F. Gibou, L. Chen, D. Nguyen, and S. Banerjee, "A level set based sharp interface method 

for the multiphase incompressible Navier–Stokes equations with phase change," 

Journal of Computational Physics, vol. 222, no. 2, pp. 536-555, 2007, doi: 

10.1016/j.jcp.2006.07.035. 

[4] Y. Sato and B. Ničeno, "A sharp-interface phase change model for a mass-conservative 

interface tracking method," Journal of Computational Physics, vol. 249, pp. 127-161, 

2013, doi: 10.1016/j.jcp.2013.04.035. 

[5] S. Hardt and F. Wondra, "Evaporation model for interfacial flows based on a continuum-

field representation of the source terms," Journal of Computational Physics, vol. 227, 

no. 11, pp. 5871-5895, 2008, doi: 10.1016/j.jcp.2008.02.020. 

[6] S. W. J. Welch and J. Wilson, "A Volume of Fluid Based Method for Fluid Flows with 

Phase Change," Journal of Computational Physics, vol. 160, no. 2, pp. 662-682, 2000, 

doi: 10.1006/jcph.2000.6481. 

[7] C. Kunkelmann, "Numerical Modeling and Investigation of Boiling Phenomena," PhD, 

Technische Universitat Darmstadt, http://tuprints.ulb.tu-darmstadt.de, 2011.  

[8] C. Kunkelmann and P. Stephan, "CFD Simulation of Boiling Flows Using the Volume-of-

Fluid Method within OpenFOAM," Numerical Heat Transfer, Part A: Applications, vol. 

56, no. 8, pp. 631-646, 2009, doi: 10.1080/10407780903423908. 

[9] C. Kunkelmann and P. Stephan, "Numerical simulation of the transient heat transfer 

during nucleate boiling of refrigerant HFE-7100," International Journal of Refrigeration, 

vol. 33, no. 7, pp. 1221-1228, 2010, doi: 10.1016/j.ijrefrig.2010.07.013. 

[10] A. Georgoulas, M. Andredaki, and M. Marengo, "An Enhanced VOF Method Coupled 

with Heat Transfer and Phase Change to Characterise Bubble Detachment in Saturated 

Pool Boiling," Energies, vol. 10, no. 3, 2017, doi: 10.3390/en10030272. 

http://tuprints.ulb.tu-darmstadt.de/


 

 32 

[11] A. Ferrari, M. Magnini, and J. R. Thome, "Numerical analysis of slug flow boiling in 

square microchannels," International Journal of Heat and Mass Transfer, vol. 123, pp. 

928-944, 2018, doi: 10.1016/j.ijheatmasstransfer.2018.03.012. 

[12] M. Magnini, B. Pulvirenti, and J. R. Thome, "Numerical investigation of hydrodynamics 

and heat transfer of elongated bubbles during flow boiling in a microchannel," 

International Journal of Heat and Mass Transfer, vol. 59, pp. 451-471, 2013, doi: 

10.1016/j.ijheatmasstransfer.2012.12.010. 

[13] K. J. Vachaparambil and K. E. Einarsrud, "Numerical simulation of bubble growth in a 

supersaturated solution," Applied Mathematical Modelling, vol. 81, pp. 690-710, 2020, 

doi: 10.1016/j.apm.2020.01.017. 

[14] G. Son, V. K. Dhir, and N. Ramanujapu, "Dynamics and Heat Transfer Associated With a 

Single Bubble During Nucleate Boiling on a Horizontal Surface," Journal of Heat 

Transfer, vol. 121, no. 3, pp. 623-631, 1999, doi: 10.1115/1.2826025. 

[15] M. Li and I. A. Bolotnov, "The evaporation and condensation model with interface 

tracking," International Journal of Heat and Mass Transfer, vol. 150, p. 119256, 

2020/04/01/ 2020, doi: https://doi.org/10.1016/j.ijheatmasstransfer.2019.119256. 

[16] D. Juric and G. Tryggvason, "Computations of boiling flows," International Journal of 

Multiphase Flow, vol. 24, no. 3, pp. 387-410, 1998/04/01/ 1998, doi: 

https://doi.org/10.1016/S0301-9322(97)00050-5. 

[17] A. H. Rajkotwala et al., "A critical comparison of smooth and sharp interface methods 

for phase transition," International Journal of Multiphase Flow, vol. 120, 2019, doi: 

10.1016/j.ijmultiphaseflow.2019.103093. 

[18] M. Irfan and M. Muradoglu, "A front tracking method for direct numerical simulation of 

evaporation process in a multiphase system," Journal of Computational Physics, vol. 

337, pp. 132-153, 2017/05/15/ 2017, doi: https://doi.org/10.1016/j.jcp.2017.02.036. 

[19] Y. Sato and B. Ničeno, "A conservative local interface sharpening scheme for the 

constrained interpolation profile method," International Journal for Numerical Methods 

in Fluids, vol. 70, no. 4, pp. 441-467, 2012, doi: 10.1002/fld.2695. 

[20] Y. Sato and B. Ničeno. "https://www.psi.ch/en/lsm/psi-boil." (accessed 2020). 

[21] Y. Sato and B. Niceno, "Nucleate pool boiling simulations using the interface tracking 

method: Boiling regime from discrete bubble to vapor mushroom region," International 

Journal of Heat and Mass Transfer, vol. 105, pp. 505-524, 2017, doi: 

10.1016/j.ijheatmasstransfer.2016.10.018. 

[22] Y. Sato and B. Niceno, "Large eddy simulation of upward co-current annular boiling 

flow using an interface tracking method," Nuclear Engineering and Design, vol. 321, pp. 

69-81, 2017/09/01/ 2017, doi: https://doi.org/10.1016/j.nucengdes.2017.03.003. 

[23] Y. Sato and B. Niceno, "Pool boiling simulation using an interface tracking method: 

From nucleate boiling to film boiling regime through critical heat flux," International 

Journal of Heat and Mass Transfer, vol. 125, pp. 876-890, 2018/10/01/ 2018, doi: 

https://doi.org/10.1016/j.ijheatmasstransfer.2018.04.131. 

[24] G. Giustini, I. Kim, and H. Kim, "Comparison between modelled and measured heat 

transfer rates during the departure of a steam bubble from a solid surface," 

International Journal of Heat and Mass Transfer, vol. 148, 2020, doi: 

10.1016/j.ijheatmasstransfer.2019.119092. 

https://doi.org/10.1016/j.ijheatmasstransfer.2019.119256
https://doi.org/10.1016/S0301-9322(97)00050-5
https://doi.org/10.1016/j.jcp.2017.02.036
https://www.psi.ch/en/lsm/psi-boil
https://doi.org/10.1016/j.nucengdes.2017.03.003
https://doi.org/10.1016/j.ijheatmasstransfer.2018.04.131


 

 33 

[25] A. Badillo, "Quantitative phase-field modeling for boiling phenomena," Phys Rev E Stat 

Nonlin Soft Matter Phys, vol. 86, no. 4 Pt 1, p. 041603, Oct 2012, doi: 

10.1103/PhysRevE.86.041603. 

[26] V. Alexiades and A. D. Solomon, C. Press, Ed. Mathematical Modeling Of Melting And 

Freezing Processes. CRC Press, 1992. 

[27] R. Szijártó, A. Badillo, B. Ničeno, and H. M. Prasser, "Condensation models for the water–

steam interface and the volume of fluid method," International Journal of Multiphase 

Flow, vol. 93, pp. 63-70, 2017, doi: 10.1016/j.ijmultiphaseflow.2017.04.002. 

[28] S. Gong and P. Cheng, "Lattice Boltzmann simulations for surface wettability effects in 

saturated pool boiling heat transfer," International Journal of Heat and Mass Transfer, 

vol. 85, pp. 635-646, 2015/06/01/ 2015, doi: 

https://doi.org/10.1016/j.ijheatmasstransfer.2015.02.008. 

[29] W. X. Li, Q. Li, Y. Yu, and Z. X. Wen, "Enhancement of nucleate boiling by combining the 

effects of surface structure and mixed wettability: A lattice Boltzmann study," Applied 

Thermal Engineering, vol. 180, p. 115849, 2020/11/05/ 2020, doi: 

https://doi.org/10.1016/j.applthermaleng.2020.115849. 

[30] M. Mohammadi-Shad and T. Lee, "Phase-field lattice Boltzmann modeling of boiling 

using a sharp-interface energy solver," Physical Review E, vol. 96, no. 1, p. 013306, 

07/11/ 2017, doi: 10.1103/PhysRevE.96.013306. 

[31] T. Kleiner, S. Rehfeldt, and H. Klein, "CFD model and simulation of pure substance 

condensation on horizontal tubes using the volume of fluid method," International 

Journal of Heat and Mass Transfer, vol. 138, pp. 420-431, 2019/08/01/ 2019, doi: 

https://doi.org/10.1016/j.ijheatmasstransfer.2019.04.054. 

[32] S. Rieks and E. Y. Kenig, "Modelling and numerical simulation of coupled transport 

phenomena with phase change: Layer evaporation of a binary mixture," Chemical 

Engineering Science, vol. 176, pp. 367-376, 2018/02/02/ 2018, doi: 

https://doi.org/10.1016/j.ces.2017.10.040. 

[33] P. J. Marto and W. M. Rohsenow, "Effects of Surface Conditions on Nucleate Pool Boiling 

of Sodium," Journal of Heat Transfer, vol. 88, no. 2, pp. 196-203, 1966, doi: 

10.1115/1.3691514. 

[34] R. Wen, X. Ma, Y.-C. Lee, and R. Yang, "Liquid-Vapor Phase-Change Heat Transfer on 

Functionalized Nanowired Surfaces and Beyond," Joule, vol. 2, no. 11, pp. 2307-2347, 

2018, doi: 10.1016/j.joule.2018.08.014. 

[35] C. Greenshields, OpenFOAM User Guide. The OpenFOAM Foundation, 2017. 

[36] T. Marić, D. B. Kothe, and D. Bothe, "Unstructured un-split geometrical Volume-of-Fluid 

methods – A review," Journal of Computational Physics, vol. 420, 2020, doi: 

10.1016/j.jcp.2020.109695. 

[37] O. Ubbink and R. I. Issa, "A Method for Capturing Sharp Fluid Interfaces on Arbitrary 

Meshes," Journal of Computational Physics, vol. 153, no. 1, pp. 26-50, 1999/07/20/ 1999, 

doi: https://doi.org/10.1006/jcph.1999.6276. 

[38] E. Olsson and G. Kreiss, "A conservative level set method for two phase flow," Journal 

of Computational Physics, vol. 210, no. 1, pp. 225-246, 2005, doi: 

10.1016/j.jcp.2005.04.007. 

[39] S. M. Damiàn, "An Extended Mixture Model for the Simultaneous Treatment of Short 

and Long Scale Interfaces," PhD PhD thesis, Facultad de Ingeniera y Ciencias Hdricas 

https://doi.org/10.1016/j.ijheatmasstransfer.2015.02.008
https://doi.org/10.1016/j.applthermaleng.2020.115849
https://doi.org/10.1016/j.ijheatmasstransfer.2019.04.054
https://doi.org/10.1016/j.ces.2017.10.040
https://doi.org/10.1006/jcph.1999.6276


 

 34 

Instituto de Desarrollo Tecnologico para la Industria Qumica, Universidad Nacional del 

Litoral, Santa Fe, Argentina, 2013.  

[40] V. P. Carey, Liquid-Vapor Phase-Change Phenomena: An Introduction to the 

Thermophysics of Vaporization and Condensation Processes in Heat Transfer 

Equipment, 3 ed. CRC Press,  https://doi.org/10.1201/9780429082221, 2020. 

[41] A. Guion, S. Afkhami, S. Zaleski, and J. Buongiorno, "Simulations of microlayer formation 

in nucleate boiling," International Journal of Heat and Mass Transfer, vol. 127, pp. 1271-

1284, 2018, doi: 10.1016/j.ijheatmasstransfer.2018.06.041. 

[42] R. I. Issa, "Solution of the implicitly discretised fluid flow equations by operator-

splitting," Journal of Computational Physics, vol. 62, no. 1, pp. 40-65, 1986/01/01/ 1986, 

doi: https://doi.org/10.1016/0021-9991(86)90099-9. 

[43] M. Shams, A. Q. Raeini, M. J. Blunt, and B. Bijeljic, "A numerical model of two-phase flow 

at the micro-scale using the volume-of-fluid method," Journal of Computational 

Physics, vol. 357, pp. 159-182, 2018, doi: 10.1016/j.jcp.2017.12.027. 

[44] F. Denner and B. G. M. van Wachem, "Fully-Coupled Balanced-Force VOF Framework 

for Arbitrary Meshes with Least-Squares Curvature Evaluation from Volume Fractions," 

Numerical Heat Transfer, Part B: Fundamentals, vol. 65, no. 3, pp. 218-255, 2014, doi: 

10.1080/10407790.2013.849996. 

[45] J. U. Brackbill, D. B. Kothe, and C. Zemach, "A continuum method for modeling surface 

tension," Journal of Computational Physics, vol. 100, no. 2, pp. 335-354, 1992/06/01/ 

1992, doi: https://doi.org/10.1016/0021-9991(92)90240-Y. 

[46] H. Weller and A. Shahrokhi, "Curl-Free Pressure Gradients over Orography in a Solution 

of the Fully Compressible Euler Equations with Implicit Treatment of Acoustic and 

Gravity Waves," Monthly Weather Review, vol. 142, no. 12, pp. 4439-4457, 2014, doi: 

10.1175/mwr-d-14-00054.1. 

[47] H. J. Aguerre, C. I. Pairetti, C. M. Venier, S. Márquez Damián, and N. M. Nigro, "An 

oscillation-free flow solver based on flux reconstruction," Journal of Computational 

Physics, vol. 365, pp. 135-148, 2018/07/15/ 2018, doi: 

https://doi.org/10.1016/j.jcp.2018.03.033. 

[48] R. I. Issa, A. D. Gosman, and A. P. Watkins, "The computation of compressible and 

incompressible recirculating flows by a non-iterative implicit scheme," Journal of 

Computational Physics, vol. 62, no. 1, pp. 66-82, 1986/01/01/ 1986, doi: 

https://doi.org/10.1016/0021-9991(86)90100-2. 

[49] L. E. Scriven, "On the dynamics of phase growth," Chemical Engineering Science, vol. 10, 

no. 1, pp. 1-13, 1959/04/01/ 1959, doi: https://doi.org/10.1016/0009-2509(59)80019-1. 

[50] P. Dergarabedian, "The Rate of Growth of Vapor Bubbles in Superheated Water," 

Journal of Applied Mechanics, vol. 20 pp. 537-545, 1953. [Online]. Available: 

https://resolver.caltech.edu/CaltechAUTHORS:20141003-162949907. 

[51] L. W. Florschuetz, C. L. Henry, and A. R. Khan, "Growth rates of free vapor bubbles in 

liquids at uniform superheats under normal and zero gravity conditions," International 

Journal of Heat and Mass Transfer, vol. 12, no. 11, pp. 1465-1489, 1969/11/01/ 1969, 

doi: https://doi.org/10.1016/0017-9310(69)90028-3. 

[52] B. B. Mikic, W. M. Rohsenow, and P. Griffith, "On bubble growth rates," International 

Journal of Heat and Mass Transfer, vol. 13, no. 4, pp. 657-666, 1970/04/01/ 1970, doi: 

https://doi.org/10.1016/0017-9310(70)90040-2. 

https://doi.org/10.1201/9780429082221
https://doi.org/10.1016/0021-9991(86)90099-9
https://doi.org/10.1016/0021-9991(92)90240-Y
https://doi.org/10.1016/j.jcp.2018.03.033
https://doi.org/10.1016/0021-9991(86)90100-2
https://doi.org/10.1016/0009-2509(59)80019-1
https://resolver.caltech.edu/CaltechAUTHORS:20141003-162949907
https://doi.org/10.1016/0017-9310(69)90028-3
https://doi.org/10.1016/0017-9310(70)90040-2


 

 35 

[53] K. H. Ardron, G. Giustini, and S. P. Walker, "Prediction of dynamic contact angles and 

bubble departure diameters in pool boiling using equilibrium thermodynamics," 

International Journal of Heat and Mass Transfer, vol. 114, pp. 1274-1294, 2017, doi: 

10.1016/j.ijheatmasstransfer.2017.07.013. 

[54] S. Popinet, "Numerical Models of Surface Tension," Annual Review of Fluid Mechanics, 

vol. 50, no. 1, pp. 49-75, 2018/01/05 2018, doi: 10.1146/annurev-fluid-122316-045034. 

[55] H. M. Kottowski and C. Savatteri, "Fundamentals of liquid metal boiling 

thermohydraulics," Nuclear Engineering and Design, vol. 82, no. 2, pp. 281-304, 

1984/10/02/ 1984, doi: https://doi.org/10.1016/0029-5493(84)90216-4. 

[56] J. Coventry, C. Andraka, J. Pye, M. Blanco, and J. Fisher, "A review of sodium receiver 

technologies for central receiver solar power plants," Solar Energy, vol. 122, pp. 749-

762, 2015, doi: 10.1016/j.solener.2015.09.023. 

[57] J. K. Fink and L. Leibowitz, "Thermodynamic and transport properties of sodium liquid 

and vapor," United States, 1995-01-01 1995. [Online]. Available: 

https://www.osti.gov/servlets/purl/94649 

[58] D. I. Lee and C. F. Bonilla, "The viscosity of the alkali metal vapors," Nuclear Engineering 

and Design, vol. 7, no. 5, pp. 455-469, 1968/05/01/ 1968, doi: 

https://doi.org/10.1016/0029-5493(68)90083-6. 

 

https://doi.org/10.1016/0029-5493(84)90216-4
https://www.osti.gov/servlets/purl/94649
https://doi.org/10.1016/0029-5493(68)90083-6

