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ABSTRACT

In this work, a novel design of a real scale Scraped Surface Heat Exchanger (SSHE) for solar LTES has been
developed and experimentally tested. The main issue in PCM heat exchangers is the growth of a solid
layer at the heat transfer walls during the latent energy extraction/discharging, that lowers heat transfer.
The removal of the solidified PCM through scraping increases the heat transfer rate with nearly constant
heat flux. Those characteristics make it suitable for domestic hot water generation. Discharging tests
have been performed in scraping and no scraping modes (SM and nSM). The heat release rate in SM has
shown to be between two and three times higher than in nSM. Moreover, in SM there is a complete
extraction of the available latent energy (11.9 M]J) in a short period, compared to nSM. Additionally, a
performance comparison between the developed SSHE and those available in open literature has been
done. The results of heat release density (4 kW/m?) and overall heat transfer coefficient (1000 W/m?K)
have shown similar values, though the scraping mechanism, the rotational speed, the size and their
energy capacity are different. The developed design is an appropriate technology to increase the effi-
ciency in solar LTES.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction

The use of renewable energies for reducing carbon emissions is
experiencing important support in recent years. The programme
Horizon Europe [1] promotes an important increase in the use of
renewables for energy generation during the period 2021—-2027, to
reduce fossil fuel consumption [2]. With respect to global thermal
energy production, they are expected to account for 14% of the total
by 2030, according to the International Energy Agency's (IEA)
World Energy Outlook 2021 [3].

Solar energy is a common source of thermal energy production.
In this field, the use of Phase Change Materials (PCM) allows solving
the time delay between energy consumption and production. Thus,
the so-called Latent Thermal Energy Storage (LTES) systems are of
great interest in applications such as domestic hot water genera-
tion. Those systems use the phase change enthalpy of the PCM
alternatively for energy storage (melting) and energy release
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(solidification). In addition, the PCM can exchange sensible heat,
which results in a higher storage density with respect to conven-
tional systems.

Sharma et al. [4] developed new materials suitable for domestic
hot water production. Mazman et al. [5] successfully enhanced a
conventional solar domestic hot water tank by adding PCM at its
top. In the recent work by Abdelsalam et al. [6], they studied
numerically the effect of incorporating PCM into the core of a
conventional water tank integrated into solar domestic hot water
system.

Nevertheless, the integration of LTES systems in solar thermal
facilities still lacks some technological solutions that prevent their
technical and economic feasibility [7]. Namely, the reduction of the
thermal resistance between the PCM and the heat transfer fluid
(HTF) during both melting and solidification stages is yet an open
question.

Fig. 1 shows a scheme of the temperature profile at both sides of
the heat transfer wall. There are four thermal resistances involved
in the heat release from liquid PCM to HTF (liquid PCM boundary
layer, solid PCM layer, heat transfer wall and HTF boundary layer).
The PCM layer growths over time. Because those materials typically
present low values of thermal conductivity, the heat transfer
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Nomenclature

Heat transfer surface (m?)
Specific heat (kJ/kg-K)
Energy (J)

Thickness (m)

PCM mass

Mass flow rate (kg/s)

Heat release rate (W)

Heat release density (W/m?)
Temperature (K)

Time (s)

Overall heat transfer coefficient (W/m?K)

CSTHOQ3II MY >

Greek symbols

B Solid fraction

AE Energy difference (J)

AT Temperature difference (K)

A Enthalpy (J/kg)

Abbreviations

HTF Heat transfer fluid

LTES Latent Thermal Energy Storage
nSM No-Scraping Mode

PCM Phase Change Material

SSHE Scraped surface heat exchanger
SM Scraping Mode

Subscript

in inlet

1 Latent heat

losses thermal losses

out outlet

S Sensible heat

steel Heat exchanger steel structure

g Heat Transfer

*@‘ Wall
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Fig. 1. Temperature profile during PCM solidification.

resistance at the solid layer of PCM becomes dominant at low
thicknesses. For a typical heat transfer problem of LTES, the solid-
ified PCM layer clearly dominates the heat transfer resistance if it is
thicker than 1 mm [8].

Since conduction is the dominant heat transfer mechanism
during solidification, discharging times in PCM heat exchangers are
much longer than charging times [9]. To overcome this issue, many
authors have studied the effect of conventional passive heat
transfer enhancement techniques, such as the use of extended heat
transfer surfaces or the addition of high conductive materials/par-
ticles to increase the thermal conductivity of the PCM. Ibrahim et al.
[10] and later Al-Maghalseh and Mahkamov [11] carried out
extensive reviews about the topic. Stritih [12] and Rahimi et al. [13]
found that the extraction of heat could be effectively enhanced by
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adding fins to a given latent-heat storage unit.

On the other side, the European Association for Storage of En-
ergy (EASE) and the European Energy Research Alliance (EERA)
have recently identified, among the gaps in research in LTES sys-
tems, their inability to separate capacity and power, owing to the
passive heat exchange technologies employed up to date [14]. Their
roadmap towards 2030 on energy storage claims that research and
development on active heat exchangers with controllable heat
transfer power need to be undertaken in order to overcome this
limitation.

Several concepts of active heat exchangers have been devel-
oped: Tay et al. [15] and Gasia et al. [ 16] recirculated the PCM during
the melting process, which resulted in faster melting times. Zhang
and Niu [17] designed a microencapsulated PCM slurry thermal
storage device with a stirrer; their concept was further enhanced by
Delgado et al. [18] who reported an increase in the overall heat
transfer coefficient due to the agitation.

Zipf et al. [19] applied the concept of Screw Heat Exchanger
(SHE) for active latent heat storage to avoid the growth of solid PCM
layer. Pointner and Steinmann [20] developed a novel active latent
heat storage concept called PCM flux. They were capable of main-
taining a constant and controllable discharging heat flux through
the mechanical separation of the storage material from the heat
exchanger.

The Scraped Surfaces Heat Exchanger (SSHE) is a promising
technology for LTES systems. They provide a high heat transfer rate
with nearly constant heat flux and a great increase in flow-mixing.
It has been successfully used for ice slurry production [21—-23] and
food-processing [24], where considerable enhancements have been
reported However, there are very few studies on its suitability for
PCM applications.

Nepustil et al. [25] designed a novel plate heat exchanger for
PCM where the heat transfer surface was scraped by linear action,
in order to keep the solid layer of PCM to a constant thickness. They
obtained a nearly constant heat flux during the discharging process.

Maruoka et al. [26] developed a SSHE heat exchanger where the
rotation of a cylindrical tube against a fixed blade removed the solid
layer of PCM during the discharging process. They tested a range of
rotational speed 0—500 rpm, and found up to six times increase in
the heat release rate compared to the no rotation mode. The so-
lidification was accelerated in the rotation mode, up to 80% of the
available latent heat was released in a short period (15 min). In
contrast, the system with no scraping was only capable of
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extracting 50% of total latent heat after 4 h. They reported a
maximum overall heat transfer coefficient of 2000 W/m?K.

In a recent work, Tombrinck et al. [8] experimentally studied a
rotating drum heat exchanger for LTES where the heat transfer
walls were continuously scraped in order to minimize the layer
thickness of the solidified PCM and maximize heat transfer. The
range of rotational speed was 0—25 rpm. In that way, the authors
were able to control the thermal power output. The heat transfer
rate was constant for a given rotational speed and increased with
velocity. The scrapping of the solid PCM layer promoted an increase
of heat transfer density, with maximum values of 6.8 kW/m?>.
Although their prototype was tested with a low melting point fatty
acid (decanoic acid), a new experimental test rig for high-
temperature applications is being developed. Their future experi-
mental research will be supported by their numerical model [27].

In the present work, a novel real scale scraper rotative heat
exchanger is presented for the first time. The prototype is intended
to be integrated in solar latent energy thermal storage for domestic
hot water production. It has been designed to combine a high ca-
pacity of energy storage with a fast controlled response to user
energy demand. The selected PCM is an organic paraffin wax that
meets the requirements for this application, as several studies have
pointed out [28,29]: it is non-toxic and non-corrosive, relatively
economical and presents small changes in volume during phase
transition.

Experimental tests have been conducted to estimate the
enhancement of Scraping Mode over the no-Scraping Mode. First,
the visualization of the solidification for both modes has been
performed. It allows for a qualitative interpretation of the reported
results of heat release rate, HTF temperature increase, solid fraction
evolution and overall heat transfer coefficient. A range of rotational
speed 0—7.5 rpm has been studied. The results obtained have been
compared with those from Maruoka et al. [26] and Tombrink et al.
[8], in terms of overall heat coefficient and heat release rate density.
The experimental results confirm the great potential of the devel-
oped SSHE in latent thermal solar energy storage systems for do-
mestic hot water production.

2. Materials and methods

In this section the developed SSHE, the experimental facility and
the PCM properties are presented. Furthermore, the test method-
ology and the data processing with its uncertainty analysis are
described.

2.1. Experimental setup

The SSHE prototype follows a concentric tube heat exchanger
design, where the PCM is placed in the inner cylinder and a HTF
flows through the outer cylinder (or jacket). A sketch of the active
scraper prototype is shown in Fig. 2.

Delving deeper into the design of the prototype, it is made of
316L stainless steel with an outer diameter of 0.4 m, a diameter of
the PCM chamber of 0.3 m, and a total height of 1 m. The total
volume available for PCM is 0.0675 m?, which results in a scraped
surface to PCM volume ratio of 15 m?/m°.

At the top of the exchanger there is a window to visualize its
inside. The chamber has three pairs of blades made of POM-C
(Polyacetal (Copolymer)). During solidification, they are continu-
ously rotating and removing the solid PCM layer from the inner side
of the heat transfer surface. The rotation is produced by an elec-
trical motor and a gear reducer. A frequency converter allows
controlling the rotation speed in a range of 3—7.5 rpm. Due to
practical limitations, lower velocities cannot be achieved.
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Fig. 2. Sketch of the scraper rotative LTES system.
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Fig. 3. The basic concept of a section of the scraper rotative LTES system.

Fig. 3 shows how the scraper rotative heat exchanger works.
Once the PCM is melted, the flow of HTF at the outer jacket starts to
extract energy. As a result, PCM starts to solidify at the inner part of
the heat transfer surface. Thanks to the scraping of the wall, blades
are constantly removing the solid PCM and thus there is no growth
of the thermal resistance layer. In the absence of scraping, the solid
layer thickness would gradually be increased, resulting in a rise of
thermal resistance and a drastically reduction of the energy
extracted.

Fig. 4 shows a sketch and a picture of the experimental facility.
Before performing a solidification test, the PCM is preheated to
52 °C to ensure its complete melting. To this aim, there is a set of
electric heaters placed at the bottom of the prototype which are
controlled by solid-state relays. Once all PCM is melted and the HTF
fixed to the test temperature, a variable-speed circulating pump
drives the HTF from a tank to the SSHE in a closed circuit.

All the tests are carried out with water as HTF, and the mass flow
is fixed to 0.1111 kg/s. Two RTD sensors measure the inlet and the
outlet water temperature. During the test the water enters at the
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Fig. 4. Experimental setup. (1) Chiller; (2) Heat transfer fluid tank; (3) Pump; (4) Coriolis Flowmeter; (5,6) Inlet/outlet HTF temperature sensors; (7) Scraper rotative LHT storage
system; (8) PCM bulk temperature sensor; (9) electrical heater; (10) Visualization window; (11) Digital encoder.

top of the scraper rotative heat exchanger and the inlet HTF tem-
perature is settled to 25 °C. The mass flow rate is obtained by a
Coriolis Flowmeter ROTAMASS PRIME 25.

To study the effectiveness of scraping during PCM solidification
two different modes have been tested, no-Scraping Mode (nSM)
test and Scraping Mode (SM) test with rotational speeds of 3, 5 and
7.5 rpm. A digital encoder measures the rotational speed. The sys-
tem power consumption during the process has been measured by
a power analyzer. A mean value of 200 W for every discharging test
was obtained, regardless of the rotational speed. A maximum de-
viation of 5% was observed from the onset to the end of the so-
lidification process.

The wall temperature of the prototype is measured by several T-
type thermocouples placed at the external wall of the PCM cham-
ber. They are fixed at different heights in order to study the strat-
ification of PCM. The thermocouples were previously calibrated in a
thermostatic bath and the uncertainty was improved to 0.1 K. The
PCM bulk temperature is measured by an RTD sensor placed in the
middle of the wall-axe distance. All RTDs in the test rig are PT100
Class B 1/10 DIN sensors.

A chiller (HRS050-AF-20 from SMC) allows setting the water
temperature before the test. All the devices used for the system
control such as the electric heaters, the chiller, and the frequency
converter are controlled by a computer with RS485 communication
and a LabVIEW application. Measurements are collected by a data
logger (Keysight 34980A).

Finally, in order to estimate the prototype thermal losses to the
ambient, controlled constant power is supplied to the electric
heaters until the thermal equilibrium of the system is reached and
the outer side of the isolation remains at a constant temperature
over time. This temperature is measured by T-type thermocouples
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placed in several positions. The ambient temperature is also
measured. In this work, the thermal losses are lower than 5% of the
stored energy for all cases of study. Additionally, T-type thermo-
couples are placed along the steel structure of the exchanger to
calculate the sensible energy stored in the steel assembly.

2.2. PCM properties

The PCM used in this work is the commercial paraffin wax
RT44HC from Rubitherm GmbH [30]. For practical purposes, it has a
melting point slightly below what is needed for domestic hot water
production. Their properties are listed in Table 1, as given by the
supplier. Additionally, PCM properties were measured with Dif-
ferential Scanning Calorimetry (DSC). The melting and solidifica-
tion enthalpies and temperatures were studied and presented in
Table 2. The results were close to those reported by the manufac-
turer, though some differences were found in the melting and so-
lidification ranges. Both ranges were found higher, 41-47 °C and
43-37 °C, respectively.

The measurements for melting and solidification enthalpies
were 258 Kk]J/kg and 253 KJ/kg, respectively. The variations with
respect to the values given by Table 1 are probably due to the
definition given by the manufacturer (the value of 250 kJ/kg is a
combination between latent heat and sensible heat in a range
35-50 °C). In Table 2 the differences are presented.

2.3. Data reduction
2.3.1. Heat release

The heat release rate to the water for every time step is
computed as:
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Table 1

Physical properties of RT44HC as given by Rubitherm GmbH.
Melting Area 41-44 [°C]
Solidification Area 4440 [°C]
Heat storage capacity + 7.5%, 250 [kJ/kg]

(Temperature range = 35 °C to 50 °C)

Specific heat capacity 2 [k]/kg-K]
Density solid (T = 25 °C) 0.8 [kg/L]
Density liquid (T = 80 °C) 0.7 [kg/L]
Heat conductivity 0.2 [W/m-K]
Volume expansion 125 [%]
Max. operation temperature 70 [°C]

Table 2

Rt44HC measured melting and solidification parameters.
Property Manufacturer Measured
Melting area [°C] 41-44 41-47
Solidification area [°C] 44—-40 43-37
Melting enthalpy [Kk]/kg] 250 253
Solidification enthalpy [k]/kg] 250 258

Q(t)=m ¢p (Tour — Tin) (M
where T,y and Tj, are the outlet and inlet water temperatures, m is
the water mass flow rate and ¢, is the water-specific heat.

2.3.2. Energy release

It is possible to calculate the amount of released energy to the
water by integrating the heat release rate for a given period,
following eq. 2

)

E= J Q(t) dt.

t

2.3.3. Solid fraction

The solid fraction evolution in SM is calculated from the release
of PCM latent energy according to eq. (3). It refers to the ratio of
solidified PCM to the total amount of PCM in the system:

Epcu
A

Bsm = (3)
where ] refers to the total PCM phase change enthalpy (Table 1) and
Epep is calculated from the energy balance given by eq. (4) for
every time step.

EPCM,I = (E - EPCM,S) + Elosses — Esteel (4)
where Ejys accounts for the thermal ambient losses, Eg, is the
released energy by the steel of the heat exchanger to the water flow
and Epcys is the initial release of sensible energy before the so-
lidification starts:
Epcm s =m cp (AT) (5)
where m and ¢, are the mass and the specific heat of PCM,
respectively (Table 1).

In the nSM, the contribution of the solidified PCM sensible heat
to the total heat release cannot be determined, because the thick-
ness of the solid PCM layer is unknown. For this reason, the solid
fraction evolution in the nSM has been estimated from direct
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measurements of the solid layer thickness through the visualiza-
tion window. The solid fraction in this mode has been calculated as:

Volume of solidified PCM

Volume of PCM (6)

6nSM =

2.3.4. Overall heat transfer coefficient

Similarly to Maruoka et al. [26], it has been assumed a coun-
tercurrent heat exchanger performance for the SSHE described in
this work. Therefore, the overall heat transfer coefficient, U, can be
estimated as:
Qo
A _AT1-4T2

In(4T1 1)

U= (7)

where A is the heat transfer surface and 4T1 and 4T2 are defined in
eq. (8) and eq. (9) respectively:

AT1 = Tpey — Tout (8)

AT2 = Tpey — Tin 9)

where Tpcy is the PCM bulk temperature.

2.4. Uncertainty analysis

Experimental uncertainty was calculated following the Kline
and McClintock [31] method based on a 95% confidence level.
Instrumentation errors were as follows: temperature, 0.03 °C; flow
rate, 0.1% measure. The uncertainty for ¢, was estimated according
to the estimated error in the temperature measurement and was
found to be negligible. An uncertainty of 0.1% was allocated to both
the inner diameter and height of the SSHE. Uncertainty calculations

showed maximum values of 1.7% for heat transfer rate (Q) and heat
transfer density (Q/A) and 1.9% for overall heat transfer coefficient
(U). As those values are very low, no error bars are given in the
experimental results figures.

3. Results and discussion

In this section, the main results of this study are presented. The
visualization of the solidification process, the heat release rate re-
sults, the wall temperature evolution over time, the solid fraction
and the overall heat transfer coefficient allow to a better assess-
ment of the SSHE performance.

3.1. Visualization of the solidification process

The observation of the phase change process over time helps for
a better interpretation of the experimental results. The window
placed at the top of the prototype (Fig. 4) allows obtaining pictures
of the solidification of PCM. Fig. 5 shows three images taken at
t=0.4h(Timel),t=0.8 h(Time Il) y t = 1.2 h (Time III), for the nSM
(left) and the SM (right) at rotational speed of 5 rpm.

The values of the Times I and III have been selected according to
the moment when the Tpcy reaches its phase change value for each
mode. T = 43 °C has been considered as representative of the
beginning of solidification (Table 2). Fig. 6 shows the evolution of
Tpcy Over time; the solidification onset takes place 3 times later SM
(Time (I), 0.4 h) than in nSM (Time (III), 1.2 h).

As shown in Fig. 5, there is a very different solidification
behaviour for both modes. In nSM, there is a continuous growing of
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a solid PCM layer adhered to the wall, which increases its thickness
from the Time I to III

However, in SM, at the Time |, it is observed how the action of the
scraper removes the solid PCM from the wall. This is incorporated into
the core and replaced with liquid which solidifies again. Once there is
a significant amount of solidified material (Time II), the remaining
liquid PCM gets confined in the solid phase and cannot reach the wall.
In addition, the increase of paraffin density after solidification results
in a volume reduction that creates a small air gap between PCM and
the inner wall jacket chamber. At the Time III all the PCM has reached
its solid-state and the small air gap at the wall remains.

3.2. Heat release rate

The heat release rate Q results (eq. (1)) along time are presented
in Fig. 7, for the no scraping mode (0 rpm) and three different
rotation speeds (3, 5 and 7.5 rpm). Additionally, in order to compare
with other heat exchanger technologies, the heat transfer rate
density related to the heat transfer surface is given in the right axis.

In the nSM, a continuous decrease in the heat release rate is
observed, since the growth of the solid PCM layer at the heat
transfer wall triggers a dominant thermal resistance [8,9,12].
However, a different trend is observed in the SM. There is an initial
decrease due to the release of sensible heat from liquid PCM. Later
on, Q is maintained nearly constant during approximately 30 min
(between 0.25 h and 0.75 h).

A similar behaviour was observed by other authors such as
[20,26]. This indicates that heat transfer in this period is dominated
by the phase change at the wall. After that, the availability of liquid
PCM at the wall diminishes (Fig. 5, SM-Time II), which results in a
decrease of the heat release.

The rotational speed has not shown a significant impact on the
heat release rate. Similarly, the rest of the variables have shown
similar results for the scraping mode at different rotational speeds.
This indicates that in all cases the solid layer is kept to a minimum

No Scraping mode

Time |
04h

Time Il
0.8h

Time Il
1.2h
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Fig. 7. Heat release rate (left) and heat release rate density (right) over time for
different scraping velocities.

level, thus minimizing its thermal resistance. Hence in the
following sections, only the results at 5 rpm will be shown. They are
considered to be representative of the scraping mode in the range
of study.

Scraping mode

Fig. 5. Pictures of the PCM inside heat exchanger in nSM (left) and SM (right) at Times (I), (II) and (II).
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Table 3
Heat release density during solidification.

Current study
(5 rpm)

Tombrink et al. [8]
(5 rpm)

Maruoka et al. [26]
(100 rpm)

4.5

Q/A (kw/ 4 35

m2)

The mean values of heat transfer rate density during the solid-
ification process are compared with those from Maruoka et al. [26]
and Tombrink et al. [8], who studied other prototypes of SSHE for
LTES. The results are given in Table 3.

To the author's knowledge, this work deals for the first time
with a real scale SSHE LTES systems. However, in Refs. [8,26], the
researchers studied proofs of concept at a reduced scale. The heat
transfer density values obtained at present work are of the same
magnitude. The heat release density reported in this work is 10%
lower than the one obtained by Maruoka et al. [26], for 20 times less
rotational speed.

3.2.1. HTF temperature rise

In domestic hot water systems, there is a need not only for a
high energy storage capacity, but for a fast response and a
controlled heat release when the users demand the energy. The
results shown in previous paragraphs have shown a superior per-
formance in SM over the nSM in terms of heat release. This has a
direct impact on the HTF heating, as it is shown in Fig. 8, where the
time evolution of the HTF temperature rise, AT, is presented for
both modes. For the period from 0.25 h to 0.75 h, the values of AT in
the SM are always higher than in the nSM and present less varia-
tions over time (25% vs. 65%).

3.3. Wall temperature

In Fig. 9, the wall temperature evolution at three locations (top,
medium, bottom) is presented for the no scraping mode. A
continuous decrease is observed in all cases, due to the fact that as
the solid layer grows, the phase change is being produced further
and further from the wall. Besides, the wall temperature increases
from bottom to top. Since cold HTF enters at the upper side of the
exchanger, it can be inferred that stratification of the liquid PCM in
the inner core of the heat exchanger exists.

On the other hand, it is observed how the stratification still
exists in the scraping mode (Fig. 10) but to a lesser extent due to the
mixing produced by the rotation. In addition, the wall temperature
remains constant over most part of the test (0.25 h—0.75 h). This
indicates that the solid PCM layer is being constantly removed and
the wall temperature is kept at the phase change temperature.

As the solidification progresses, the scraped solid PCM is dis-
placed from the wall to the inner liquid phase. Because of its higher
density with respect to the liquid phase, it sinks to the bottom of
the exchanger. Once the solid PCM has reached a given height, the
thermal exchange is produced by sensible heat. As a consequence, a
temperature decrease in the lower sensor (blue) is observed earlier
than in the other positions (0.6 h vs. 0.8 h).

3.4. Solid fraction

The time evolution of PCM solid fraction has been obtained for
both the nSM and SM at 5 rpm, according to the procedure
described in the data reduction section. The results are shown in
Fig. 11 and confirm the experimental trends shown previously.

In the SM, solidification starts around 0.25 h according to the
change in the slope of the wall temperature Fig. 10 and heat release
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Fig. 8. Time evolution for the temperature difference between outlet and inlet in both
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Fig. 9. Wall temperature evolution along time in nSM for three positions: Top (red),
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Fig. 10. Wall temperature evolution along time in SM for three positions: Top (red),
medium (yellow) and bottom (blue).

rate Fig. 7 curves. The solidification process takes place approxi-
mately 1 h after the beginning of the experiment. At this time, the
PCM bulk temperature is below 37 °C (Fig. 6), beyond the solidifi-
cation area given in Table 2. At this moment, the scraping surface
heat exchanger has been able to extract 100% of latent energy
(11.9 M]) whereas for the same period with the no scraping mode
only a 10% of PCM has already solidified.

3.5. Overall heat transfer coefficient

Fig. 12 shows the overall heat transfer coefficient, U, over time in
SM and nSM. They are directly linked to the heat release rate
(Fig. 7). At 0.75 h the value of U in SM is four times higher than in
nSM (257 W/m?K vs 60 W/m?K).

In order to compare the performance of the SSHE of this work
with that of Maruoka et al. [26], the results of the overall heat



A. Egea, A. Garcia, R. Herrero-Martin et al.

1

Scraping mode
= No scraping mode
0.8 =
c
K]
©
So0.6f 1
L
e}
o4k .
=
O
®o2} o
0 1 1 1 1 1
0 0.25 05 0.75 1 1.25 1.5
Time (h)
Fig. 11. Solid fraction evolution in scraping mode.
1000 T T T T

—Scraping mode
—No scraping mode

Overall heat transfer coefficient

0 0.25 0.5 0.75 1

Time (h)

1.25 1.5

Fig. 12. Overall heat transfer coefficient over time in SM and nSM.

2000 T T

—Scraping mode at 5 rpm
- - Maruoka et al. [26] at 100 rpm

1500

1000

(W/mPK)

500

Overall heat transfer coefficient

0 I
0 0.2

0.4 0.6
PCM Solid Fraction

Fig. 13. Overall heat transfer coefficient over PCM solid fraction comparison.

transfer coefficient (based on the total heat transfer surface) are
presented as a function of solid fraction in Fig. 13. Despite the fact
that in both works the scraping mechanism, the size of the proto-
type and their energy capacity are different, both studies have
reached similar values of U.

The abrupt decrease observed by Maruoka et al. [26] at a solid
fraction around 0.25 is due to the type of PCM used (salt hydrate)
which presents a supercooling phenomenon. Their average overall
heat transfer coefficient is 10% higher than the reported in this
study. This is due to the fact that their high level of rotational speed
increases the convective heat transfer in the PCM side.

4. Conclusions

In this work, a novel design of a real scale Scraped Surface Heat
Exchanger (SSHE) for solar LTES has been tested. It is intended for
domestic hot water generation. The PCM is a medium melting
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temperature commercial paraffin wax. Discharging tests with an
outer HTF flow at fixed temperature have been performed in
scraping and no scraping modes (SM and nSM). Experimental re-
sults have been presented as the evolution over time of heat release
rate, heat release density, HTF temperature rise, wall temperature,
solid fraction and overall heat transfer coefficient. Additionally, the
visualization of the phase change process over time has allowed to
interpret the results obtained.

The scraping of the heat exchanger inner walls eliminates the
thermal resistance created by solid PCM and has shown a great
performance enhancement with respect to the passive system.
During the discharging process, the heat release rate in the SM is
kept almost constant and is between two and three times higher
than in the nSM, regardless of rotational speed. Therefore, the HTF
temperature rise in the SM is always higher and with less variations
over time than in the nSM.

The visualization of the solidification process over time allows
checking the effectiveness of the scraping process, as well as to
measure the evolution of the PCM solid layer thickness over time in
the nSM and thus quantifying the solid fraction. Furthermore, after
1 h of experiment, only a 10% of the PCM has solidified with no
scraping, whereas the SM is able to extract a 100% of the available
latent energy.

A performance comparison between the developed SSHE and
those by other authors has been done. The heat release density in
this work is similar to those reported in the available bibliography,
although the scraping mechanism, the size of the prototypes and
their energy capacity are different. Regarding the overall heat
transfer coefficient, the SSHE developed in this work has a similar
performance to those found in the open literature, though they
work at a much higher rotational speed.

The developed design of scraped surface heat exchanger has
been shown as a very promising technology to increase the effi-
ciency in solar LTES systems. However, further numerical research
will be done in the near future, to complement experimental work.
This will allow identifying the optimum heat exchanger operational
parameters such as rotational speed, and the temperature differ-
ence between the HTF and the solidification point of the PCM.
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