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ABSTRACT

Various industrial configurations use Phase Change Materials (PCM) for the thermal management. Their use gener-

ates complex flows that must be studied and characterized to better understand the phase-change mechanisms and 

to help model development. In particular, the works considering large containers where turbulent effects are encoun-

tered are poorly addressed in the literature.

The present study proposes the experimental analysis of PCM flows with a simultaneous flow and energetic charac-

terization. Heat and mass transfer are analyzed in a large (0.4 meter) cubic volume undergoing various lateral temper-

ature conditions. 2-dimensional fields of velocities by a Particle Image Velocimetry (PIV) technique and temperature 

by thermocouples (TC) scanning and by Background Oriented Schlieren (BOS) are measured. The measurements 

methodology highlights the local transfer as reflected by the Nusselt number for the two latter techniques. The local 

Nusselt numbers are also integrated and compared to a global Nusselt assessed by the heat transfer through the hot 

wall regulating system.

In this study, the different techniques with their theoretical approaches and the experimental setup are described. The 

conditions and the conducted procedure of the tests are detailed. The results of local measurements for two particular 

temperature configurations are given. The global heat transfer and the global Nusselt number are also provided as 

a function of the Rayleigh number and the solid fraction. The results and the techniques are discussed. The results 

corresponding to various Rayleigh numbers form a database that is used to understand phenomena in large PCM 

containers and validate numerical models involving melting phenomena.

1. Introduction

The so-called Phase Change Material (PCM) are interesting substances from the energy-storage
viewpoint because of their high melting enthalpy. They have been studied for thermal manage-
ment purposes in different application fields: buildings, automotive, electronics (Jaguemont et al.,
2018; Agyenim et al., 2010; Sahoo et al., 2016; Souayfane et al., 2016; Rostami et al., 2020). The
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interest in PCM increases, thus pointing to the requirement to better characterize them from a fun-
damental viewpoint.

The literature provides some experimental characterization of melting PCM, in particular with
Particle Image Velocimetry (PIV) (Faden et al., 2019; Sun et al., 2021) in small containers. Unfor-
tunately, most reported descriptions point to the fluid velocity, with less attention to the interface
or the solid phase. Moreover, the experimental characterization is not exhaustive and considers
global parameters; only few local measurements are reported (Dhaidan & Khodadadi, 2015).

The present study aims at characterizing the flow of a melting Phase Change Material and propose
well-resolved measurements in a relatively wide container. The interesting physical parameters
are the temperature and the velocity. As the turbulence transition is reached, their variations are
also characterized. The idea is to better understand the onset of turbulence and the correlation
between the fluid dynamics and the temperature field. Three different techniques are employed:
Background Oriented Schlieren (BOS); Particle Image Velocimetry (PIV); thermocouples (TC) net-
work scanning.

2. Experimental apparatus

The experimental bench (Figure 1) considers a thermally managed volume: a cube of 0.4-meter
edge-length. Two vertical, opposite walls are temperature controlled by liquid circulation. Two
other walls are made of double-glass to allow for measurements. The two last faces of the cube
are thermally insulated. The flow is assumed to be two-dimensional, as sketched in the right part
of Figure 1. The chamber is filled with a commercial paraffin RT28HC (Rubitherm®), seeded with
rhodamine particles (Vestosint®). The particles are illuminated in the median plane by a 532 nm
ND-YAG laser. A laser sheet is formed from the upper surface through a lid groove. The BOS
apparatus includes a random-dots-pattern target, lighted by a white-light lamp placed behind the
scene. The front-face is reserved for imaging view with two cameras triggered to obtain the BOS
images between two PIV laser pulses. The scene passes through a dichroic mirror to keep the same
viewpoint for both camera. The chosen cutting frequency is 550 nm to minimize the laser reflection
and preserve the particles re-emission on the PIV images. Figure 2 shows the actual experimental
arrangement.

Due to the relative slowness of the flow, the acquisition is performed at 4 Hz. Statistics are com-
puted over 500 images. A six-thermocouples comb (Figure 2, right) fixed over a 2D mechanical
scanner monitors the whole median plane. The 2 extremities thermocouples are more sensitive
to allow measuring the temporal temperature variations. The TC scanning is performed after the
simultaneous BOS-PIV imaging. As one field dimension is wider than the scanner stroke, the TC
scanning is proceeded by two successive passes of medium height (170 mm). The total field is
then reconstructed by the two passes data. A maximum stroke pass (285 mm) is also recorded to
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check stitching issues. The probe position is kept 30 seconds for TC temperature stabilization, then
the measurement sequence lasts 30 seconds. Around 6 hours are needed to complete the whole
domain.
The best resolutions of the fields are 1.2, 1.3 and 2 mm for the PIV, BOS and TC scanning methods,
respectively. The PIV value corresponds to a 24 pixels interrogation window with 75% overlap
(200 µm/raw pixel). The BOS value corresponds to a 24 pixels interrogation window with 75%
overlap (210 µm/raw pixel). Raw BOS and PIV images have undergone the same PIV algorithm
by Davis® software. The 2 mm resolution corresponds to the tiniest difference between 2 vertical
profiles swept by the TC near the hot wall. In the rest of the field the resolution is around 10 mm.
Additionally, some supplementary measurements (flow rate and temperatures of the wall circula-
tion, calorimetry balance) are achieved to determine the global heat transfer.

Figure 1. Top view sketch of the experimental apparatus (left); Front (cameras) view representation of the cubic test
volume (right)

Figure 2. General view of the apparatus bench (left); Details of the 6 Thermocouples (TC) with sensitive high
sensitivity/response TC at the extremities; the whole comb probe inserted in liquid PCM (right)

To study different thermal regimes, corresponding to a range of Rayleigh numbers, various tem-
peratures Thot and Tcold conditions are set. Measurements are performed at steady state (principal
flow motion and solid/liquid interface) is steady. This stabilization was verified via the hot wall
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power indicator, and the time before the beginning of the measurement varied from at least 3 hours
(full liquid) to several days to ensure the stabilization of the solid-liquid interface.

3. Theoretical approach

3.1. BOS considerations

BOS technique is also known in the literature as Synthetic Schlieren and was initiated approxi-
mately at the same time by several authors (Dalziel et al., 2000; Meier, 2002; Raffel et al., 2000).
It has been relatively well developed since 2000 (Raffel, 2015; Settles & Hargather, 2017). The
principle is to capture the deformation of the light rays going through a refractive medium. The
deformation displacement εx of an image is proportional to the refractive index gradient n of the
medium. The equations vary from one source to another, but the relationship can be expressed as
(Jensen et al., 2005)

∂n

∂x
= Cst.εx. (1)

As the observed volume is large, the assumption of parallel rays is most likely not valid over the
whole domain. Moreover, placing the camera at a position following the moving interface is hard,
while the Schlieren techniques are sensitive to optical alignments. The BOS visualization is consid-
ered only on the hot wall and in only 1D. It allows the characterization of the heat transfer at the
wall for all interface configurations. Along the wall, 1Dimensional temperature field is considered
as the vertical y gradients are small compared to horizontal x gradients. So the refractive index
profiles along the X-axis can be determined thanks to Equation (1) on a line integral (Jensen et
al., 2005). The mathematical development of the equations leads to an explicit formulation, with a
Dirichlet boundary condition away from the wall

n(x) = n0 +

∫ xW

x0

dn

dx
dx . (2)

n(x) = n0 +

∫ xW

x0

Cst .εx(x) · dx (3)

Where Cst =
2n0

Lz(Lz + zcube−target)
, (4)

n (x = x0) = nc

n(x+∆x) = n(x) + Cst.εx(x) ·∆x ,
(5)

Where xW and x0 are the X-axis position of the wall and far from the wall, n0 is the refractive
index far from the wall and ∆x is the integration step along x (BOS pixel), Lz and zcube−target are
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the test volume depth and the space between the cube and the target. Eventually, the temperature
is recomputed thanks to the Gladstone-Dale formula. In particular, the constants c1 and c2 in
Equation (6) are needed

TBOSGlad
(x) =

1

c1 · n(x) + c2
, (6)


c1 =

1
Tc

+ 1
TW

nc + nW

c2 =
1

TW

− c1 · nW .
(7)

The related constants are determined thanks to the thermocouples’ measurements. The calculation
of the coefficients for each integration line can be delicate and the issue is discussed in Section 4.1.

3.2. Thermal characterization with the Nusselt number

The Nusselt number provides a quantitative and qualitative assessment of the convective flows
near the wall. The dimensionless thermal gradient can locally express the Nusselt number

Nu =
dT ∗

dx∗

)
x∗=x∗

W

=
Ly

TWhot
− TWcold

· dT
dx

)
x=xW

, (8)

Where TWhot
and TWcold

are the hot and cold walls temperatures, Lz is the test volume height.
Depending on the considered technique, TC and BOS, local Nusselt numbers can be expressed as

NuTC =
Ly

TWhot
− TWcold

· dT
dx

)
x=xW

=
Ly

TWhot
− TWcold

· ∆TTC (x = xW )

∆xTC

, (9)


NuBOS =

Ly

TWhot
− TWcold

· dT
dn

· dn
dx

)
x=xW

=
Ly

TWhot
− TWcold

· dT
dn

· Cst. εx (x = xW )

NuBOSGlad
=

Ly

TWhot
− TWcold

· ∆TBOSGlad
(x = xW )

∆xBOSGlad

. (10)

The local Nusselt is point-dependent, therefore Y-dependent. In this study, the TC Nusselt is cal-
culated from the two closest grid verticals separated by 2 mm. As some temperature fields present
a discontinuity of gradient at the stitching region, the uncomplete but continuous gradient from
one pass is also analyzed. For the BOS Nusselt number, 2 assumptions are given: with a constant

temperature optical index dependence
dT

dn
, NuBOS is directly proportional to the displacement

at the wall; with the Gladstone-Dale assumption, by calculating NuBOSGlad
from the temperature

gradient obtained at the wall. In this study, for both methods, the maximum values (respectively
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displacement and temperature gradient) within the adjacent pixels of the x-line of the wall are
considered. The Global Nusselt number is the integral along the wall of each local Nu (where Ly

is the wall height taken as the characteristic length)

Numethod =

∫ Ly

y=0

Numethod (y) · dy . (11)

These integrated Nusselt numbers can be compared to the global Nusselt characterized by calorime-
try balance on the circulating water through the hot side wall. The hot wall Nusselt number Nuhot

is defined as the ratio of the effective power through the PCM Phot on the theoretical conductive
power through the same PCM Pcd. The liquid value of the PCM conductivity is considered for the
calculation. The hot power is corrected to consider the losses towards the cold wall outside the
PCM (glass and steel supports) and towards the ambient air. The thermal conductance value be-
tween the hot and cold wall through the support Gthsupport is assessed from the materials’ geometry
and thermal conductivities; the thermal conductance between the hot wall and the ambiance Gthext

is set to correspond to a zero hot power when Thot = Tcold wall. Therefore the Nuhot yields

Nuhot =
Phot

Pcd

(12)

Where

 Phot = Qvhotρcp (Tin − Tout)−Gthsupport (Thot − Tcoldwall)−Gthext (Thot − Text)

Pcd = GthPCM
(Thot − Tcoldwall) =

kl
PCMLyLz

Lx

(Thot − Tcoldwall)
(13)

Where Qvhot , Tin and Tout are the flowrate, the inlet and outlet temperatures of the circulation
through the hot wall, respectively.

3.3. Fluid flow regime characterization with the Rayleigh number

The natural convection fluid flows are commonly characterized by the dimensionless Rayleigh
number. It is expressed as the product of the Prandtl number and the Grashof number. The Grashof
number involves a buoyancy term β(T )(TW − Tcold) which raises an issue about the cold temper-
ature, where β is the coefficient of thermal expansion. As the dimensionless number characterize
the fluid flow, the cold temperature considered is restricted by the melting temperature

Tcold = max (Tcoldwall, Tm) . (14)

This cold temperature Tcold as well as the mean temperature T are used in the expression of the
following numbers
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Ra = Pr .Gr ,

Pr(T ) =
cp(T )ν(T )

kl
PCM(T )

,

Gr (Thot, Tcold, T ) = g
β(T ) (Thot − Tcold)

µ(T )2
∗ ρ(T )2L3

y ,

Where T =
Thot + Tcold

2
.

(15)

4. Results

4.1. Local measurements

The following results highlight the temperature and velocity fields for a particular temperature
configuration with a solid-liquid interface : Thot = 34.8 °C; Tcold = 11 °C. This configuration at
an intermediate Rayleigh number Ra and with a relatively high solid volume fraction was thus
chosen for the interest of the study. In particular, the interface tracking in the left cold side as well
as the characterization of heat transfer at the hot wall are shown. Heat transfer is characterized by
the Nusselt number, reflecting the global or local thermal efficiency.
Figure 3 shows the BOS raw displacement along the X-axis after the correlation processing. From
the raw images, each displacement profile was subtracted from its linear regression outside the
boundary layer to reduce the optical disturbances. The corrected field after linear correction is also
shown, as well as the refractive index field. The results for a field reconstruction close to the wall
are to be compared with the TC scanning method in Figure 4.

Figure 3. BOS 2D fields at hot wall: from raw displacement εx to n-index (Thot = 34.8 °C, Tcold = 11 °C)

Figures 5 and 6 show the velocity and temperature fields, for two different configurations for a
Rayleigh number of Ra = 3.1 108 and Ra = 9.0 108, respectively. In these figures the measured
variables only inside the relevant liquid domain is represented: a mask is applied for the velocity
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Figure 4. Temperature field comparison at hot wall: BOS 1D reconstruction Vs. TC scanning (Thot = 34.8 °C,
Tcold = 11 °C)

while the scanning TC can reveal only the intrinsic liquid temperature. In particular, the tempera-
ture range reduced to liquid limits permits to better visualize the thermal boundary layers at both
walls, contrary to the cases with solid reconstruction.

Figure 5. Velocity vector (PIV, left) and temperature fields (TC, right) fields for Ra = 3.1 108 (Thot = 34.8 °C,
Tcold = 11 °C)

As illustrated in Figures 5 and 6, the general flow presents two thin boundary layers (of a few
millimeters) at both sides: on the right hot wall and the left solid/liquid interface. The flow is
very slow in the central part but shows a temperature stratification, as visualized in both Figures 5
and 6. The zones of high gradients of temperature and velocity can be correlated, particularly at
the end of the boundary layer on the hot wall (upper-right corner). The top part effects are more
complicated to explain as these perturbations are partially due to natural convection and ambient
air passing through the lid groove.
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Figure 6. Velocity vector (PIV, left) and temperature fields (TC, right) fields for Ra = 9.0 108 (Thot = 47.5 °C,
Tcold = 8.9 °C)

The local Nusselt number representing the heat transfer along the hot wall is plotted for the dif-
ferent methods in Figure 7. Although the differences are significant, the trend is similar: as Y

increases, Nu first grows and further decays. The Nusselt number first rises as the boundary layer
expands (for increasing Y ), like in a classical boundary layer. The difference with the classical
boundary layer is that the ambient quasi-static fluid is not at constant temperature. Here, the am-
bient liquid is temperature-stratified. So, as the liquid rises in this layer, it encounters warmer and
warmer static liquid, and the temperature gradient decreases even if the unsteady effects are more
and more effective.

Figure 7. Comparison of local Nusselt number with TC and BOS methods (Thot = 34.8 °C, Tcold = 11 °C)
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4.2. Discussions on the measurement methods

The 2D field measurements present a few difficulties. First, the dimension of the boundary layers
(a few millimeters thick) compared to the dimensions of the domain (0.4 m) renders the general
accuracy complicated. To obtain the entire domain implies a relatively low resolution of the near-
interface flow.
To improve the general resolution, it was not chosen to add more imaging system as already two
cameras were used for this study. However, multiple points of view were firstly considered, under-
going a camera displacement. A four-quadrant camera motion was tested beforehand. Unfortu-
nately, there were at least three issues to this solution. There were image fitting inaccuracies during
the stitching process: a leap between images was remaining due to the even slight angle difference
between quadrant camera location. Also, only averaged fields are relevant: all the unsteady vari-
ations due to natural convection close to the free surface or the boundary layer turbulence were
impossible to be considered. Furthermore, repositioning the cameras to the quadrant change the
optical views and the results are very sensible to the camera location and tilt angle, in particular
the BOS via reference images. Also, the chosen methodology was already time and data consum-
ing.

The other difficulties of the measurements in this study, especially due to disturbing phenom-
ena close to the interfaces, are discussed in this section for each method.

The PIV inside a flow with interfaces is never trivial. Though they present a relatively differ-
ent density (around 200 kg/m3 difference), the reflection on the walls is greatly avoided by the
choice of the luminescent particles. The reflection/diffusion is then reasonably low for the two
vertical and the free surfaces, but still intense at the bottom wall: blur on PIV camera due to sed-
imented particles and risk of damaging reflection on BOS camera. To protect both cameras an
equivalent-2 mm-high line was hidden from the bottom field of view. The sedimentation causes
another important issue because the motion of the liquid is slow and long before the regime stabi-
lization. To guarantee a correct seeding, the liquid was mixed before every new configuration and
measurement have occurred between 2 hours (mixing aftereffects) and 36 hours (sedimentation).
One can notice that the PIV field of the Figure 5 does not let appear the complete boundary layer at
the lower part of the cold interface. This bias is due to the side effect on front and back glass walls.
Indeed as the solid layer is locally thicker close to the front wall, the boundary layer is hidden, all
the more so as the solid is thick. The high velocity flow is then only visible at the top of the cold
wall, where the solid shell is thinner. The lower the hot wall temperature is set, the higher this
phenomena occurs and the wider is the obstructed part of the field of view.

The thermocouples appear as a direct and robust measurement technique but present a few draw-
backs. Even chosen as a compromise between the probe response time and the comb stiffness, the
sunk scanning apparatus is invasive. The wide lengths of the scanned volume make it hard to be
very accurate on the whole domain position and the dimensions of the thermocouples welding are
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significant compared to the boundary layer. Furthermore, the positioning near the solid-liquid in-
terface is not deterministic as the TC probe is soft and not contact-sensitive. Near a fixed wall, the
position of the thermocouples can easily be programmed in the scan sequence while the position-
ing near the interface is visually set to be as close as possible without scratching during the probe
motion. With the presence of the interface, the thermocouples do not always get into contact and
the surrounding points are not as numerous so the boundary layer at the cold side is not resolved
as accurately as it is close to the hot wall (Figure 6). The scanning is also very time-consuming,
around 6 hours for each whole domain scan including 1 hour for the boundary layer pass.

The BOS method is completely non-invasive, but comprises two main difficulties: the optical sys-
tem configuration choice involving the deviation of the rays in the whole domain and the recon-
struction which is made hard because of the boundary conditions.
The former difficulty implies biases on the optical measurements. Firstly, the camera was posi-
tioned in the same plane as the hot wall, but it was changed after a few tests. Indeed the constant
in the Equation (4) assessed from (Jensen et al., 2005; Lipkin & Kurtz, 1941) was too low for the
method when the rays go through the whole boundary layer; the observed displacements were
too large to be detected. The camera was then placed as centered on the whole domain, which
represents a slight angle with the hot wall but a highly reduced effective crossing depth of the
boundary layer. The technique cannot render the thermal gradients very close to the wall (about 2
mm) because of this bias. As the boundary layer grows with the height location, this could explain
the very low gradient (and so local Nu) detected at the beginning of the profile (roughly below
100 mm). The BOS results with the first position are shown in the global results (Section 4.3) but
appear in black and are discarded from the correlations.
The latter difficulty is the boundary conditions especially for Gladstone-Dale method: the con-
stants c1 and c2 in Equation (7) can be discussed in regards with the instrumentation. From the
variables of the Equation Tc, TW , nc and nW , the hot wall temperature TW is well known and the
corresponding refractive index nW at the wall is considered constant at a value taken from litera-
ture (Lipkin & Kurtz, 1941). For the cold side, nc is calculated from the integral in Equation (6) for
each x-line; Tc can be differently fixed from TC measurements. The temperature relatively far from
the wall can be considered as the interpolation of the Y -axis vertical profile or its median value.
Hence, there are three possibilities for the calculation of the c1 and c2 Gladstone-Dale coefficients:

1. Same coefficients for all x-lines for one configuration (median Tc and median nc)

2. Different coefficients for each x-line, using median n (interpolated Tc and median nc)

3. Different coefficients for each x-line, using the calculated n (interpolated Tc and median nc)

For all assumptions, the temperature at the hot wall is then fixed, but only for assumption #3 the
temperature is fixed at both sides as boundary conditions. Figure 8 shows the results from the
three assumptions.
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Figure 8. Influence of the Gladstone-Dale constants for the temperature reconstruction (Thot = 34.8 °C, Tcold = 11 °C)

4.3. Global characterization

Different conditions with various wall temperature conditions have been tested. In total, mea-
surements were achieved on 56 steady state configurations. In this section the global transfer as
reflected by the global power and the Nusselt number values from Equation (11) are discussed.
The external conditions have slightly changed from the first to the last data series. The global heat
transfer with the ambient air has an influence on the global hot power, typically a few Watts. This
global external conductance Gthext from Equation (12) might lead to Nuhot trend quite different
especially at low Rayleigh number for which the convective power through PCM is low.

Figure 9. Global power at the hot wall Phot (left) and the resulting Nusselt number Nuhot for each dataset (right)
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Figure 10. Representations of the global Nusselt numbers as function of the Rayleigh number (top) and the solid
fraction (bottom)
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It is important to note that the low Rayleigh number data should be considered with caution as
the melting/solidification process close to the melting temperature is complex. It can present vari-
ations on the actual melting temperature with supercooling effect (typically 2 °C according to the
RT28HC supplier (Rubitherm GmbH, n.d.)) as can be seen on the Thot=29.5 °C batch on the Figure 9.
Indeed, the melting temperature taken for the calculation is 28 °C but the global power continues
to increase a lot below the theoretical melting temperature.

Figure 10 presents the summary of the global heat transfer characterization. The results appear as
function of the Rayleigh number and the solid volume fraction. The solid fraction was calculated in
the following results with the help of the TC scanning measurements: the interface was considered
as the extreme positions of the thermocouples for each configuration scan. The general trend of
the Nusselt number is not very clear according to the different methods. The primary dependence
factor is the Rayleigh Number. Considering the hot power and the BOS Gladstone methods, the
Nusselt number increases with the Rayleigh number. Considering the TC scanning and the BOS
direct methods, the trend is more uncertain. The dependence of the solid fraction is lower but the
effect is more clear: a slight increase in the Nusselt number when the solid fraction is increased.

5. Conclusions

We have described an experimental methodology adapted to Phase-Change Materials (PCM) to
obtain the temperature, velocity, and heat transfer as reflected by the Nusselt number. The com-
plex 2D two-phase flow represent a challenge for the experimental techniques. In particular, the
characterization highlights some biases at the vicinity of interfaces (solid-liquid and walls). More
accurate results could be obtained by focusing on a particular region of the domain. Our results
form a data set of steady state configurations with an extended Rayleigh range. The next part of
the study is to analyze some unsteady regimes with melting and solidifying flows. The formed
database could be used to comprehend phenomena in large PCM containers and validate numeri-
cal models. In particular, the results on phase-change and turbulent regime represent a rare exper-
imental matter that should help in this context.
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Nomenclature

Variables
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β Thermal expansion coefficient [1/°C]
cp Specific thermal capacity [J/(kg.°C)]
ϵ BOS displacement [m]
g Gravitational acceleration [kg/(m.s2)]
Gr Grashof number [-]
Gth Thermal conductance [W/°C]
k Thermal conductivity [W/(m.K)]
L PCM parallelepiped dimensions [m]
n Refractive index [-]
µ Dynamic viscosity [Pa.s]
ν Kinematic viscosity [m2/s]
Nu Nusselt number [-]
P Power [W]
Qv Volumic flow rate [m3/s]
Ra Rayleigh number [-]
ρ Density [kg/m3]
T Temperature [°C]
x Longitudinal coordinate [m]
y Vertical coordinate [m]
z Transversal/depth coordinate [m]

Abbreviations and subcripts

BOS Background Oriented Schlieren
c Cold side (wall or liquid)
cd Reference conduction
ext External (ambient)
Glad Gladstone-Dale (n(T ) law for BOS)
hot Hot wall
l Liquid
m Melting for temperature
PCM Phase Change Material
PIV Particle Image Veocimetry
s Solid
TC Thermocouple
W Wall
∗ Dimensionless
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