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 A B S T R A C T

Cryogenic tanks used in space applications face challenges due to propellant management, among which is 
phase change induced by a depressurization. Pool cavitation at the wall in pure methane under micro-gravity 
conditions is investigated, analyzing its impact on vapor creation and wall heat transfer. A compressible two-
phase flow solver, including phase change and conjugate heat transfer, is used. After a validation with available 
experimental data for single bubble cavitation at the wall in micro-gravity, numerical simulations varying the 
depressurization amplitude and rate are carried out. Three distinct growth phases are put into evidence: an
expansion-controlled phase, occurring within the depressurization time frame, and a transition phase leading 
to a diffusion-controlled growth where the bubble behaves as in a superheated liquid at constant pressure. 
Results allow to show the impact that compressible effects have on the phenomenon, and to demonstrate the 
importance of accounting for a nano-region at the contact line, strongly affecting the wall heat transfer.
1. Introduction

Cryogenic fluids are substances that are in a vapor state for stan-
dard conditions but are stored in a liquid state at extremely low 
temperatures. They are used in various technologies such as scien-
tific equipment, energy storage systems and in space applications. 
Specifically for space propulsion, liquid hydrogen, methane and oxygen 
are used because of the high specific impulse they can provide [1]. 
Moreover, the concept of a space depot, a storage facility in space that 
can refuel and resupply spacecrafts, has gained traction in recent years 
as a potential solution to the challenges of deep space exploration [2]. 
Both launcher upper stages or in space depots must be able to store 
and manage cryogenic fluids for long periods. However, the transport 
and handling of cryogenic fluids pose challenges due to their tendency 
to undergo phase change [3]. This can have significant consequences, 
including the loss of fuel (that need to be vented when the pressure 
increases in the tank), reduced mission duration, and increased risk of 
accidents during propellant transfer [4]. Phase change can be induced 
either by a pressure or temperature variation [5]. For instance, boiling 
occurs if a liquid is brought to a superheated temperature, that is 
a temperature higher than the saturation temperature at a constant 
pressure. Nucleate boiling refers to the process in which small bubbles 
nucleated in specific sites over a superheated wall grow under iso-
baric conditions. On the other hand, cavitation refers to phase change 
induced by pressure variation: it can occur when the pressure drops 
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in a liquid and becomes lower than the saturation pressure [6] (see 
Fig.  1). If the pressure drop is induced by a flow (like for instance 
in a convergent nozzle) the phenomena is referred as hydrodynamic 
cavitation [7,8]. On the other hand, if the depressurization is induced 
in a quiescent environment, like for instance in a tank when decreasing 
the pressure, the phenomena is referred as pool cavitation. Nucleation 
of the bubbles can occur either in the liquid core, for instance at the lo-
cation of impurities, or at the wall. A drop of pressure causing the pool 
cavitation at the wall in a tank can happen due to a variety of factors, 
including leakage, or other system failures but particularly during the 
depressurization process required to cool the propellant down before 
use [9–11]. Despite its importance, the phenomenon of pool cavitation 
at the wall in microgravity under controlled depressurization has been 
investigated only in a few experimental works [4]. We can mention in 
particular SOURCE I and II sounding rocket experiments [5,12] using 
HFE7000 with and without non-condensable gas and more recently a 
pure methane experiment carried out in the ZARM drop tower [13].

To develop suitable pressure and control systems for the tank it 
is necessary to master the phenomena and this starts with the under-
standing of fundamental mechanisms at the bubble scale. The problem 
is complicated by the nature of cryogenic fluids, which are thermo-
sensitive [14]. Cavitation of cryogenic fluids cannot be assimilated with 
an isothermal process and thermal effects have to be taken into account. 
Existing models in the literature for cavitation typically focus either on 
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Fig. 1. Pressure–Temperature diagram for CH4, liquid vapor equilibrium curve, cavi-
tation and boiling.

an isothermal assumption, like the Rayleigh Plesset equation [6], or 
on instantaneous depressurization, neglecting the effects of a gradual 
decrease in pressure [15–17] or neglect the very early stages of the bub-
ble growth [18–20]. These last models for the bubble growth typically 
tend towards the behavior of a bubble in a superheated liquid, that is 
with a diameter proportional to the square root of time in agreement 
with Scriven or Plesset and Zwick theories [21–25]. The number of 
experimental works dealing with phase change in cryogenic fluids in 
micro-gravity conditions is quite limited in the literature especially 
if focusing on variable pressure environment. Recently, Weber and 
Dreyer [13] proposed an extensive experimental work investigating 
wall pool cavitation in pure methane in micro-gravity conditions (drop 
tower). These studies have provided valuable insights into the dynamics 
of bubble growth induced by a depressurization in micro-gravity. They 
could provide images showing the evolution of the bubble in time. 
Their results show that after the depressurization phase is over, during 
the constant pressure phase, the bubble behavior tends towards the one 
of a bubble growing in a superheated liquid. However, their results 
do not allow to conclude about the behavior in the depressurization 
phase. Moreover, no data are available in terms of wall heat transfer 
nearby the bubble, whereas such information would be required for a 
better understanding of the overall phenomenon. For instance, it is no 
possible to differentiate between contributions arising from compress-
ibility effects (expansion, variable density) and phase change effects 
over the bubble growth. Moreover, available experimental diagnostics 
do not allow to capture some small scale phenomena, in particular for 
cryogenic fluids, like the possible existence of a nano-region at the 
contact line strongly affecting the bubble behavior. The existence of 
a nano-metric region at the contact line where non-equilibrium ther-
modynamic holds has been theoretically proposed by several authors 
since the 90s [26,27]. The main idea is that, at the liquid/vapor/solid 
interface, a small region exists where, in non-isothermal conditions, 
the interface slope varies from a microscopic contact angle (the one 
provided by Young theory, which is almost zero for cryogens), further 
associated to the nano-region, to an apparent contact angle which is 
measurable. In the small region the heat flux from the wall is large and 
induces strong phase change mass flow rate that can strongly contribute 
to the bubble growth. Simulating the nano-region is not realistically 
feasible with a direct numerical simulation, and recently approaches 
to include the effects of the nano-region as a subgrid model in a DNS 
simulation have been proposed [28]. It has been demonstrated that the 
2 
effect of the nano-region is particularly important if the conductivity of 
the wall material underneath the bubble is high. Moreover, important 
differences between microscopic and apparent contact angles are to be 
expected for wettable fluids, like cryogens. The present work focuses 
on cavitation in pure methane, which is a cryogenic fluid. As such, 
the existence of a nano-region is expected to play a major role on 
the outline of the bubble and on the associated wall heat transfer. 
Therefore, the present work will enable to observe if the nano-region 
plays indeed an important role for wall cavitation.

In summary, to the authors knowledge, there are no available stud-
ies in the literature analyzing in detail the interaction between phase 
change, variable density and expansion over the growth of bubble at 
the wall in a variable pressure environment, and quantifying the impact 
that these bubbles have on wall heat transfer. Moreover, as already 
stated, it is not clear if a nano-region at the wall exists and plays an 
important role for pool cavitation, and wall heat transfer. The objective 
of the present work is to answer the above research questions carrying 
out direct numerical simulations of single bubble cavitation at the wall 
in micro-gravity conditions.

To address this problem with numerical simulation, it is mandatory 
to have a solver able to accurately simulate two-phase flows with phase 
change, including compressible effects and an accurate description of 
the thermodynamics of both phases and of the saturation conditions 
at the interface. Consequently, usual approaches for the simulation of 
boiling flows based on incompressible solvers and constant densities, as 
the following [29–33], are not suitable to describe the present problem.

Different methodologies for the simulation of compressible two-
phase flows have been proposed during the last twenty years (see 
for instance [34] for a review). In particular, semi-implicit projection 
approaches have been developed [35,36]. These algorithms are asymp-
totically preserving (that is they are accurate at low Mach number) 
and they allow to avoid the acoustic time step constraint (implicit 
algorithm) [34]. In particular, these last points are very beneficial to 
carry out numerical simulations in configurations where compressible 
effects are important, while not related to high speed flows, such as 
depressurization cases. These methods have been extended to two-
phase isentropic flows [37,38] and to two-phase flows including viscous 
terms, heat conduction [34,39–41], and phase change [42–45]. The 
solver used in the present paper is based on a semi-implicit projection 
scheme coupled with a level set/ghost fluid method to handle the inter-
face, as detailed in [41], and includes phase change between a liquid 
and its vapor following the framework proposed in [45]. The solver has 
been integrated in the  code [30,46–50] yet developed for in-
compressible and variable density flows. It has been recently extended, 
in [41,45], to compressible two-phase flows driven by heat conduction, 
acoustic interface interaction and phase change phenomena induced by 
pressure and temperature variations. The compressible solver for two-
phase flows is based on a generalized cubic Equation of State (EoS) to 
describe the vapor phase, the liquid phase and saturation conditions 
at the interface in a consistent way. For the purpose of this paper, 
the solver has been further developed to include contact lines (liquid, 
vapor, solid interface) and conjugate heat transfer. These additional 
developments will enable to validate the solver against experimental 
data to demonstrate its ability in describing bubble growing at the wall 
induced by phase change caused either by temperature (boiling) or 
pressure (cavitation) variations.

In the following, the governing equations and numerical methods 
used to investigate the problem of a bubble cavitation at the wall under 
micro-gravity conditions are first introduced. Attention is given to the 
description of the nano-region model used at the contact line. Then 
the solver is validated against experimental data with the simulation 
of an experiment of cavitation in pure methane under micro-gravity 
conditions. The importance of the initial thermal field in the liquid 
and of the nano-region at the contact line is discussed in terms of 
impact on the bubble growth rate and on the apparent contact angle. 
The validated solver is then used to study in detail the cavitation 
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phenomena and to understand how it is affected by the amplitude of the 
depressurization and its rate in time. The importance of compressibility 
effects in this configuration is described. Finally, the impact of the 
bubble on the wall heat transfer is studied.

2. Numerical methods

Describing cavitation phenomena requires a numerical solver to 
simulate compressible two-phase flows with phase change, including 
contact angles and conjugate heat transfer with a wall. In this section 
the governing equations describing the flow are introduced followed by 
the description of the employed numerical method.

2.1. Governing equations

The following system of the governing equations for mass, momen-
tum and energy in each phase, written in terms of primitive variables, 
i.e. the density 𝜌, the velocity vector ⃗𝑢 and the pressure 𝑝, is considered:
𝜕𝜌
𝜕𝑡

+ ∇ ⋅ (𝜌𝑢) = 0, (1)

𝜕𝑢
𝜕𝑡

+ 𝑢 ⋅ ∇𝑢 +
∇𝑝
𝜌

= 1
𝜌
∇ ⋅ 𝝉 + 𝜌𝑔, (2)

𝜕𝑝
𝜕𝑡

+ 𝑢 ⋅ ∇𝑝 + 𝜌𝑐2∇ ⋅ 𝑢 = 𝑐2𝛼
𝑐𝑝

[

𝝉 ⊗ ∇𝑢 − ∇ ⋅ 𝑞
]

, (3)

where 𝑐2 is the speed of sound, 𝛼 the local isobaric expansion coeffi-
cient, 𝑐𝑝 is the specific heat at constant pressure, 𝑞 = −𝑘∇𝑇  is the local 
heat flux (with 𝑇  temperature) and 𝜏 is the shear stress tensor defined 
as: 

𝜏 = 𝜇
(

∇𝑢 + ∇𝑢𝑇
)

− 2
3
𝜇∇.𝑢𝐈 , (4)

with 𝜇 dynamic viscosity and 𝐈 is the identity matrix. The following 
set of jump conditions at the interface 𝛤 , that account for phase 
change, must be verified in order to maintain the conservation of mass, 
momentum and energy across the interface [51]:

[𝑝]𝛤 = 𝜎𝜅 + 2
[

𝜇
𝜕𝑢𝑛
𝜕𝑛

]

𝛤
− 2

3
[

𝜇∇ ⋅ 𝑢
]

𝛤 − 𝑚̇2
[

1
𝜌

]

𝛤
, (5)

[

𝑢
]

𝛤 = 𝑚̇
[

1
𝜌

]

𝛤
𝑛, (6)

[

−𝑘∇𝑇 ⋅ 𝑛
]

𝛤 = 𝑚̇ℎ𝑙𝑣 , (7)

where 𝜎 is the surface tension, ℎ𝑙𝑣 is the latent heat of vaporization, 𝜅
denotes the local interface curvature and 𝑢𝑛 is the velocity component 
in the 𝑛 direction, with 𝑛 normal vector pointing towards the liquid 
phase [52]. The operator [.]𝛤  indicates the jump across the interface 
𝛤 . It is defined as [𝑓 ]𝛤 = 𝑓𝑣 − 𝑓𝑙 with the subscripts 𝑙 and 𝑣 referring 
respectively to the liquid and vapor phases. The energy jump condition, 
Eq. (7), assumes that the interface is at the local saturation temperature 
(𝑇𝛤 = 𝑇sat). Furthermore, thermodynamic equilibrium and zero entropy 
production at the interface are assumed, implying that the temperature 
is continuous across the interface ([𝑇 ]𝛤 = 0) [53]. Small temperature 
variations are expected in this study and therefore constant values for 
𝜇, 𝑘 and 𝜎 will be considered. The governing equations in the fluid are 
coupled to the resolution of the energy equation in the solid wall: 

𝜌𝑤𝑐𝑝,𝑤
𝜕𝑇
𝜕𝑡

= ∇.(𝑘𝑤∇𝑇 ) , (8)

assuming an equality of the fluxes and a continuity of the temperature 
between the solid and fluid domain at the solid/fluid interface. The 
solid material properties, density 𝜌𝑤, conductivity 𝑘𝑤 and specific heat 
𝑐  are considered constant.
𝑝,𝑤

3 
Table 1
Properties for methane CH4 needed for the eval-
uation of the SRK EoS coefficients.
 𝑇c 190.564K  
 𝑝c 45.992 bar  
 𝑣c 9.8629 10−5 m3 mol−1  
 𝜔 1.142 10−2  
  1.60425 10−2 kg mol−1 

2.2. Equation of state

An unified description of both the liquid and the vapor phases, 
together with saturation conditions at the interface, is achieved using 
a cubic Equation of State (EoS) that is required to close the system 
of Eqs. (1)–(6) as done in [41]. Among the different cubic EoS, the 
Soave Redlich–Kwong (SRK) is considered for the present study because 
of its accuracy for the description of methane in the thermodynamic 
conditions of interest for the present temperature range (see Appendix 
A). The EoS is expressed as: 

𝑝 =
𝜌𝑅𝑇
1 − 𝜌𝑏

−
𝑎𝜌2

(1 + 𝑏1𝜌)(1 + 𝑏2𝜌)
, (9)

where 𝑅 = ∕ is the gas constant,  = 8.31446 J K−1 mol−1 the 
universal gas constant and  the molecular weight.

The coefficients 𝑎, 𝑏, 𝑏1 and 𝑏2, that can be found in [45,54], are 
functions of the critical parameters, which for methane are reported in 
Table  1. These coefficients need the definition of the acentric factor 𝜔
which is also reported in this table. Latent heat of vaporization ℎ𝑙𝑣, 
specific heat at constant pressure 𝑐𝑝, sound speed 𝑐 and expansion 
coefficients are locally computed using the EoS as described in [45].

2.3. Contact line and nano-region

The nano-region at the contact line can have a significant impact on 
nucleate boiling on the wall heat transfer, the contact line dynamics 
and the bubble’s growth. Note that the nano-region is most of the 
time referred as micro-region in the literature. However, since it is 
related with phenomena occurring at the nanometer scale and to avoid 
confusion with the microlayer [31] we will refer to it with the term 
nano-region. The description of the nano-region can be done with 
following system of ordinary equations Eq. (10), derived from the work 
of Mathieu [55], which is itself a modification of the original model 
proposed by Stephan and Busse [26] modified for partially wetting 
fluids: 
⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

𝜕𝑥
𝜕𝑠

= cos(𝜃),

𝜕𝑦
𝜕𝑠

= sin(𝜃),

𝜕𝜃
𝜕𝑠

= 𝛥𝑃
𝜎

,

𝜕𝛥𝑃
𝜕𝑠

=
8𝑄𝜇𝑙

𝜌𝑙ℎ𝑙,𝑣𝑟3(2𝜃 cos(2𝜃) − sin(2𝜃))
,

𝜕𝑄
𝜕𝑠

=
𝑇𝑤 − 𝑇sat

(

1 + 𝛥𝑃
𝜌𝑙ℎ𝑙,𝑣

)

𝑅𝛤 + 𝑟𝜃∕𝑘𝑙

(10)

where 𝑠 is a curvilinear abscissa along the bubble interface, 𝑠 = 0 being 
the contact line, whereas 𝑥 and 𝑦 are the cartesian coordinates (Fig.  2). 
The local interface slope is 𝜃 and 𝑟 is a modified abscissa, including a 
slip length 𝑙𝑠 = 0.1 nm, defined by 𝑟 = (𝑦 + 𝑙𝑠)∕𝑠𝑖𝑛(𝜃). These equations 
come from the resolution of Stokes equations in the liquid wedge. They 
allow relating the pressure difference between the liquid and vapor 
phases 𝛥𝑝 with the total heat flux 𝑄 (in W m−1) in the wedge between 
the contact line and 𝑠. The local wall heat flux is 𝑞 = 𝜕𝑄

𝜕𝑠
 and depends 

on the thermal resistance of the interface 𝑅𝛤  defined as: 

𝑅𝛤 =
2 − 𝑓 𝑇sat

√

2𝜋𝑅𝑇sat
2

, (11)

2𝑓 𝜌𝑣ℎ𝑙𝑣
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Fig. 2. Schematic of the nano-region for a partially-wetting fluid.

where 𝑓 is an accommodation coefficient that can vary between 0 and 
1.

The following boundary conditions are considered: 
⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑥|𝑠=0 = 0 ,
𝑦|𝑠=0 = 0 ,
𝜃|𝑠=0 = 𝜃mic ,
𝛥𝑝|𝑠=0 = 𝛥𝑝0 ,
𝑄|𝑠=0 = 0 ,

(12)

where 𝜃mic is the microscopic contact angle associated to the nano-
region. The 𝛥𝑝 at the contact line is not known a priori and the system 
is solved with a shooting technique requiring that far from the contact 
line the slope 𝜃 does not vary anymore which is translated in the 
following condition on the pressure: 𝛥𝑝|𝑠→∞ → 0.

Therefore to summarize the system of Eqs. (10) with the initial 
conditions Eqs. (12) can be solved for a specific fluid and specific 
thermodynamic conditions once the following parameters are provided: 
𝜃mic, the wall temperature 𝑇𝑤 and the accommodation coefficient 𝑓 . 
The outputs of the model are the apparent contact angle at the outlet 
of the nano-region, 𝜃app = 𝜃𝑠=𝐿int

 and the total nano-region heat flux 
𝑄nr = 𝑄𝑠=𝐿int

 where 𝐿int is the integration length for the nano-region. 
The corresponding nano-region heat flux (in W.m−2) is 𝑞nr = 𝑄nr∕𝐿int .

2.4. Numerical schemes

The system of Eqs. (1)–(3) with the jump conditions Eqs. (5)–(7) are 
solved with an implicit projection method included in the  code, 
presented in [41,45]. The solver is based on a Level Set method [56] 
to capture interface motion. The Level Set function 𝜙 is defined as the 
signed distance from the interface, 𝜙 = 0 representing the interface, 
and its evolution follows the transport equation: 
𝜕𝜙
𝜕𝑡

+ 𝑢𝛤 .∇𝜙 = 0 , (13)

where 𝑢𝛤  is the interface local velocity deduced from the jump condi-
tion Eq. (6). A re-initialization algorithm ensures that the 𝜙 function 
keeps its distance property.

The Ghost-Fluid method [57–59] allows to handle the jumps across 
the sharp interface. In particular, second order extrapolations, proposed 
in [60], enable to build a ghost field for the temperature field 𝑇  on 
each side of the interface while maintaining the continuity of its normal 
derivative and second order normal derivative, as detailed in [30]. Such 
extrapolations are critical for an accurate computation of the phase 
change mass flow rate 𝑚̇. Regarding the pressure and density fields, 𝑝
and 𝜌, constant extrapolations have shown to be sufficient. The phase 
change mass flow rate 𝑚̇ is computed according to the energy jump 
equation Eq. (7) and then used to extrapolate the velocity ghost field 
in order to impose the jump condition on the velocity Eq. (6) [61]. The 
pressure velocity correction algorithm presented in [41,45] brings to 
the resolution of two linear systems for the pressure field that are solved 
with a Black-Box Multi-grid solver [62]. Convective terms are solved 
using 5th order Weno Z schemes [63], diffusive terms using second-
order finite differences and a second-order Runge–Kutta scheme is used 
4 
for the temporal integration. The solver has been proved to be able 
to describe a large variety of compressible two-phase flows including 
natural convection, acoustic interface interaction and cavitation in the 
fluid bulk, induced either by a depressurization in a tank or by a 
flow in a convergent duct. Its capability to account for phase change 
phenomena induced by temperature and pressure variations has been 
demonstrated. Numerical results have been compared with analytical 
results of typical test cases like the Scriven case [21] describing the 
growth of a bubble in a superheated liquid.

The present work proposes novel developments of this numerical 
solver in order to simulate contact line problems. This consists in 
three major points. The first point is to impose a Neumann boundary 
condition for the Level-Set function to impose the contact angle 𝜃app at 
the liquid/vapor/solid interface, such as, 
𝑛.∇(𝜙)|𝑤 = −cos(𝜃app) . (14)

The second point is the coupling of the fluid resolution with the heat 
transfer in the solid domain, thus solving Eq. (8) with appropriate 
interface conditions at the solid/fluid interface. A linear system results 
from the implicit temporal discretization of Eq. (8). This linear system 
is solved with a Gauss–Seidel method. The time step is chosen to be 
the same as the fluid solver time step. A heat flux continuity condition 
is imposed at the boundary between the solid and fluid domains 
to ensure energy conservation. Similar implementations have already 
been performed in previous works with the incompressible and variable 
density solvers in , as presented in [32,64] for example, and 
therefore are not reported in more details here. The third point is 
related to the coupling between a subgrid model for the nano-region 
and the compressible two-phase flow solver. A recent methodology to 
include the nano-region as a subgrid model in an incompressible solver 
has been presented in [28] and implemented in  solver. This 
coupling has demonstrated its interest to accurately capture the bubble 
growth and heat transfer for sub-cooled nucleate boiling in micro-
gravity conditions [28]. In particular, accurate comparisons between 
simulations and experiments have highlighted the significant impact 
of the nano-region on the overall bubble growth rate. In the present 
work, the nano-region model described previously is implemented in 
the compressible two-phase flow solver. As it is shown in [28], that heat 
conduction in the solid substrate has a strong effect on the nano-region 
heat flux, a coupled resolution of the energy conservation equations in 
the solid and fluid domains is mandatory to ensure a correct prediction 
of the nano-region heat flux. The underlying assumption is that the 
nano-region heat flux corresponds to the heat flux coming from the wall 
and is computed at the cell crossed by the contact line. The integration 
length 𝐿int for the nano-region model is taken equal to the cell size. 
The heat flux 𝑞nr and wall temperature 𝑇𝑤 obtained are imposed via a 
Robin boundary condition for the temperature linear system resolution 
in the solid which ensures continuity of the heat flux in the cell crossed 
by the contact line, such as, 

𝜆𝜕𝑇
𝜕𝑦

|𝑤 = 𝑞nr (𝑇𝑤) = 𝐴𝑇𝑤 + 𝐵 , (15)

where the nano-region heat flux 𝑞nr has been linearized with respect 
to 𝑇𝑤, 𝐴 and 𝐵 being the coefficients. Once it has been computed 
when solving the thermal field, the nano-region mass flow rate can 
then be injected into the simulation and spread out on 5 cells along 
the interface of the bubble for stability reasons. All details about 
the coupling between the nano-region model and the solid solver are 
provided in [28].

The correct implementation of these new developments will be 
validated with a comparison against experimental data presented in this 
paper.

3. Validation against experimental data

In this section, the experiment of the cavitation of a single bubble 
at the wall in micro-gravity conditions carried out by Weber and 
Dreyer [13] is introduced in a first time. Next, comparisons between 
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Fig. 3. Experimental pressure profile imposed at the top of the numerical domain.

experimental data and our numerical simulations are presented. Thor-
ough interpretations of the numerical results will enable to estimate the 
impact of the nano-region.

3.1. Experimental setup and data

The goal of the experiment led by Weber and Dreyer [13] is to 
study the behavior of a single bubble cavitation of pure methane 
during a depressurization event under micro-gravity conditions. The 
experimental setup involves a cryogenic test facility designed for use 
in the compensated gravity conditions of the ZARM drop tower at the 
University of Bremen. A simplified view of the test cell is shown in Fig. 
4.

During the experiment in micro-gravity conditions, a depressuriza-
tion through a valve is performed in a vessel containing pure liquid 
methane in equilibrium with its vapor at saturation conditions: 𝑝0 =
1.404 bar and 𝑇sat,0 = 𝑇sat (𝑝0) = 116.06 K. The pressure profile in 
the experiment is reported in Fig.  3. Before the depressurization, a 
bubble is nucleated with a heater in an artificial cavity having a 
radius of 𝑅𝑐 = 266.5 μm. During the depressurization, the saturation 
temperature decreases and the fluid’s temperature becomes higher than 
its saturation temperature: 𝑇𝑙 = 𝑇𝑖 > 𝑇sat (𝑝(𝑡)), with 𝑝0 > 𝑝(𝑡) > 𝑝𝑓  and 
𝑝𝑓 = 1.1  bar. As a consequence the liquid becomes superheated and 
the bubble grows.

Five experiments are performed. The available experimental data 
in [13] are the evolution of the bubble radius 𝑅 in time and the images 
of the bubbles. The available images are used in order to extract the 
apparent contact angle 𝜃app versus time. Details on the algorithm used 
to extract the angles are provided in the Appendix  B.

Other available experimental data are temperature measurements 
in the liquid at the glass cylinder, (i.e. about 40 mm away from the 
nucleation site), that remain equal to the initial saturation temperature 
𝑇sat (𝑝0) during the test. For what concerns the region around the 
nucleation site, a platinum Resistance Temperature Detector (RTD) 
PT1000 is used to generate heat for the nucleation. The RTD surface 
is 7 mm2 and the power varies in the range 5–150 mW (corresponding 
to a heat flux in the range 0.7–21 kW m−2), during the nucleation phase 
before the micro-gravity phase, and is kept constant at 5 mW during the 
micro-gravity phase (corresponding to an heat flux of 0.7 kW m−2).

3.2. Computational domain and boundary conditions

The computational domain, schematically reported in Fig.  5, is a 
cylinder with dimensions of 𝑙𝑥 = 𝑙𝑦 = 8mm filled with liquid methane. 
Axisymmetric simulations are carried out, 𝑥 = 0 being the symmetry 
axis. The cavity support, which is a tube in the experiment, is modeled 
as a flat wall, with a height of 𝑙 = 500 μm, and the solid material is 
𝑤

5 
Fig. 4. Simplified scheme of the experimental set-up used in [13], as acquired through 
private correspondence with N. Weber. The computational domain used in this study 
is reported (around the location of the nucleation site).

stainless steel 304. The diameter of the stainless steel tube is 𝐷tube =
6 mm. The pressure variation is applied at the top of the domain, 
following the profile illustrated in Fig.  3, which is directly derived from 
experimental data. A no-slip and adiabatic condition is applied to the 
external wall of the cylinder. The initial conditions are set at saturation 
both in the liquid and in the vapor phase, with 𝑝0 = 1.404 bar and 
𝑇𝑙 = 𝑇sat (𝑝0) = 𝑇sat,0 = 116.06 K, as determined by the SRK EoS (see 
Section 2.2). The initial saturation conditions and the corresponding 
thermophysical properties (kept constant) are reported in Tables  1–3. 
Moreover, in order to investigate the possible impact of the heat input 
from the PT1000 prior to the zero gravity phase (i.e in normal gravity, 
see Section 3.1) a superheat can be considered in the wall initialized 
at 𝑇𝑤,0 with 𝛥𝑇 = 𝑇w,0 − 𝑇sat,0. A thermal boundary layer for the 
temperature is considered nearby the wall. The thickness 𝛿𝑡𝑏𝑙 of the 
thermal boundary layer is computed from Eq. (34): 

𝛿𝑡𝑏𝑙 =
𝐷tube
Nu𝑡𝑏𝑙

, (16)

where the Nusselt number Nutbl is computed from a natural convection 
correlation provided by the work of Kuehn and Goldstein [65] for 
a horizontal infinitely long cylinder. Natural convection correlation 
under normal gravity conditions has been chosen because most the 
injected heat inducing this thermal boundary layer happens before the 
drop, so in normal gravity conditions. See Appendix  C for details about 
the correlation and the values used.

A linear profile is imposed in the boundary layer between 𝑇sat+𝛥𝑇  at 
the wall and 𝑇sat at 𝑦 = 𝛿𝑡𝑏𝑙. Therefore, for axisymmetrical simulations, 
the corresponding heat flux from the wall to the liquid can be computed 
from : 
𝑞𝑡𝑏𝑙 =

𝑘𝑙 𝛥𝑇 . (17)

𝛿𝑡𝑏𝑙
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Fig. 5. Computational domain and boundary conditions used in the numerical simu-
lations.

Table 2
Thermodynamical and thermophysical properties.
 Property Liquid (l) Vapor (v) 
 𝑇sat,0 [K] 116.06 116.06  
 𝑝sat,0 [bar] 1.404 1.404  
 𝑘 [mW m−1 K−1] 177.57 12.03  
 𝑐𝑣0 [kJ g−1 K−1] 2.047 2.283  
 𝜇 [μPa s] 106.93 4.4820  
 𝜎 [mN m−1] 12.0656  

Table 3
Stainless Steel 304 tube’s properties at 𝑇 = 116 K.
 Property Wall (w) 
 𝑘 [W m−1 K−1] 10.2  
 𝜌 [kg m−3] 7900  
 𝑐𝑝 [J kg−1 K−1] 282  

The superheat, 𝛥𝑇 , will be varied between 0 (no thermal boundary 
layer, and wall initialized at liquid saturation conditions) to 1.5 K. This 
corresponds to a 𝑞𝑡𝑏𝑙 between 0 and 50 W m−2, and a power input 
𝑞𝑡𝑏𝑙 ∗ 𝑆, with 𝑆 = 𝜋𝑙2𝑟 , between 0 and 100 mW. These fluxes are in 
the range of the experimental values since, as described in Section 3.1, 
the power input of the PT1000 varies between 5 and 3000 mW, and 
the heat flux between 0.7–21 kW m−2.

The level set function is initialized to obtain an initial vapor bubble 
of radius 𝑅0 at the wall (see Fig.  5). The initial radius of the bubble 
is defined as the radius of the cavity 𝑅0 = 𝑅𝑐 = 266.5 μm. The initial 
apparent contact angle is set to a minimal value of 𝜃app,0 = 1◦ equal to 
the micro-scopic contact angle considered 𝜃mic. The apparent contact 
angle 𝜃app that will be imposed along the simulation after initialization 
will be predicted by the nano-region model.

Cartesian and uniform grids are used, with cell sizes ranging from 
4 μm to 16 μm depending on the case, corresponding to 2048 × 2048 
to 256 × 256 cells in the fluid domain and 2048 × 128 to 256 × 16 
in the solid domain. The impact of the grid resolution over the results 
will be discussed in Section 3.3.

3.3. Simulation of the experiment and analysis

Numerical simulations, accounting for conjugate heat transfer and 
nano-region, have been performed with the solver introduced in Sec-
6 
tion 2, and are presented in this section. In a first time, a base simu-
lation with an accommodation factor set to 𝑓 = 1 (see Eq. (11)) and 
a 𝛥𝑇  = 0 has been carried out. A grid sensitivity is presented and 
analyzed in this preliminary configuration. Then, the influence of 𝑓 and 
𝛥𝑇  will be investigated.

3.3.1. Base simulation and convergence analysis
As explained above, the base simulation is obtained with the ac-

commodation factor 𝑓 = 1 and the superheat in the thermal boundary 
layer 𝛥𝑇 = 0. This base case is performed for different grid resolutions 
and the resulting equivalent radius of the bubble versus time is shown 
in Fig.  7. The results are compared with the experimental data on 
the same figure. A numerical convergence of the results is clearly 
demonstrated since the results obtained with the different grids are 
almost superimposed. For 𝑡 < 𝛥𝑡, during the depressurization time 
frame, there is an expansion phase, where bubble growth is driven 
both by the phase change and by the expansion. For 𝑡 > 𝛥𝑡 there is 
a transition towards a diffusive regime, where the bubble growth is 
solely due to phase change. Hence, we define these two different phases 
as expansion-controlled growth and diffusion-controlled growth which 
will be further discussed in Section 4.1. A change in the slope of the 
bubble’s growth is clearly observable in the numerical results as well 
as in the experimental data at 𝑡 = 𝛥𝑡. While the simulation accurately 
captures the transition to the diffusion-controlled growth’s slope, it 
underestimates the expansion-controlled growth’s slope, resulting in a 
20% shift in the final radius.

3.3.2. Impact of the nano-region
To evaluate the impact of the nano-region on the results, the base 

simulation (𝛥𝑇 = 0) was repeated while varying the accommodation 
coefficient 𝑓 from 0 to 1 (representing no effect from the nano-region 
to maximum effect). The impact on the equivalent radius of the bubble 
versus time can be observed in Fig.  7. The nano-region has a very 
low impact at the beginning of the expansion no matter the value of 
the accommodation coefficient. Indeed, in the initial condition there 
is no temperature difference since 𝑇𝑤,0 = 𝑇sat,0, and therefore the 
nano-region does not exist. During the expansion-controlled growth the 
pressure decreases (from 𝑝0 to 𝑝𝑓 , see Fig.  3) reducing the saturation 
temperature while, overall, the solid temperature tends to stick to its 
initial temperature. Consequently, the temperature difference increases 
reaching its maximum at the end of the expansion-controlled growth 
when the wall temperature 𝑇sat (𝑝0) > 𝑇𝑤 > 𝑇sat (𝑝𝑓 ) = 𝑇𝛤 , and this 
induces an increasing effect of the nano-region. The phase change mass 
flow rate associated to the nano-region becomes more important as 
this temperature difference increases, increasing the total phase change 
mass flow rate, and consequently the bubble radius increases as well 
compared to a simulation without nano-region. A difference up to 9% 
is therefore observed on the final radius (𝑓 = 0 against 𝑓 = 1 cases). 
Overall, the impact of 𝑓 over the bubble growth is very small for 
𝑓 > 0.25 as shown by the negligible differences between 𝑓 = 0.25 and 
𝑓 = 1.

On the other hand, 𝑓 has a non negligible impact on the outline 
of the bubble, especially at the contact line as shown in Fig.  6. This 
figure shows the temperature fields and the interface location at the 
end of the depressurization phase (𝑡 = 𝛥𝑡) obtained with the different 
𝑓 reported. For 𝑓 = 0 the apparent contact angle is very close to the 
microscopic one: 𝜃app = 4◦, resulting in an almost spherical bubble. 
The wall appears to be slightly cooled down only in the tiny region 
around the contact line. It is worth mentioning that 𝜃app increases when 
increasing the value of 𝑓 , with typical values between 18◦ and 25◦. The 
vapor at the bubble foot appears to be warmer and the cooled region in 
the wall increases in size as the solid–vapor contact surface increases. 
The impact of 𝑓 on the apparent contact angle is represented in Fig.  8 
where 𝜃app is reported versus time, and compared with the experimental 
angle extracted from the images (see Section 3.1 and Appendix  B). At 
the beginning of the simulation, 𝜃 = 𝜃 . As discussed above, the 
app mic
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Fig. 6. Comparison of the temperature field for different nano-region accommodation 
factor with a focus on the apparent contact angle.

Fig. 7. Comparison of the growth of the bubble between the experimental data and the 
numerical simulation with the accommodation factor set to 1 for different mesh sizes 
along equivalent radius of the bubbles versus time obtained with different simulations 
varying the accommodation coefficient 𝑓 in the nano-region for a constant mesh size 
𝑑𝑥 = 8 μm.

Fig. 8. Evolution of the apparent contact angle for different nano-region accommoda-
tion factor and comparison to the experimental data.

apparent angle increases over time as a consequence of the increase 
on the superheat at the contact line. The numerical results exhibit an 
increase in the contact angle during the expansion-controlled growth. 
After the expansion-controlled growth, the pressure in the vessel rises, 
and so does the saturation temperature 𝑇sat . At the same time, the wall 
cools down, inducing a local decrease in the solid wall temperature. 
Overall, this induces a decrease of the wall superheat and consequently 
a decrease on the nano-region heat flux resulting in a slight decrease 
of 𝜃 .
app

7 
Based on the comparison between experimental and numerical re-
sults, it appears that the measured 𝜃app is compatible with the existence 
of a nano-region. Indeed, without a nano-region, in micro-gravity con-
ditions the apparent contact angle should be equal to 𝜃mic and thus very 
far from the experimental observation (𝑓 = 0 in Fig.  8). On the other 
hand, it is worth noting that the uncertainty in the measurement of 𝜃app
is very high, and this does not allow to select a specific 𝑓 based on this 
comparison, and any value between 0.5 and 1 would be suitable (also 
considering the negligible impact it has over the diameter, Fig.  7). For 
the remainder of this paper it has been decided to consider a value of 
𝑓 = 0.75.

3.3.3. Impact of the thermal boundary layer
As previously observed, numerical simulations starting in an isother-

mal liquid underestimate the temporal evolution of the bubble radius. A 
possible explanation of this discrepancy could be the initial temperature 
field in the liquid which cannot be perfectly known and controlled in 
the experiments. In particular, in Fig.  7, two sequences of experimental 
results are plotted which correspond to two different shots. Deviations 
are observed between both sequences, which suggest that the exper-
imental results are sensitive to variations on the initial conditions. In 
particular, such deviations could be attributed to slightly different tem-
perature initial conditions in the liquid. Therefore, we present in this 
section a sensitivity study on the initial condition of the temperature 
field, to highlight the relevance of this parameter. For this purpose, 
simulations have been performed with 𝛥𝑇 = [1.0; 1.5] K respectively 
giving 𝛿𝑡𝑏𝑙 = [4.30; 4.09] mm. These simulations are compared with 
the simulation without thermal boundary layer, i.e. 𝛥𝑇 = 0 K as 
well as with the experimental data. For all the simulations, the nano-
region model is activated with 𝑓 = 0.75 as discussed in Section 3.3.2. 
The results are shown in Fig.  9 in terms of equivalent radius versus 
time. For every simulation, results obtained with two different grid 
resolutions are shown (with a cell size 8 and 16 μm) demonstrating 
the numerical independence of the numerical results with respect to 
the grid. The superheat has an important impact over the results and 
the experimental data are retrieved with a 𝛥𝑇  between 1 and 1.5 K. 
A very good agreement is found in the diffusion-controlled phase while 
the slope of the curve continue to be very slightly underestimated in 
the expansion-controlled growth. This underestimation might be due to 
two different hypothesis that have been made: the thickness of the 
thermal boundary layer might not exactly follow a natural convection 
correlation, and, in reality, the distribution might not be linear. A 
higher gradient at the wall would help for a faster growth when the 
bubble is small in the expansion-controlled growth while still preserving 
the good agreement in the expansion-controlled growth slope.

The evolution in time of 𝜃app is shown in Fig.  10. As expected, for 
𝛥𝑇 > 0, the nano-region has an impact since the beginning of the 
simulation, providing a 𝜃app > 𝜃mic. In the diffusion-controlled growth a 
good agreement between experimental and numerical data is obtained 
and the impact of 𝛥𝑇  appears to be limited .

Fig.  11 illustrates the temperature field and bubble outline for the 
simulation with 𝛥𝑇 = 1.5 K at three given times 𝑡 (0 s, 0.14 s, and 0.5 s), 
corresponding to the initialization, end of depressurization 𝑡 = 𝛥𝑡, and 
end of simulation, respectively. During the expansion the temperature 
in the bubble decreases following the evolution of the saturation tem-
perature. After the depressurization, the vapor temperature increases as 
a consequence of 𝑇sat which slightly increases and of the heat coming 
from the solid wall through the dry surface. The impact of the bubble 
on the wall temperature which decreases in time under the bubble is 
visible.

In conclusion, the comparison obtained between the numerical 
results reproduce conveniently the experimental data both in terms 
of bubble growth rate in time: in expansion-controlled and diffusion-
controlled regions, as well as in terms of 𝜃app. In the rest of the paper, 
the solver will be used to investigate in detail the pool cavitation 
phenomena.
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Fig. 9. Equivalent radius of the bubble versus time, from simulations with different 
𝛥𝑇  and different meshes.

Fig. 10. Apparent contact angle evolution versus time. Comparison between simula-
tions obtained with different 𝛥𝑇  and the experimental data with a coarse and a refined 
meshes.

Fig. 11. Temperature field of the simulation with nano-region accommodation factor 
set to 0.75 and 𝛥𝑇 = 1.5 K.

4. Analysis of the growth of the bubble

In Section 3, it was observed that the growth of the bubble is divided 
in an expansion-controlled and diffusion-controlled growth.

In the diffusion-controlled growth, the bubble growth is induced by 
vaporization in a superheated liquid. Consequently, it is expected that 
in this case the growth of the bubble is driven by thermal diffusion 
only and should follow a slope proportional to 

√

𝑡, as demonstrated 
by analytical theories and experimental observations [15,25]. In Fig. 
12, the temporal derivative of the ratio 𝑅∕

√

𝑡 is reported versus time. 
It appears indeed that after the end of the expansion, the growth 
rate tends towards a diffusion-controlled behavior. It appears also that 
8 
Fig. 12. Example of the evolution of the derivative of the growth divided by the square 
root of time for 𝛥𝑡 = 65 ms and 𝜖𝑝 = 20% along its corresponding equivalent radius.

the growth rate is very far from a diffusion-controlled growth in the
expansion-controlled phase. After the expansion some time is required 
before reaching a growth rate driven by diffusion. An intermediate zone 
is observed, we will call it the transition phase, for 𝑡 < 𝛥𝑡 < 𝑡dif f  where 
bubble growth rate changes to eventually reach the 

√

𝑡 behavior when 
𝑡 = 𝑡dif f  the time where the diffusion-controlled growth is reached. These 
observations motivate the rest of the paper that aims at characterizing 
the expansion-controlled growth and the transition towards a diffusion-
controlled growth. To address this, investigations on the two main 
parameters of the problem, that is the depressurization amplitude 𝛥𝑝, 
and the depressurization rate 𝛥𝑡, have to be carried out. An ideal case 
is considered, simplifying the experimental one. First, liquid and solid 
wall temperatures are initially assumed uniform (no thermal boundary 
layer). Second, a linear profile of the temporal pressure variations 
during the expansion-controlled growth is considered and the pressure 
is kept constant after the end of the depressurization, so as to keep the 
𝑇sat constant for 𝑡 > 𝛥𝑡: 

𝑝(𝑡) =

⎧

⎪

⎨

⎪

⎩

𝑝0 −
𝛥𝑝
𝛥𝑡

𝑡 for 0 < 𝑡 < 𝛥𝑡 ,

𝑝0 − 𝛥𝑝 for 𝛥𝑡 < 𝑡 .
(18)

Four simulations are carried out with 𝜖𝑝 =
𝛥𝑝
𝑝0

= [5%; 25%] and 
𝛥𝑡 = [50; 200] ms. The domain dimensions, initial conditions and 
boundary conditions are the same as the one described in Section 3.2 
except that no thermal boundary layer is considered. The cell size is 
𝑑𝑥 = 8 μm and the initial radius of the bubble is 𝑅0 = 80 μm. This initial 
radius as been chosen from preliminary simulations in order to ensure 
that there are no effects of the initial radius on the final diameter.

The results are shown in Figs.  13–19 and Table  4.

4.1. Depressurization rate and amplitude

The temperature field and the bubble shape are plotted in Fig.  13 
for the four configurations and at two given times, 𝑡 = 𝛥𝑡 and 𝑡 = 0.5 s
which correspond respectively to the end of the expansion-controlled
growth and a longer time after the depressurization. The evolution of 
the equivalent radius versus time is shown in Fig.  14. Furthermore, 
eight numbered tags are displayed across the figures in this section to 
help the comparison between the figures for the different simulations 
and displayed time.

The first observation is that increasing the 𝛥𝑝 the bubble grows 
more. This is expected, since increasing the 𝛥𝑝, the liquid superheat 
increases. Indeed, Fig.  13 shows that the temperature in the bubble 
(which is driven by the 𝑇sat at the interface) is lower for higher 𝛥𝑝. 
The second observation is that at the end of the expansion-controlled
growth, the bubble radius is greater for higher 𝛥𝑡 cases (see Fig. 
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Fig. 13. Temperature fields and bubble shape from fours simulations with different 𝛥𝑝
and 𝛥𝑡 at two different time instants 𝑡: (a) for 𝑡 = 𝛥𝑡; (b) 𝑡 = 0.5 s.

Fig. 14. Equivalent radius from four simulations with different 𝛥𝑝 and 𝛥𝑡 against time.

14). The phase change process is driven by the diffusion time scales, 
which are slower in comparison to the considered depressurization rate. 
Meaning, a higher depressurization rate 𝛥𝑡 allows the bubble more 
time for phase change to happen. A complementary information can be 
found evaluating the thermal boundary layer around the bubble 𝛿𝑏,𝑡𝑏𝑙 at 
different times (see Appendix  D). The 𝛿𝑏,𝑡𝑏𝑙 is a measure of the intensity 
of the phase change mass flow rate (see Eq. (7)), which is shown in 
Fig.  15. At 𝑡 = 𝛥𝑡, 𝛿𝑏,𝑡𝑏𝑙 is thicker for slower depressurization rates: the 
amplitude of the phase change mass flow rate decreases for higher 𝛥𝑡
but has more time to act and therefore results in a higher bubble’s 
diameter 𝐷. On the other hand, if we observe during the diffusion-
controlled phase and compare the bubbles for a same time 𝑡 = 0.5 s
(i.e enough time after the depressurization ends) we observe that the 
bubble size tends to be slightly bigger for a faster depressurization. 
Indeed, since the 𝛥𝑡 is smaller, for a same 𝑡 overall the bubble spends 
more time in the maximum superheated liquid conditions, inducing the 
maximum of mass flow rate sooner. This explains why the radius is 
greater. However, as observed in Fig.  14, for 𝑡 → ∞, the impact of the 
𝛥𝑡 on the radius become negligible as the relative difference tends to 
zero. It is understandable since the same quantity of energy is involved, 
simply not on the same time-scale. Thus, for a time big enough, the final 
size of the bubble is almost only driven by the parameter 𝛥𝑝.

Note that it is possible to evaluate the diffusion time 𝑡dif f : it is 
defined as the end of the transition region when the growth of the 
9 
Fig. 15. Thickness 𝛿𝑏,𝑡𝑏𝑙 of the bubble’s thermal boundary layer for different 𝛥𝑝 and 𝛥𝑡
against time.

Fig. 16. Reach of the diffusion-controlled growth.

bubble becomes proportional to 
√

𝑡 meaning that the diffusion-controlled
growth has been reached and that the influence of the initial expansion-
controlled growth starts to be negligible. The time 𝑡dif f , defined in this 
work as the time 𝑡 when 𝜕𝑅∕

√

𝑡
𝜕𝑡

= 0 for 𝑡 > 𝛥𝑡, is shown in Fig.  16 for 
the four simulations (see Appendix  E for the exact evaluation method 
used). For all the cases the diffusion-controlled regime is reached before 
the end of the simulation and appears to be only slightly dependent on 
𝛥𝑝. On the other hand 𝑡𝑑𝑖𝑓𝑓  increases with 𝛥𝑡 but the ratio 𝑡𝑑𝑖𝑓𝑓∕𝛥𝑡
is reduced for higher 𝛥𝑡. Therefore, both 𝛥𝑝 and 𝛥𝑡 are important 
parameters in the following section that aims at extracting models for 
the diameter evolution in time.

4.2. Impact of compressible effects on the expansion-controlled growth

In the expansion-controlled growth, the bubble grows for two rea-
sons: the density decrease because of the depressurization and because 
of phase change is occurring. It is of interest to quantify the relative 
importance of the density decrease and phase change over the bubble 
growth in this phase: this will provide an indication on the importance 
of accounting for compressible effects in the simulations of bubble 
cavitation at the wall. If the flow is incompressible, the bubble volume 
variation 𝛥𝑣𝐼,𝑃𝐶 induced by the depressurization is solely induced by 
phase change: 

𝛥𝑣𝐼,𝑃𝐶 = 𝛥𝑚
𝜌0

=
𝑚𝑓 − 𝑚0

𝜌0
, (19)

with 

𝛥𝑚 = 𝑚𝑓 − 𝑚0 =
𝛥𝑡
𝑚̇𝑑𝑡 , (20)
∫0
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where vapor density is constant and equal to the initial saturation 
conditions 𝜌0, and 𝑚0 and 𝑚𝑓  are the vapor masses at the beginning 
and at the end of the depressurization.

On the other hand, for a compressible flow, the volume variation 
𝛥𝑣𝐶 will be induced both by the density variation and by the vapor 
mass variation: 
𝛥𝑣𝐶 =

𝑚𝑓

𝜌𝑓
−

𝑚0
𝜌0

, (21)

𝛥𝑣𝐶 can be further decomposed in three distinct parts as proposed in 
Eq. (22)–(23):

𝛥𝑣𝐶 = 𝛥𝑚
𝜌0

+𝛥𝑚
(

1
𝜌𝑓

− 1
𝜌0

)

+ 𝑚0

(

1
𝜌𝑓

− 1
𝜌0

)

(22)

𝛥𝑣𝐶 = 𝛥𝑣𝐼,𝑃𝐶 + 𝛥𝑣𝐶,𝑃𝐶 + 𝛥𝑣𝐶,𝐸 (23)

Defining 𝛥𝑣𝐶,𝐸 and 𝛥𝑣𝐶,𝑃𝐶 as:

𝛥𝑣𝐶,𝑃𝐶 = 𝛥𝑚
(

1
𝜌𝑓

− 1
𝜌0

)

, (24)

𝛥𝑣𝐶,𝐸 = 𝑚0

(

1
𝜌𝑓

− 1
𝜌0

)

. (25)

This shows that the 𝛥𝑣𝐶 can be decomposed in several terms. A 
variation of volume induced by incompressible phase change 𝛥𝑣𝐼,𝑃𝐶
(that means for a constant density of the vapor) plus two contributions 
associated to compressible effects. The first one is 𝛥𝑣𝐶,𝐸 , the volume 
variation induced by the expansion i.e by the density variation induced 
by the variation of pressure. The second one is 𝛥𝑣𝐶,𝑃𝐶 , the gain of vol-
ume induced by compressible phase change, i.e phase change while 𝜌 is 
changing. Note that 𝛥𝑣𝐶,𝑃𝐶 and 𝛥𝑣𝐶,𝐸 are both strictly positive values 
for an expansion. This implies that the volume variation accounting for 
compressible effects is larger than the one for an incompressible flow 
𝛥𝑣𝐶 > 𝛥𝑣𝐼,𝑃𝐶 .

The bar chart Fig.  17 illustrates the three contributions 𝛥𝑣𝐶,𝐸 , 
𝛥𝑣𝐼,𝑃𝐶 and 𝛥𝑣𝐶,𝑃𝐶 for the four simulations under analysis, for the
expansion-controlled growth (corresponding to Fig. (13.a)). It appears 
that 𝛥𝑣𝐶 increases with 𝛥𝑝 and 𝛥𝑡 as previously discussed. Looking 
into the different contributions, it appears that 𝛥𝑣𝐶,𝐸 only depends 
on 𝛥𝑝, which is consistent with the fact that this contribution only 
depends on the variation of the density which follows instantaneously 
the variation of pressure in the vessel. On the other hand, the volume 
variation induced by phase change increases with 𝛥𝑡. In particular it 
is interesting to note that 𝛥𝑣𝐶,𝑃𝐶 , the contribution associated with 
the compressible phase change, becomes more important for higher 
𝛥𝑝. Quantitatively, the gain of volume resulting from the compressible 
effects, 𝛥𝑣𝐶,𝐸 + 𝛥𝑣𝐶,𝑃𝐶 at the end of depressurization accounts for 
approximately 10 to 20% of the total volume variation 𝛥𝑣𝐶 , indicating 
that this contribution is indeed significant and has to be taken into 
account. An important result of this analysis is that 99% of total volume 
variation 𝛥𝑣𝐶 is attributed to phase change 𝛥𝑣𝐼,𝑃𝐶 + 𝛥𝑣𝐶,𝑃𝐶 , and the 
expansion only has a minor contribution in the bubble growth 𝛥𝑣𝐶,𝐸
(around 1%). This highlights the importance of accurately describing 
phase change when modeling cavitation in cryogenic fluids.

4.3. Wall heat transfer

Pool cavitation at the wall is similar to some extent to nucle-
ate boiling in a superheated liquid, at least in the diffusion-controlled
growth. The simulations of the experimental test case as well as the 
four simulations under investigation in this section show that, even for 
a wetting fluid, an apparent contact angle around 25◦ is established 
because of the effect of the nano-region. It was qualitatively observed 
that this has an impact on the solid wall temperature. The aim of the 
10 
Fig. 17. Gain of volume at the end of the expansion split into the three contributions.

present section is to quantify the impact of the bubble over the wall 
heat transfer.

The integral heat flux 𝑄 is defined by the following equation: 

𝑄 = 2𝜋 ∫

𝑙𝑥

0
𝑞(𝑟) 𝑟 𝑑𝑟 , (26)

where 𝑞(𝑟) is the local radial specific wall heat flux (in W/m2). The 
absolute value of 𝑄 is reported in Fig.  18 for the four simulations as a 
function of 𝑡. It starts from a zero value for 𝑡 = 0 s as expected since the 
fluid and the wall are at the same temperature in the initial condition. 
During the expansion, 𝑇sat decreases and therefore the wall is cooled 
down by the bubble. It appears that the higher the 𝛥𝑝, the higher the 𝑄, 
in agreement with the observed behavior of the bubble growth which 
is greater for higher 𝛥𝑝. The influence of the 𝛥𝑡 is also visible in the
expansion-controlled growth. For longer expansions, the bubble grows 
more and so does the 𝑄 extracted from the wall.

In order to separate the effects of the bubble growth and the effect 
of the heat transfer efficiency, we can define a Nusselt number with the 
following equation: 

Nu =
𝑞𝑤
𝑞𝑤,0

. (27)

The numerator 𝑞𝑤 is the equivalent specific heat flux over a reference 
circular surface of radius 𝑅 considered as the influence surface of the 
bubble: 
𝑞𝑤 = 𝑄

𝜋𝑅2
. (28)

The reference heat flux 𝑞𝑤,0, i.e. the denominator in Eq. (27), can be in-
terpreted as the specific heat flux we would have over the same surface 
𝑆 by pure conduction because of a temperature varying between 𝑇sat,0
at the wall and 𝑇sat,𝑓  in the liquid out of a boundary layer of thickness 
𝑅: 

𝑞𝑤,0 =
𝑘𝑙(𝑇sat,0 − 𝑇sat,𝑓 )

𝑅
. (29)

Combining Eqs. (28) and (29) the following Nu number definition is 
obtained: 
Nu = 𝑄

𝜋𝑅𝑘𝑙(𝑇sat,0 − 𝑇sat,𝑓 )
. (30)

Note that if there is no bubble, 𝑄 = 0 and therefore the definition of the 
denominator of Eq. (27) cannot be the heat flux we would have without 
a bubble (as usually done for the definition of the Nusselt number for 
nucleate boiling, see for instance [32]). The evolution of Nu versus time 
is shown in Fig.  19 for the four simulations.

Nu = 0 for 𝑡 = 0 s because 𝑄 = 0. Then, as the expansion starts, 
Nu increases because there is a decrease of 𝑇sat and the wall is cooled 
down. Also the bubble radius increases, and eventually Nu reaches 
a maximum value before the end of the expansion. Then, Nu tends 
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Fig. 18. Evolution of the integrated heat flux over time.

Fig. 19. Evolution of the Nusselt number over time.

to a constant value in the diffusion-controlled region where both 𝑄
(numerator) and 𝑅 (denominator) are proportional to 

√

𝑡.
It is of interest to compare the energy extracted from the wall 𝐸𝑄

(the time integrated 𝑄), with respect to the energy used for liquid vapor 
phase change 𝐸𝑃𝐶 :

𝐸𝑃𝐶 = ∫

𝑡=0.6s

𝑡=0.0s

𝑚̇(𝑡)
ℎ𝑙𝑣

𝑑𝑡 , (31)

𝐸𝑄 = ∫

𝑡=0.6s

𝑡=0.0s
𝑄(𝑡)𝑑𝑡 . (32)

The ratios 𝐸𝑟 = 𝐸𝑄∕𝐸𝑃𝐶 obtained for the four simulations are reported 
in Table  4. In agreement with the observations made in Section 4.1, 
𝐸𝑃𝐶 is higher for a higher depressurization amplitude, and is only 
slightly affected by the depressurization rate. The energy ratio 𝐸𝑟 varies 
from 18% to 27%. These ratios are quite important and show that the 
interaction between the wall heat transfer and bubble cavitation is not 
negligible. It also appears that 𝐸𝑟 decreases for higher depressurization 
amplitudes. This can be explained by the fact that a higher depressur-
ization implies a larger bubble and, therefore, more surface exchange 
between the vapor and the liquid for a similar dry surface.

5. Conclusion

A direct numerical solver for compressible flows, including phase 
change, has been employed to simulate a single bubble at the wall dur-
ing a cavitation process in microgravity, i.e pool cavitation. This solver 
11 
Table 4
Comparison between the energy used for phase change 𝐸𝑃𝐶 and energy associated with 
the heat transferred from the solid wall to the fluid 𝐸𝑄.

 𝜖p[%] 𝛥t [ms] 𝐸𝑄 [mJ] 𝐸𝑃𝐶 [mJ] 𝐸𝑟 [%] 
 5 50 3.31 12.5 26  
 200 2.88 10.3 27  
 25 50 22.1 116 18  
 200 18.2 93.4 19  

incorporates a nano-region model at the contact line and conjugate heat 
transfer at the wall. It has been validated against experimental data, 
demonstrating its reliability. It was known that the nano-region plays a 
critical role in the nucleate boiling process, and the present work shows 
that it is also the case in the cavitation process for wettable fluids. 
Indeed the nano-region significantly modifies the apparent contact an-
gle and therefore the dry surface underneath the bubble. Consequently, 
this has a substantial impact on wall heat transfer. The present results 
emphasize that this effect cannot be neglected in accurate modeling.

The study of bubble’s growth during the process has identified 
three distinct growth phases: an expansion-controlled phase, a diffusion-
controlled growth phase and a transition phase between the two. The 
bubble growths as the square root of time, typical of boiling in a 
superheated liquid, during the diffusion controlled phase. On the other 
hand, the bubble growth and associated wall heat transfer are very 
different in the first two phases. In particular, it has been shown 
that during the expansion phase, compressible and variable density 
effects cannot be neglected, contributing up 20% on the total volume 
change. The results also demonstrated that wall heat transfer plays an 
important role in bubble cavitation at the wall, in particular for low 
depressurization amplitudes.

Future works will aim at extending the present work to different 
cryogenic fluids and different operating conditions in order to eventu-
ally deduce generalized models for the bubble growth and associated 
wall heat transfer.
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Table 5
Deviation between thermodynamics properties at saturation conditions for 𝑇  between 
100 and 120 K computed with different cubic EoS and the NIST.
 [%] PTV VDW PR SRK  
 𝑟 ∝ 𝜌−1∕3𝑣 3.5 −33.5 −0.1 1.0  
 𝜌𝑙 6.8 −31.4 12.4 −0.4 
 𝑝sat −9.1 220 0.7 −2.4 
 ℎ𝑙,𝑣 2.9 −41.1 −1.4 1.1  

Fig. 20. Example of bubble detection with the presented algorithm.

Appendix A. Cubic EoS benchmark for pure methane

Among the different cubic EoS, the Soave Ridge Kwong (SRK) has 
been selected to conduct the present study because of its accuracy in 
reproducing the thermodynamics properties of methane in the condi-
tions of the experiments conducted in [13]. In Table  5 a comparison 
between SRK and the NIST database [66] is shown for four properties 
at saturation conditions on a temperature range [100:120] K: 𝜌𝑣, 𝜌𝑙, 𝑝sat
and ℎ𝑙𝑣. The differences for all the properties are smaller than 2.5%. 
Other cubic EoS are also shown for comparison: Patel-Teja-Valderrama 
(PTV), Van der Waals (VDW) and Peng and Robinson (PR) [45].

Appendix B. Apparent contact angle evaluation from experimen-
tal data

In the present work, experimental data available in [13] have been 
used to extract the apparent contact angle 𝜃𝑎𝑝𝑝 versus time. This has 
been done using OpenCV image recognition library using the images 
available in [13]. An example of the bubble detection is given in Fig.  20 
and an example of the 𝜃app is given in Fig.  21. The bubble is considered 
a perfect circle of radius 𝑅 and therefore detected using HoughCircles. 
The tube is detected with a combination between Canny, to detect 
edges, and HoughLinesP, to detect the lines within the edges. The 
contact angle is determined by computing the distance 𝑙c between the 
two points of the circle that cross the tube line: 

𝜃app = sin−1
(

𝑙c
2𝑅

)

. (33)

Note that only about 40% of the frames were usable by the algo-
rithm over the different experiments, notably all frames before 0.16s
are considered unusable since the bubble is too small.

Appendix C. Nusselt number correlation for natural convection 
over a horizontal cylinder.

The following Nusselt number correlation from Kuehn and Gold-
stein [65] is considered:

Nu𝑡𝑏𝑙 =
2

ln
[

1 + 2
] (34)
Nu𝑡𝑏𝑙,0

12 
Fig. 21. Measured contact angle by the algorithm during growth of the bubble from 
the available experiments.

Nu𝑡𝑏𝑙,0 =
[

Nu15𝑡𝑏𝑙,𝑎 + Nu15𝑡𝑏𝑙,𝑏
]1∕15

(35)

Nu𝑡𝑏𝑙,𝑎 = 0.518Ra1∕4
[

1 +
(0.559

Pr

)3∕5]−5∕12
(36)

Nu𝑡𝑏𝑙,0𝑏 = 0.1Ra1∕3 (37)

with Rayleigh, Ra, and Prandtl, Pr, numbers defined as:

Ra =
𝑔𝛽𝑙𝛥𝑇𝐷tube

𝜈𝑙𝛼𝑙
, (38)

Pr =
𝜈𝑙
𝛼𝑙

. (39)

with 𝑔 = 9.81  m/s2 the gravity acceleration at sea level, 𝜈𝑙 the 
kinematic viscosity, 𝛼𝑙 the thermal diffusivity, and 𝛽𝑙 thermal expansion 
coefficient. When using this correlation in Section 3 the thermodynamic 
and thermophysical properties are evaluated in saturation conditions at 
the initial pressure 𝑝sat,0 = 1.404 bar. Therefore, the following values 
for the properties are obtained using the SRK EoS and the thermo-
physical properties reported as follow: 𝑐𝑝,𝑙(𝑝sat,0) = 3522.8 J g−1 K−1 , 
𝜌𝑙 = 413.7 kg m−3 and 𝛽𝑙 = 3.33 10−9K−1.

Appendix D. Bubble’s thermal boundary layer thickness

In order to compute the thermal boundary layer thickness around 
the bubble 𝛿𝑏, the radial evolution of the temperature 𝑇 (𝑥) across the 
center of the bubble is extracted. The dimensionless temperature profile 
𝑇̄ (𝑟) is computed as: 

𝑇̄ (𝑥) =
𝑇 (𝑥) − min 𝑇

max 𝑇 − min 𝑇
(40)

with max 𝑇 = 𝑇sat,0. 𝛿𝑏 is defined as the distance between the interface 
and the radial position where the temperature reaches the initial 𝑇sat,0
using the following criteria: 𝑇̄ > (1 − 𝜖) with 𝜖 = 10−3 (see an example 
in Fig.  22 for two different depressurization rate and amplitude).

Appendix E. Evaluation of the starting time for the diffusion con-
trolled phase 𝒕𝒅𝒊𝒇𝒇

In order to compute the diffusion time 𝑡dif f , the following dimen-
sionless parameter is defined: 

𝑅̄dif f =
𝑅dif f − min 𝑅dif f

max 𝑅dif f − min 𝑅dif f
(41)

with 𝑅̄dif f  of 𝑅dif f =
𝜕𝑅∕

√

𝑡
𝜕𝑡

. For 𝑡 > 𝛥𝑡, the starting time 𝑡dif f  for the
diffusion-controlled regime is defined as the time 𝑡 for which 𝑅̄dif f < 𝜀
with 𝜀 = 10−3.
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Fig. 22. Dimensionless temperature profile for four different simulations for a same 
time 𝑡 = 0.5 s.

Data availability

Data will be made available on request.
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