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ABSTRACT
Thermal energy storage (TES) has recently gained significant

attention. The current extensive use of fossil fuel endangers the
environment, what implies the necessity of substituting it for
the use of renewable energies. However, many renewable en-
ergies cannot be produced on demand. Energy needs to be used
when produced or, alternatively, stored until it is needed. Among
the different TES technologies, phase change materials (PCMs)
have been used in the thermal storage of solar energy. However,
PCMs, which change phase to solid when discharged, present
a high thermal resistance in solid state, limiting the rate of dis-
charge of energy. One way to overcome this problem is the use
of active heat transfer enhancement techniques, which consist of
the elimination of the solid layer of the PCM created on the heat
exchange surface. Therefore, scraped surface heat exchangers
(SSHE) represent a promising technology for latent thermal en-
ergy store (LTES), which can then be released to a heat transport
fluid. In SSHE, power and energy release can be controlled by
varying the scraping velocity.

This works presents a study of the flow dynamics of a SSHE in
order to characterize the system under different scraping regimes.
Particle Image Velocimetry (PIV) and numerical simulation are
used to characterize the flow pattern inside the heat exchanger.

The device consist of a PCM tank where energy is stored.
Around the PCM tank, water flows through an annular space.
This water is used as heat transport fluid which will charge or
discharge the PCM used for thermal storage. Inside the PCM
tank, a rotating scraper has been installed, in order to remove
the solid layer which is formed in the heat exchanger surface
in the discharge process. This study focuses on the flow effect
produced by the rotating blade in the flow for different working
regimes.

INTRODUCTION
The economic development has led to higher demands for en-

ergy supply in the world. For that reason, the uses of renew-
able energies, have experienced significant growth in the last
years [9]. Because of the intermittency of renewable energies,
the development of thermal energy storage technologies (Ther-

NOMENCLATURE

g gravity acceleration
p Pressure
t Time
u Drag velocity
v Absolute fluid velocity
vr Relative fluid velocity
v∗r Dimensionless relative fluid velocity
k Turbulent kinetic energy
x Position
Γφ the diffusion of φ

Gφ, Yφ terms for production and dissipation of φ

Dω cross diffusion term

Special characters
ρ Fluid density
Ω Scraper rotational velocity
µt Turbulent viscosity
ω Turbulent dissipation ratio
φ, φ′ Mean and fluctuating components of a fluid variable
Re Reynolds number
Ta Taylor number

Subscripts
i, j, k, Coordinate system directions
N Nominal
r Relative
tip At the tip of the scraping blade
φ Generic fluid magnitude

mal Energy Storage, TES) has been given much attention. To
that aim, Phase Change Materials (PCM) result in an attractive
solution, as they provide high density energy storage.

However, heat transfer processes with PCM usually present
two serious drawbacks: a low thermal conductivity and the solid-
ification of the PCM at the heat transfer surface, when the system
is discharged, which causes a dramatic drop of heat transfer rates.
To overcome this, heat transfer enhancement techniques are re-
quired [10]. They can be classified into two general categories:
active and passive heat enhancement methods [4]. The advan-
tage of active techniques which scrape the heat transfer surface
is obvious, as they remove the solidified PCM from the surface
and, thus, they maintain a higher heat transfer rate. Furthermore,
usually the movement increases the convection effect, producing
a further enhancement. Such techniques have been successfully
used for ice slurry production and fouling removal in food pro-



duction, where considerable enhancements have been reported
[11; 5; 12]. However, there are very few studies on its suitability
for PCM applications.

Maruoka et al. [13] tested a rotative heat exchanger with an
inorganic PCM and demonstrated the relation between rotation
velocity and heat release. The experiments showed a six times
increase in the heat release rate compared to no rotation mode.
The heat release was accelerated in the rotation mode, up to 80%
of latent heat was released in a short period (15 min). In contrast,
the system with no scraping was only capable of extracting 50%
of total latent heat after 4 h. Nepustil et al. [14] designed a novel
plate heat exchanger for PCM where the heat transfer surface
was scraped by linear action. Tombrink et al. [21] studied ex-
perimentally a rotating drum heat exchanger for LTES where the
heat transfer walls were continuously scraped in order to min-
imize the layer thickness of the solidified PCM and maximize
heat transfer. In that way, the authors were also able to control
the thermal power output. Although their prototype was tested
with a low melting point fatty acid (decanoic acid), a new ex-
perimental test rig for high-temperature applications is being de-
veloped. The future experimental research will be supported by
their numerical model [20].

Regarding the existing flow patterns in rotatory SSHEs, Trom-
melen et al. [22] and Härröd [7; 8] studied the influence of the
operating conditions of the rotor in the flow. Both conducted
experimental studies concluding the internal flow was either a
laminar shear flow (Couette flow) or a flow with large toroidal
vortices formed in pairs with opposite directions known as Tay-
lor vortices. With increasing rotating speed, the stationary vor-
tices tend to disappear, and the flow pattern becomes fully turbu-
lent [6; 15; 16]. A more detailed study on the velocity field was
conducted by Baccar et al. [2; 3]. They performed numerical
simulations observing the stagnation of the flow right after the
scraper blade. These results agree with the CFD simulations of
Stranzinger et al. [17; 18], Yataghene et al. [23; 24] and Sun et
al. [19].

In this work, the flow field produced by a rotating scraper in a
scraped surface heat exchanger prototype for heat energy storage
is analysed. Using Paraffin RT44HC PCM as working fluid, a
numerical study has been carried out for different working condi-
tions. Furthermore, an experimental setup has been built to sup-
port the conclusions of the model and preliminary experimental
results are presented as well. The results of heat release rate un-
der the different conditions show the great potential of the SSHE
with PCM for different applications.

————————————-

EXPERIMENTAL SETUP AND PROCEDURE
This section describes the device under study, the experimen-

tal facility and the methodology which has been employed.
As stated before, a prototype has been designed to serve as a

high density energy storage. The device is shown in Figure 1,
and it mainly consists of two concentric tanks with a rotating
surface scraper installed in the inner tank. The scraper has six
arms as shown in the figure. The inner tank is filled with PCM

and water flows through the annular space between tanks, serving
as heat transfer fluid (HTM). The HTM can be used to charge or
discharge the device.
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Figure 1. Energy storage device and experimental set-up.

Particle Image Velocimetry (PIV) has been used to obtain the
flow pattern of the liquid PCM in a horizontal plane located at
666 mm from the bottom of the tank (being the tank 1 m high)
in isothermal conditions. The flow is illuminated by a horizontal
laser light sheet produced by a 808 nm Oxford Laser. The laser
(1) is able to illuminate the fluid through two aligned windows
(2) on the tank wall. Besides, the flow is seeded with 50 µm
polyamide particles. A third window (3) in the tank top allows a
high speed Motion Scope M3 camera (4) to capture two consec-
utive pictures of the illuminated particles when triggered. It is
triggered by a photoelectric sensor, which detects the scraper. In
this way, pictures pairs are taken at the same instant of consec-
utive cycles. Thus, the flow pattern is obtained by applying the
PIV algorithm for 30 pairs of images.

NUMERICAL METHOD
The numerical simulations will be performed by applying the

Computational Fluid Dynamics (CFD) to the fluid problem in-
side the SSHE. To that aim, Fluent 17.1.0 will be used. The en-
ergy balance is decoupled from the fluid mechanics of the flow
because of the isothermal conditions, avoiding the need to solve
the energy equation. Equations 1 and 2 show the expressions
for the conservation laws of mass and momentum, respectively,



particularized for the case of an incompressible fluid.

∇⃗v = 0 (1)

d
dt
(ρ⃗v)+∇(ρ⃗v⃗v) =−∇p+µ∇

2⃗v+ v⃗+ ρ⃗g (2)

The Moving Reference Frame (MRF) method is used for sim-
ulating the rotation of the scraper, because of its lower computa-
tional cost when compared to the Sliding Mesh method, and its
extended use among the researchers studying SSHEs using CFD.
The application of a pure rotating reference frame to the problem
leads to a definition of the relative velocity vr of the flow seen
from this reference frame as the combination of the absolute ve-
locity of the fluid and the rotating speed of the reference frame.
Equations 3 and 4 show the expressions defining the relationship
between both reference frames.

v⃗r = v⃗− u⃗ (3)

u⃗ = Ω⃗× r⃗ (4)

The governing equations of the system can be written now
considering the rotating reference frame by substituting the ab-
solute velocity for relative velocity, obtaining the equations 5
and 6. Note that two terms are added to the momentum equation:
the Coriolis acceleration 2Ω⃗× v⃗r and the centripetal acceleration
Ω⃗× Ω⃗× r⃗.

∇⃗vr = 0 (5)

d
dt
(ρ⃗vr)+∇(ρ⃗vr⃗vr)=−∇p+µ∇

2⃗vr+ ρ⃗g−ρ(2Ω⃗× r⃗+Ω⃗×Ω⃗× r⃗)
(6)

Regarding the turbulence modeling of the flow, it is assumed
that the isothermal monophasic flow of the PCM would be domi-
nated by the rotation of the scraper blades, leading to the pos-
sible formation of a secondary vortex flow. Hence, the k-ω
Shear Stress Transport (SST) model is proposed in order to prop-
erly simulate the flow. It is a Reynolds Average Navier-Stokes
(RANS) model which combines both the k-ε and k-ω models
through a bending function, taking advantage of the numerical
features for free flow and near wall regions respectively. This
model adds two additional transport equations for the calcula-
tion of the Reynolds stresses derived from the decomposition
of the fluid magnitudes into mean and fluctuating components
(φ = φ+φ′) as part of the Reynolds Averaging method. Consid-
ering a single component {i, j,k} of the velocity magnitude for

simplicity, equation 7 shows the term added to the momentum
equation 2 due to the turbulence model, which depends on the
turbulent kinetic energy k and the turbulent viscosity µt . In the
k-ω SST model, µt is obtained as a relationship between k and
the turbulent dissipation ratio ω.

−ρv′iv
′
j = µt

(
∂vi

∂x j
+

∂v j

∂xi

)
− 2

3

(
ρk+µt

∂vk

∂xk

)
δi j (7)

Equations 8 and 9 present the additional transport equations,
where Γφ is the diffusion of φ; Gφ and Yφ are the terms for pro-
duction and dissipation of φ; and Dω is the cross diffusion term
added to the transport equation of ω as a result of merging k-ε
and k-ω models.The authors refer to the available information in
the Fluent Theory Guide [1] for further details about the imple-
mentation of the k-ω SST model.

∂

∂t
(ρk)+

∂

∂xi
(ρkvi) =

∂

∂x j

(
Γk

∂k
∂x j

)
+Gk −Yk (8)

∂

∂t
(ρω)+

∂

∂xi
(ρωvi) =

∂

∂x j

(
Γω

∂ω

∂x j

)
+Gω −Yω +Dω (9)

The computational domain is discretized with an unstructured
3D mesh developed from the fluid volume created by subtraction
of the computational-aided design (CAD) model of the SSHE.
The lack of axisymmetry due to the distribution of the scraper
blades and the effect of gravity along the height of the SSHE
force to treat the problem as three-dimensional. It is not possible
either to use a periodic control volume. In order to mitigate the
expensive computational cost expected from these simulations,
the existing gap between the blade tip and the containment shell
is neglected, giving the fact that the scope of this work concerns
the study of the flow pattern and velocity fields in the SSHE from
a macroscopic standpoint. Furthermore, the high computational
cost limits the density of the mesh. Hence, a mesh comprised of
10.5 million elements will be used for the simulations after ver-
ifying the relative error on velocity magnitude relies on around
10% for the primary flow when compared to finer meshes, show-
ing good agreement in the contour shapes. However, it won’t be
possible to study in detail the secondary flows because the mesh
is not fine enough to properly capture the vortex formation.

With regard to the boundary conditions, a stationary non-
slip condition will be placed in all containment walls, while the
scraper will be a moving non-slip wall at rotating speed Ω , equal
to the rotating speed of the reference frame. Furthermore, al-
though the flow inside the SSHE should be periodic when con-
sidering the isothermal condition, transient simulations will be
performed with the intention of assessing the variation of the sec-
ondary flow over time.

For the spatial discretization of the governing equations, an
upwind second order scheme is selected for the calculation of



fluid magnitudes. The gradients are calculated by the least
squares method, and a second order temporal discretization is
also selected. The pressure-based solver is applied to solve
the linearized system of governing equations. For the pressure-
velocity coupling, the SIMPLE algorithm will be used.

RESULTS
Numerical simulations

In order to characterize the flow pattern inside the SSHE,
numerical simulations are conducted for the nominal rotating
speed ΩN = 7.46 rpm (Rer = 1.6 · 104, Ta = 1228) as well as
for other two proportional rotating speeds: 0.5ΩN (Rer = 8 ·103,
Ta = 614) and 1.5ΩN (Rer = 2.4 · 104, Ta = 1842). The study
will be focused on the assessment of the relative velocity field for
different sections of the fluid volume, as the resulting contours
allow a better understanding of the flow pattern when compared
to the absolute reference frame. This is equivalent to consider
that the scraper remains still while the flow moves within the
domain, rotating clockwise around the shaft. In addition, the rel-
ative velocity is non-dimensionalized by the maximum velocity
(the velocity at the scraper tip utip) to be able to compare the re-
sults obtained from the simulations at different rotating speeds.
Equation 10 shows the expression for calculating the dimension-
less relative velocity v∗r .

v∗r =
vr

utip
=

vr

Ωrtip
(10)

Some general appreciations can be made based on the veloc-
ity field when operating at nominal speed. Figure 2 shows the
relative velocity field contours for different sections of the fluid
volume, focusing on the most representative areas: the middle
section of each module of blades (planes 2, 4 and 6), the tran-
sition area between the modules (planes 3 and 5) and the bot-
tom zone (plane 1). The similarities between the planes {2,4,6}
and {3,5} indicate the flow is dominated by the in-plane forces
derived from the rotation of the scraper, hence concluding the
effects of the gravity forces are negligible for the flow pattern
formation in the case of isothermal flow. Regarding the values
for the velocity field, the maximum relative velocities are lo-
cated on the lateral walls and equal to utip following the non-slip
condition, while the minimum values can be found in the area
surrounding the shaft also following the non-slip boundary con-
dition.

By observing the middle sections, it can be stated that the
flow inside the SSHE is predominantly laminar, as shown by
the concentric contours of velocity typical from the shear flows.
The flow near the container walls is accelerated by the scraper
blade, reaching velocities around 0.65utip. Once the flow de-
taches from the blade, it loses speed and the pressure drop gener-
ated at the back of the blade forces the formation of a roll-up vor-
tex, generating the secondary flow represented by the contours of
v∗r < 0.25. Although some kind of Taylor vortex seem to be form-
ing when observing longitudinal section planes at the back of the

blades, the lack of resolution of the mesh in the secondary flow
field area prevents us from conducting a detailed study. On the
other hand, the rest of the flow which is not directly affected by
the blades rotates at a much lower speed, forming a bulk volume
of v∗r < 0.25 around the shaft. In this region, the movement is
transmitted thanks to the variation on shear forces between the
zones rotating at different speeds.

Although the flow pattern is common for all sections, the for-
mation of the secondary flow varies depending on the area that
is considered. The secondary flow reaches its maximum exten-
sion at the middle section of the modules, while at the transition
zones between modules its existence is nearly negligible. Es-
pecial mention needs to be made for the bottom area where, in
addition to the blade secondary flow, another secondary flow is
generated from the bottom scraper.

The flow pattern observed for the operation at nominal ro-
tating speed is also present in the simulations conducted for
0.5ΩN and 1.5ΩN as shown in Figure 3. In fact, it can be af-
firmed the flow regimen inside the SSHE is the same for Ω ∈
[0.5ΩN ,1.5ΩN ]: a periodic laminar rotating flow with secondary
vortex flows at the back of the blades. It can be assumed that
a much lower rotating speed would be needed in order to see
the transition from fully laminar flow to the Taylor vortex flow.
However, there are slight alterations of the flow pattern derived
from the increase of rotating speed. The relevance of the inertial
forces increases over the viscous forces, reducing the magnitude
of the accelerated flow and increasing the velocity gradient from
the lateral wall to the low speed bulk volume surrounding the
shaft.

Preliminary Experimental results
This section shows the preliminary experimental results of the

inner tank flow field. Figure 4 shows the area downstream the
scraper, where a wake of high flow velocities is detected due to
the movement of the scraper. Besides, vortex formation is also
observed, in accordance with numerical results.

CONCLUSION
This work presents the experimental setup built to analyze the

flow pattern in a novel heat storage system. The system has been
built to obtain it by using PIV technique. From the numerical
simulations, it can be confirmed the flow inside the SSHE is pre-
dominantly laminar when operating at nominal speed. The flow
pattern is dominated by the in-plane forces derived from the rota-
tion of the blades, being the contribution of gravity forces negli-
gible. However, secondary flows appear at the back of the blades
due to the roll-up vortex formed after the accelerated flow de-
taches from the blades. It can also be stated that this flow pattern
remains unaltered for a wide operating range around the nominal
speed Ω ∈ [0.5ΩN ,1.5ΩN ].

The preliminary experimental results support the numerical
simulations. The experimental study will be carried out further
to fully validate the numerical model and provide additional in-
formation.

The conclusions obtained for the behavior of the internal flow



(a) Distribution of planes along the SSHE

(b) Plane 6 (821mm) (c) Plane 5 (656mm)

(d) Plane 4 (493mm) (e) Plane 3 (328mm)

(f) Plane 2 (193mm) (g) Plane 1 (20mm)

Figure 2. Contours of dimensionless relative velocity v∗r for
nominal rotating speed ΩN .

(a) Plane 5 (0.5ΩN ) (b) Plane 5 (1.5ΩN )

(c) Plane 4 (0.5ΩN ) (d) Plane 4 (1.5ΩN )

(e) Plane 1 (0.5ΩN ) (f) Plane 1 (1.5ΩN )

Figure 3. Contours of dimensionless relative velocity v∗r for
0.5ΩN and 1.5ΩN .

of the SSHE will have considerable value on the future optimiza-
tion of the heat transfer in the system.
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