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To provide a cost-effective and COo-free solution for the on-demand provision of process steam for industrial
application, the storage of thermal energy from fluctuating renewable energy sources enables the efficient
decoupling of energy supply and demand. In this study, a latent heat thermal energy storage system for the
provision of process steam was designed, built and experimentally demonstrated. A custom-designed Rotating
Drum Heat Exchanger, which is the key component for steam generation during discharge of the storage system,
was experimentally investigated. At this heat exchanger a Phase Change Material (PCM) solidifies on the outer
surface of the rotating drum, which is partially immersed into liquid PCM, while the released phase change
enthalpy is transferred to water that it is fed through the inner wall of the drum, evaporating and exiting the
drum as saturated steam. The technology is experimentally investigated using a drum with a total outer surface
area of 1.1 m? and 400 kg of the eutectic mixture of sodium nitrate and potassium nitrate, with a melting point of
222 °C as PCM. The setup described in detail in this study, successfully demonstrates process steam generation at
a pressure of up to 8 bar abs and a thermal power of up to 70 kW. The experimental methodology is validated,

providing a foundation for a further comprehensive characterization and development of this technology.

Introduction

Thermal energy accounts for almost half of world’s total final energy
demand [1]. In Europe, the industrial demand for thermal energy in the
temperature range between 100 °C and 400 °C amounts to 5% of the
total final energy demand corresponding to around 600 TWh per year
[2,3]. Process steam is an important energy carrier in this temperature
range, which is currently mainly provided by steam boilers using fossil
fuels [4].

The electrification of the heat sector is one of the key strategies of the
EU to reduce CO,-emissions, as electrical energy can be generated cost-
effectively from renewable energy sources such as wind and solar [5].
However, additional effort is required in terms of energy storage to
overcome the fluctuating nature of these energy sources. While elec-
trochemical energy storage is available and allows charging and dis-
charging of energy in form of electricity, storing the energy directly in
the required form of thermal energy may offer cost advantages and re-
duces the need of critical materials [6].

In the temperature range between 100 °C and 200 °C, typical for
processes such as drying, distilling, cooking and space heating, High
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Temperature Heat Pumps (HTHP) are gaining attention as promising
solution for a carbon-neutral thermal energy supply. While HTHP have
the advantage of a Coefficient of Performance (COP) larger than one,
meaning they can provide more than one-unit of thermal energy while
requiring one unit of electricity, there are technical limitations for their
use. Firstly, the sink temperature is limited to <160 °C [4,7]. A further
limitation in the implementation of highly efficient HTHP is the need for
the availability of a suitable heat source in the form of waste heat, which
must be available in synchronization with the demand for high-
temperature thermal energy. For a thermodynamic efficient conver-
sion of low temperature to high temperature heat, the difference be-
tween the heat source and the heat sink should be below 100 K [8,9]. For
an increased sink temperature of HTHPs, steam is also a promising
working fluid. Furthermore, low temperature and low-pressure steam
might be compressed back to higher pressures and reused directly, a
process known as mechanical vapor recompression (MVR). There are
intensive research activities to develop these components for higher
temperatures, however high temperatures also hinder the implementa-
tion of these components because, in addition, suitable lubricants and
sealants have to be developed [9,10].

A direct electrical heat supply via resistive heating limits the
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Nomenclature

Latin

c heat capacity, [c] = J okg’loK’1

cp heat capacity at constant pressure, [cp] = Jokg leK!
D (Drum)Diameter, [D] = m

h specific enthalpy, [h] = Jekg ™!

k thermal conductivity, [k] = Wem eK !

L Length [L] = m, Phase Changer Enthalpy, [L] = Jekg™!
m mass flow, [m] = kg-s’1

n Rotational Speed, [n] = s1

P Power, [P] =W

P pressure, [p] = bar

Q heat flux, [Q] = W

q surface-specific heat flux, [¢] = Wem ™2

s (wall) thickness, [s] = m

T Temperature, [T] = °C

Greek

o yield strength, [6] = Nem ™!, Surface Tension, [¢] = Nem*
n dynamic viscosity, [1] = Paes

0 Density, [¢] = kgom_3

¢ Immersion angle, [¢] = ° Deg

Mathematical Symbols

d differential

J integral

Sub-/Superscripts

B averaged
saturated liquid
saturated gas

1 liquid

m melting

PCM Phase Change Material

RD Rotating Drum

s solid, isentropic

sat saturated (Water, Steam)

Ah Enthalpy difference method

AT Temperature difference method
Abbreviations

HTHP High Temperature Heat Pump
cop Coefficient of Performance
PCM Phase Change Material

HTF Heat Transfer Fluid

LHTES Latent Heat Thermal Energy Storage
NaNO3 Sodium Nitrate

KNO3 Potassium Nitrate

(eu) eutectic Mixture

theoretical COP to values below one; nevertheless, they can be used
without restrictions of a required heat source, as in the case of HTHP. In
addition, the maximum operating temperature range is limited by the
material properties of the resistive heaters and the heated materials.
Therefore, the specific heat transfer can be increased by increasing the
maximum temperature of the heater, without reducing the COP and
keeping it close to one. This as well as the simplicity of resistive heating
decreases the investment costs of these heaters.

Decoupling the demand for thermal energy from the availability of
renewable electrical energy not only enables a higher degree of direct
use of any self-generated renewable energy that may be available, but
can also enable a reduction in the purchase price of electricity. Fig. 1
illustrates how the wholesale electricity price varies throughout the day,
with the values shown as averages for each hour and differentiated by
season for Germany, Spain and California in 2023. Depending on the
season, savings of up to 20% can be made on electricity costs if it is
purchased only during the off-peak periods, what typically occurs at
night and around midday. Further savings are possible with an
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10— T T T T T T T T T T T T T

b) Spain

optimized purchase strategy.

The most common commercial solution for large-scale thermal en-
ergy storage systems is the two-tank molten salt storage, which has been
demonstrated at the GWh scale and was originally developed for
Concentrated Solar Power (CSP) plants. Alternatively, instead of ther-
mal charging, these storages can also be charged electrically, e.g., by
using resistive heaters, as proposed and calculated economically for
industrial heat supply in [11]. A widely used storage material of two-
tank molten salt storage is so-called solar-salt, a mixture of 40 wt%
potassium nitrate and 60 wt% sodium nitrate, typically used in the
temperature range between 290 °C and 560 °C, resulting in a storage
capacity of 200 kWh/m?® [12]. Thereby, the total costs of the hot storage
tank made of 321 stainless steel exceeds the costs of the cold storage tank
made out of carbon steel by a factor of 2.2, while both storage tanks
accounting for 38% of the cost of the storage system. The storage ma-
terial accounts to 46% of the costs of the storage system [13].

This figures mainly show two options for reducing the specific in-
vestment costs of these thermal energy storage systems: On the one hand
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Fig. 1. Fluctuation of the electricity price in a) Germany, b) Spain, ¢) USA (California SP15) in 2023; mean value of the specific hour within the mentioned season.
Spring: March-May; Summer June-August; Autumn: September-November; Winter: December-February [39,40].
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by increasing the specific storage density of the storage material. This
can be achieved, for example, by increasing the maximum operating
temperature of the storage material, as proposed e.g. by Bonk et al. [14]
who reports that the specific storage density can be increased by 16% by
increasing the operating temperature in the hot tank up to 600 °C. On
the other hand, the investment costs can be decreased by reducing the
maximum operating temperature, which allows the use of more cost-
efficient construction materials for both, the hot and the cold storage
tanks. However, this option reduces the specific storage density. In both
cases only sensible thermal energy is stored in the solar salt, and the
material must be kept in the liquid phase during the whole operation to
maintain its pumpability.

By extending the operating temperature rage to temperatures below
the melting point or melting range of the storage material, the phase
change enthalpy, i.e. the latent heat, can be utilized in addition to the
sensible heat of the storage medium. This allows the specific energy
storage density of the material to be increased without exceeding the
upper temperature of 390 °C applicable to carbon steels. Considering the
use of the eutectic mixture of sodium nitrate and potassium nitrate as
storage medium (45.67 wt% NaNOs; 54.33 wt% KNOs), 206 kWh/m?
can be stored if the system is operated in the temperature range between
170 °C and 390 °C [15]. In the case of using pure sodium nitrate as
storage material, the specific storage density could be increased even to
215 kWh/m? in the same temperature range [16,17]. In both cases, the
specific energy storage density is comparable to that reached by the
state-of-the-art CSP hot tanks, however, the upper temperature in this
case is limit to 390 °C, which allows the use of conventional carbon steel
for both storage tanks. Further cost reductions can be expected for
auxiliary components such as piping, valves, and pumps. Carbon steel
shows good compatibility with nitrate salts under these temperature
conditions [18,19].

If the maximum temperature is increased to the state-of-the-art limit
of 560 °C, for which stainless steel is required for the hot storage tank,
this results in storage capacities of 328 kWh,/m? for the eutectic mixture
of sodium nitrate and potassium nitrate and 353 kWh/m? for pure so-
dium nitrate. The storage densities are calculated according to the
method mentioned in [20].

A technical solution to utilize the sensible heat as well as the latent
heat by shifting the operating temperature of nitrate salts into a tem-
perature range including the phase change between 170 °C and 390 °C s
an active Latent Heat Thermal Energy Storages (LHTES) based on the so-
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called Rotating Drum Heat Exchanger.

This concept is visualised in Fig. 2. A drum is partially immersed into
a tub of liquid Phase Change Material (PCM). While the PCM solidifies at
the outer side of the rotating drum, a fluid flows through an annular gap
inside the drum and changes phase from the liquid to the gaseous state.
The phase change enthalpy, which is released by the phase change of the
PCM from the liquid to the solid state, is transferred directly to the Heat
Transfer Fluid (HTF), which undergoes a phase change from the liquid to
the gaseous state. Since the PCM has a low thermal conductivity, the
growing layer of solid PCM on the outer drum shell would limit the heat
transfer. Therefore, this layer is transported by the rotation of the drum
to a stationary scraper where the PCM is removed from the drums sur-
face. A bare heat transfer surface is thus re-immersed into the liquid
PCM, maximising the surface-specific heat transfer of the heat
exchanger. By separating the solidified PCM from the drum shell after it
has left the tub of liquid PCM, the solid PCM can be stored separately
from the liquid PCM. This results in a total separation of the power and
the capacity of a storage system based on the Rotating Drum Heat
Exchanger, resulting in a high degree of design freedom. The concept
was first published and experimentally validated with a liquid-only HTF
and a low-temperature PCM in [21], providing a detailed investigation
of the local heat transfer mechanisms and measurements of the resulting
layer thicknesses. A numerical simulation approach has been published
in [22] followed by a case study for a high-temperature system for
process steam generation published in [20]. The latter publication also
addresses the advantages and limitations of the Rotating Drum Heat
Exchanger, especially regarding scalability and deployment in multi-
MW applications.

The Rotating Drum Heat Exchanger for PCM investigated in this
paper can be categorised as an active LHTES as the PCM is actively
moved through the heat transfer surface in order to increase the heat
transfer [23,24]. On the other hand, there are the so called passive
LHTES were the PCM remains stationary. In passive concepts, the heat
transfer from the solidification or melting of the PCM to the heat transfer
surface and vice versa is usually increased by either increasing the
thermal conductivity of the PCM itself or by introducing a heat transfer
structure, e.g. in the form of fins made out of a material with high
thermal conductivity [25,26]. In the present work, no additional heat
transfer enhancing structures are used. While such structures could in
principle also be implemented in an active concept, the investigated
design intentionally relies on the continuous renewal of PCM at the heat

evaporating fluid passing
through annular gap

Rotating Drum

sCraper

\

growing solid PCM-layer

liquid PCM

solidified PCM

Fig. 2. Concept of the Rotating Drum Heat Exchanger for Phase Change Materials.
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transfer surface through mechanical motion. This approach aims to
maintain a high effective heat transfer rate and to enable comparatively
high and stable thermal power levels as long as molten PCM is available.
Furthermore, the absence of internal heat transfer structures simplifies
the system design and operation.

Passive LHTES systems are technologically mature and have been
demonstrated at multi-MWh scale, including in industrial applications
[27]. As no moving components are required, they offer cost-effective
and straightforward integration. However, the power-to-capacity ratio
is inherently fixed by the design of the employed heat transfer structure,
which can lead to disadvantages—particularly in applications requiring
high capacity-to-power ratios.

Several concepts of active LHTES have been investigated through
both simulation and experimental studies. Comprehensive reviews of
the technology are available, for example in [23,24]. However, to the
best of the author’s knowledge, no active system has yet been demon-
strated in multi-kW and/or multi-kWh range for the generation of steam.

In this paper, for the first time, an experimental proof-of-concept of
an active LHTES for steam generation at the multi-kW scale and the
usage of nitrate salt mixture as storage medium is provided, thereby
providing a foundation for further development of this technology. This
work continues the author’s work previously published in [20-22]. This
paper focuses on the thermal discharge process, meaning the generation
of steam from solidifying nitrate salts. For recent scientific evaluations
and improvements of efficient charging processes, particularly with re-
gard to melting the PCM, reference is made to recent studies on close-
contact melting, e.g. [28,29].

Description of the laboratory demonstrator

The demonstrator mainly consists of two separate circuits: The PCM-
circuit and the water/steam-circuit. Both fluids meet at the Rotating
Drum Heat Exchanger, where the PCM undergoes a phase change from
its liquid to the solid state, while the water evaporates inside the rotating
drum, which meaning that the latent heat of both fluids is transferred.
Fig. 3 shows a simplified P&ID of the demonstrator. A detailed P&ID can
be found in Appendix A. Pictures of the experimental setup can be seen
in Fig. 4.

Water/steam circuit

Demineralised water is stored in an open feed water tank (CM101). A
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Fig. 4. Picture of the experimental test rig.

gear pump (GP101) with adjustable rotational speed to adjust the mass
flow is used to increase the pressure of the water and to pump the water
to the Rotating Drum Heat Exchanger (EP101). Here the water evapo-
rates and steam leaves the drum. The pressure in the drum is regulated
by an adjustable expansion valve (QN102) at the outlet of the drum. To
close the circuit and to simulate steam demand, a condenser (EP102) is
located downstream of the expansion valve and the condensate is given
back into the feed water tank (CM101). A water reservoir (CM301) with
a capacity of 800 1 is used to cool the condenser via a pump (GP301), as
the available cooling water supply of the used laboratory is insufficient.

The mass flow rate of the feed water is measured with a Coriolis
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On L |F—
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GL201 NN\
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Fig. 3. Simplified P&ID of the experimental test rig.
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measuring device (BF101) at the outlet of the gear pump. In addition, a
vortex flow meter (BF102) is used at the outlet of the drum to measure
the volume flow of the steam produced. By using a vortex flow meter,
only the volumetric flow of the steam is measured due to the nature of
the measuring principle. PT 100 temperature probes are used at the inlet
of the drum (BT106) and at the outlet of the drum (BT107). The mea-
surement of the water/steam circuit is supplemented by pressure sensors
at the pump outlet (BP101), at the drum inlet (BP102) and at the drum
outlet (BP103). The temperature of the water in the reservoir (CM301) is
measured with two thermocouples (BT303 and BT304).

The detailed P&ID in appendix A also shows an electric heater
(EB102) for regulating the temperature of the water at the inlet to the
Rotating Drum Heat Exchanger. This was integrated into the test rig but
not used during the experiments. A condensate drain (QN101) is
installed to prevent droplet erosion in the steam pipe. A check valve
(RM101), a ball valve (QM101) and a pressure relief valve (FL101) are
integrated for safety reasons. Expansion joints (RR101 and RR102),
rotary unions (UP101 and UP102) and pillow blocks (UP103 and
UP104) are used to connect the Rotating Drum Heat Exchanger to the
water/steam circuit.

Thermal insulation has been applied to the experimental test rig,
taking into account the requirements for accessibility and visual obser-
vation during operation. The steam/water circuit is sufficiently insu-
lated from the temperature and pressure measurement points BT106 and
BP102 at the inlet of the rotating drum to the measurement points
BT107 and BP103 at the outlet of the rotating drum. Nevertheless, large
portions of the rotating drum remain openly accessible to allow the
attachment and operation of the scraper, as shown in Fig. 4.

PCM circuit

To store the PCM, a cold storage tank (CM202) for the solid particles
of the PCM and a hot storage tank (CM203) for storing the PCM in its
liquid state are used. The PCM is transported from the cold storage tank
to the hot storage tank using a screw conveyer (GL201). Electrical
heaters (EB202) located in the hot storage tank are used to melt and
temper the PCM. As the hot storage tank is at the highest level, there is a
gradient in the pipe to guide the liquid PCM into the tub (CM201) below
the Rotating Drum Heat Exchanger. The mass flow of the liquid PCM is
adjusted by a pneumatic control valve (QN201) according to the level in
the tub below the rotating drum, which is measured by a radar sensor
(BL201). After the PCM has been removed from the outer surface of the
rotating drum, the PCM flakes fall down into the cold tank (CM202). The
mass flow of the PCM is not measured. Suitable high temperature flow
meters are technically available, but the cost is high and the scientific
benefit for the evaluation of the Rotating Drum Heat Exchanger is
limited. To ensure a constant test environment, the level of liquid PCM
in the tub below the drum (CM201) is kept constant by adjusting the
regulation valve (QN201).

In the detailed P&ID in Appendix A, a trace heating (EB203) is shown
on the liquid PCM pipe, which is used to prevent solidification in the
pipe. A compensator (RR201) reduces the thermomechanical stress and
a manually operated shut-off valve (QM201) is used as a backup valve.
The electric heater (EB201) in the tub (CM201) below the rotating drum
is mainly used during the start-up of the test rig to melt the PCM in this
tub, but also to ensure a constant temperature of the liquid PCM during
the experiments.

Thermal insulation has been applied to the PCM circuit primarily to
ensure safe and controllable operation of the test rig and to limit heat
losses to the environment. Since the electrical energy used for melting
the PCM is not measured and the PCM circuit is therefore not inde-
pendently quantified, the applied thermal insulation mainly serves to
maintain stable and steady-state thermal conditions of the PCM.

Energy Conversion and Management: X 30 (2026) 101845
The Rotating Drum Heat Exchanger

The key component of the storage system is the so-called Rotating
Drum Heat Exchanger. In the system demonstrated, a drum with a
length L of 1 m and an outer diameter D of 0.355 m is used. To ensure a
constant flow of water through the drum, a displacer body is inserted
into the drum. This causes the water/steam to flow through an annular
gap of 8 mm next to the outer shell of the drum.

The material of the outer shell of the drum is austenitic stainless steel
(1.4404, similar to ASTM 316 L). In principle, carbon steel is also stable
in contact with nitrate salts up to a temperature of at least 390 °C
[18,19]. However, as the influence of the scraping process on the
corrosion behaviour is not known, 1.4404 stainless steel is used to
demonstrate the technology, as it exhibits even better corrosion
behaviour in contact with nitrate salts [19]. Since the thermal conduc-
tivity of austenitic stainless steel is approximately 18 W/mK, which is
significantly lower than that of carbon steel (around 45 W/mK), the use
of 1.4404 is not optimal with respect to maximizing heat transfer per-
formance. The influence of the wall thickness of the rotating drum and
thus indirectly the influence of the material’s thermal conductivity, is
discussed in [30], where a decrease in heat transfer of 31% is reported
for a specific case when the steel thickness is doubled.

The thickness of the outer pressure-resistant shell of the drum is 7.5
mm. Assuming a yield strength of 127 N/mm? at 250 °C [31] and
neglecting possible corrosions and weld surcharge, the drum would
withstand an internal pressure of up to 54.8 bar. The shell thickness is
therefore selected in regards of a safe operation and not optimized for
effective heat transfer.

Fig. 5 shows a drawing with the main geometric dimensions of the
Rotating Drum Heat Exchanger.

Phase change material

For the storage of thermal energy at high temperatures, nitrate salts
and mixtures of nitrate salts have proven to be suitable storage materials
for molten salt and latent heat thermal energy storages [12,32]. For the
demonstrator, the eutectic mixture of sodium nitrate (NaNOs) and po-
tassium nitrate (KNO3) (NaNO3/KNOs(eu)) is used as storage material,
as proposed in [20]. The eutectic mixture consists of 50 mol% NaNOs
and 50 mol% KNOs, which correspond to 45.67 wt% NaNO3 and 54.33
wt% KNOg3 [33]. The melting temperature of 222 °C matches well with
the evaporation temperature of water at 8 bar abs of 170 °C, resulting in
a temperature difference of at least 52 °C during evaporation. The
thermophysical properties of NaNO3/KNOgs(eu) are summarised in

1600
1000

\VE\
@ 355

Fig. 5. Drawing of the used Rotating Drum Heat Exchanger and essential
geometric properties.
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Table 1
Thermophysical properties of the eutectic mixture of sodium nitrate and po-
tassium [20].

Description Variable  Value Unit Remark Source
Melting point TrcMm,m 222 °C
Phase change Lpcm 108 kJ-kg’1
enthalpy
Thermal ke 0.4574 Wem leK™'  222-400°C  [15]
conductivity,
liquid
Thermal kpcws 0.3835 Wem 'eK™!  at 100 °C [15]
conductivity,
solid
Density, liquid opcm,! 1965 kgem 3 at 222 °C [34]
Density, solid QpCM,s 2055 kgem 3 at 222 °C [34]
Viscosity pem,1 0.00472 Pa's at 247 °C [35]
Heat capacity, CppeM,I 1.492 kJokg leK!  222- [15]
liquid 350 °C
Heat capacity, CppCMs 1.355 kJekg leK™!  at 202°C [36]
solid
Surface tension opemy! 0.1222 Nem ™! at 237 °C [35]

Table 1 in the storage system described in this paper, 528.6 kg of
NaNO3/KNOs(eu) has been given. After a complete discharge of the
system, 393.4 kg of the material has been able to be removed from the
cold tank, which means that this amount of PCM has been used during
the process. The missing 135.2 kg correspond to PCM residues remain-
ing in dead zones of the system, particularly in the tub below the
rotating drum. The current design of the partially immersed rotating
drum requires a certain minimum fraction of PCM to remain in the tub
beneath the drum to ensure proper operation. However, this fraction can
be reduced in future design iterations. Furthermore, by increasing the
overall storage capacity and thus the absolute amount of PCM in the hot
and cold storage tanks, the relative proportion of unused PCM would
decrease.

Design of the scraper

A CW612N brass sheet is used as the blade in contact to the drum
surface. Brass is used because of its lower hardness compared to the
drums shell made out of 1.4404 stainless steel in order to prevent
damage to the surface of the drum. The 1 mm thick brass sheet is
fastened between two stainless steel support sheets, also 1 mm thick,
with a total of 83 screws on a flat steel bracket. The scraper is moved

24
20
A, Momn Momy
1 mm brass sheet
2 x 2 mm stainless steel support
10 mm stainless steel bracket
40 40 20

@@ ®@ © ©
O O
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© ©) ©

1080
1210

Fig. 6. Drawing of the scraper blade and the support of the scraper.
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against the drum by using linear guiding and pressed slightly against the
drum with an angel of 32.5°. Fig. 6 shows a drawing of the scraper.

Experimental methods

Several experiments are performed to demonstrate the storage sys-
tem. For their analysis, the measuring devices and their accuracy are
described in detail, followed by the calculation method. For reproduc-
ibility, the performance of the experiments is described using a reference
experiment.

Measuring devices and calculation method

The energy transfer at the Rotating Drum Heat Exchanger can be
measured using two different methods. In the so-called enthalpy dif-
ference method (index Ah), the heat transfer is calculated using the
enthalpy of the water at the inlet, the enthalpy of the steam at the outlet
as well as the mass flow of water and steam. The so-called temperature
difference method (index AT) calculates the heat transfer based on the
temperature increase in the water reservoir CM301.

For safe operation, the mass flow rate of the water given into the
drum has to be around 10% higher than the mass flow rate of steam
measured at the outlet of the drum (Compare section 4.2). A two-phase
flow must therefore be assumed at the outlet of the drum. The mass flow
of water into the drum is measured as by a Coriolis mass flow meter
BF101 (M101 water).- The mass flow of steam at the drum’s outlet is
measured by a vortex measurement device BF102 (102, sat steam)- Since a
vortex flow meter determines the flow velocity of the steam by
measuring the frequency of an alternately arranged vortex belt gener-
ated behind a bluff body, only the steam phase of the saturated steam
flow is measured. On the other hand, there is a minimum Reynold
number of the flow required. Therefore, mass flows below around 20 kg/
h cannot be detected with the vortex flow meter.

Since the vortex flow meter only determines the mass flow of the
steam phase of the two-phase flow, an additional mass flow of saturated
water (My02, satwater) can be calculated by the difference of the mass flow

of water measured at the inlet of the drum (m,, water) @nd the mass flow
of steam measured at the outlet (1102 sat.steam) DY

M2, sat.water = MM101,water — 1102 sat.steam (1)

The thermal energy transferred at the Rotating Drum Heat Exchanger
Qrp,ah can be calculated using Eq. (2) via the enthalpy difference
multiplied by the respective mass flow:

QRD,Ah = (ml 02, sat,steam.h”( Tsat ;D103 ) +my 02 sat. water

® W(Teat, P103)) — Mi101 water ® N(T106, P102) (2)

Thereby, h' refers to the specific enthalpy of liquid water at the
calculated saturation temperature Tsy, determined from the measured
outlet pressure pjg3, while h" refers to the specific enthalpy of saturated
steam at the same saturation temperature Tg,¢. For the calculation of the
enthalpy, REFPROP, mainly based on the IAPWS 1997 formulation, is
used. The temperature and the pressure of the water and steam at the
drums inlet and outlet is measured by PT100 and pressure transmitter.
The assumption of a two-phase flow at the drums outlet with is sepa-
rated in saturated water and saturated steam is discussed in section 4.2
with experimental data.

Independently of the previous described enthalpy method, the
thermal energy transferred at the rotating drum can be estimated via the
temperature increase of the water reservoir CM301. Thereby, the ther-
mal energy transferred to the water reservoir CM301 can be calculated
by

_ dT303/304

QCM301 dt

® Myater,cM301 ® Cp (7303/304)7 3)
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with the time-dependent increase d/dt in average temperature T 303/304
of the measured temperatures T3o3 and T3p4 multiplied by the mass of
water Myater,cM301 Within the reservoir CM301 and the specific heat
capacity of water cj, at the actual temperature. A moving average of 180
s is used to smooth the data for evaluation and visualization in section 4.
Neglecting the heat losses and a slight temperature rise in the feed water
tank EB101, it applies for the thermal energy transferred at the rotating
drum

QRD.AT = QCMSOl — Pgp3n (C))

Thereby, Pgpso; is the dissipation energy of the Pump GP301 which
can be estimated by the nominal electrical power of the pump’s engine.
It applies Pgp3p1 = 1.1kW. The mass of water within CM301 has been
determined to be 778 kg for the experiments #1 — #3 and 798 kg for
experiment #4 according to Table 3. For the used values of the heat
capacity ¢, of water again REFPROP, based on the IAPWS 1995, is used.

The energy transferred at the rotating drum Egp during the experi-
ment is calculated by an integration of the heat transfer between the
start of the experiment ts,y¢ and the end of the experiment tgpg according
to

tend
Erp an = Qrp an @ dt )
tstart

Since the experimental data are logged every second, the transferred
energy in kWh is calculated by

> 0Qrp.an
3600
For a safe operation of the test rig, the level of liquid PCM in the tub
below the Rotating Drum Heat Exchanger is measured by a radar level
sensor BL201.
The theoretical storage capacity of the storage material between the
temperature of the solid, cold storage material T¢,)q and the temperature
of the liquid, hot storage material Tho is calculated by

(6)

ERD‘Ah =

Epcm = [Cp,PCM.S L (TPCM,m - cold) +Lpcm + Cppemy @ (Thot - TPCM,m) ]

® Mpcm @)

with the phase change enthalpy Lpcy, the specific heat capacities of the
solid phase ¢, pcw,s and the specific heat capacities of the liquid phase cp,
pcm,l and the melting temperature of the PCM Tpcwm,m according to
Table 1. The measured active mass of PCM in the storage system is mpcy
= 393.4 kg. Temperature dependent heat capacities of the storage ma-
terial are neglected within this paper.

In Table 2, the used measuring devices of the test rig and their
measuring accuracy are shown. Additionally, the accuracy of the used
Siemens analog-to-digital converter are also shown in this table.

For the calculation of the uncertainty of the calculated values, in-
dependent variables are assumed. The uncertainty ug of the heat flux Q
is therefore calculated according to [37] by

(8

with the independent uncertainties Aa; of the measured values a;. The
combination of the uncertainties of the sensors Aa; sensor and the analog-
to-digital conversion Aa;,.q is assumed to be a simple addition

Aa; = Aaj sensor + Aai.a—d- (9)

The partial derivation of the enthalpy is calculated by REFPROP. For
the partial derivation of enthalpy at the saturation temperature, the
temperature is assumed to be 1 K above or below the saturation tem-
perature. Applying Eq. (8) to Eq. (2) for the results given in this paper
results in a maximum deviation of +5.0%, which is a maximum of +-3.4
kW in absolute numbers.
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Table 2
Overview of the measurement devices used for evaluation and their accuracy.
Parameter  Sensor Sensor Accuracy Accuracy
Tag Sensor Aa;, Analog-to-
sensor digital
converter
T106> T107 BT106, Sheath resistance 1/10 DIN/O °C +1 K
BT107 thermometer PT100, +
DIN EN 60751, 1/10 (0.1 + 0.0017
DIN/0 °C, 4-wire Jtpec
T303, T304 BT303, Typ K, Class 1 acc. +1.5°C +2K
BT304 IEC 584-3
P102> D103 BP102, piezoresistive 0.35% Full +0.3%
BP103 absolute pressure Scale Output =
sensor, 0...10 bar 8+0.035 bar
migz BF102 Vortex flow meter +5.7% of +0.3%
reading
mio; BF101 Coriolis mass flow +0.10% + +0.3%
meter [(0.2 =
measured
value)-100] %
of reading
Loo1 BL201 Radar level sensor +2 mm +0.3%
Pao2 EB202 thyristor regulator +2% +0.3%
with power feedback
Table 3
Experiments evaluated within this paper.
# Date Description
No
#1 2024-08- Constant discharge cycle, stopped due to empty hot storage
21 tank. Stream pressure: 3 bar (abs), Rotational Speed: 20 rpm
#2 2024-08- Continuous decrease of feed water flow, stopped due to
28 incomplete solidification at low inlet mass flow, Stream

pressure: 4 bar (abs), Rotational Speed: 20 rpm
#3 2024-08- Continuous increase of feed water flow, stopped due to
07 incomplete scrapping at increased rotational speed, Stream
pressure: 3 bar (abs), Rotational Speed: 15, 17.5 and 20 rpm.
Including repetition of the 20 rpm point from experiment #1
#4 2024-12- Constant discharge cycle, stopped due to empty hot storage
03 tank
8 bar (abs), Rotational Speed: 8/12/16/20 rpm

Although thermal insulation is applied to the test rig, heat losses
must be considered when interpreting the experimental data. These
losses are not explicitly quantified in the above-mentioned equation;
however, their possible impact is discussed in Section 4.1.

Description of the experiments

At the start of the experiments, the PCM is in the hot storage tank in
the liquid state and tempered to a temperature of 250 °C. Also, the PCM
in the tub below the rotating drum is tempered and kept in the liquid
state. Since this state usually last for several hours, it is assumed, that
there is no liquid water in the drum anymore. Therefore, the experi-
ments start by switching on the pump GP101 with a low mass flow of 10
kg/h. When the temperature Tyoy at the drum’s outlet rises towards
100 °C, the rotation of the drum is started at 2.5 rpm in order to ho-
mogenize the temperature of the drum shell.

To increase the pressure in the steam system, the automatic steam
valve QN102 is set to 1.5 bar (abs), which results in a complete closure of
the valve in the beginning. Afterwards, the PCM valve QN201 is opened,
liquid PCM flows into the tub below the rotating drum. The drums
rotational speed is increased to values of about 10 rpm. When the drum
shell starts to have contact with the liquid PCM, the solidification pro-
cess starts and solid PCM is transported to the scraper, removed from the
drum surface and falls into the solid storage tank. When the pressure in
the system rises to 1.5 bar, the steam valve QN102 starts to regulate the
pressure by opening of the valve. Afterwards, the steam pressure in the
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system can be adjusted to a chosen value. The inlet water flow, measured
by BF101 is adjusted to be around 10% above the measured flow of
steam at the outlet of the drum. The PCM valve QN201 is manually
adjusted to keep the level of the liquid PCM in the tub below the PCM
constant at around 40% of the capacity of the tub, which results in an
immersion depth of the drum of 15°. This corresponds to 4.1% of the
total outer drum shell.

The experiment is stopped by closing the PCM valve QN201. The
drum is kept rotating until the level of liquid PCM below the drum de-
creases and the drum shell loses contact to the liquid PCM. In case the
scraping process stops, the PCM valve is closed and the rotation of the
drum is stopped immediately. Afterwards, the PCM-layer is removed
manually from the drum. The rotation is restarted to lower the level of
the liquid PCM in the tub below the drum to such an extent that there is
no longer any contact with the drum surface.

Fig. 7 shows the bare measured data of the reference experiment. In
this paper, four different experiments are used as proof of concept and to
discuss the potential of the concept. The three experimental conditions
are described in Table 3. The measured data of experiments #2 — #4 are
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Fig. 7. Data measured during the experiment #1 a) Temperature at the inlet
and outlet of the rotating drum as well as in the cooling water Tank b) Pressure
at the inlet and the outlet of the rotating drum c) Mass Flow of the water given
into the drum and the steam released from the drum d) Rotational Speed of the
rotating drum e) Fill level of the tub below the rotating drum.
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shown in Appendix B.
Experimental results and discussion

In this chapter, the experimental results are analysed and discussed.

Heat transfer at the rotating drum heat exchanger

Fig. 8 shows the heat transfer calculated via the enthalpy difference
according to Eq. (1) as well as via the increase in the temperature of the
water tank according to Egs. (2) and (3) for experiment #1. The values
of the heat transfer measured using Eq. (1) stabilizes after control-
related overshoot at the beginning of the experiment at values of 65
kW. The overshoot results due to the automatic pressure regulation of
the steam valve. As the experiment progresses, the heat flow increases
and approaches a value of 69 kW. Here, a correlation between the liquid
PCM in the tub below the drum, as shown in Fig. 7 e) can be seen. The
measured heat transfer decreases to zero when the rotation of the drum
is stopped at the end of the experiment. Afterwards, the measured heat
transfer peaks twice, which results from the stepwise opening of the
steam valve and the release of the pressure within the system.

The heat transfer measured by the temperature increase of the water
tank corresponds qualitatively to the values measured via the enthalpy
difference. The increase and decrease in heat transfer with time at the
beginning and end of the experiment occurs gradually within 180 s,
corresponding to the time of the moving average. On average, these
values measured by the temperature difference are 12.3% below the
values measured via the enthalpy difference. This difference results from
the lack of thermal insulation of the piping between the water reservoir
CM301 and the condenser EP102, as well as the missing insulation of
both, the condenser and the water reservoir itself. The hoses used have
an estimated length of approximately 10 m each between the condenser
to the water reservoir, while the water reservoir has an uninsulated
surface of about 11.25 m2. Therefore, the discrepancy of both values lies
within the expected range and the comparison of the data validates the
method of the determination of the heat transfer via the enthalpy
method.

The calculated heat transfer for experiment #2, #3 and #4 can be
seen in appendix C. Table 4 summarizes the measured average heat
transfer at a rotational speed of 20 rpm and the cumulative energy
transfer. The cumulative energy transfer is calculated according to Eq.
(5) with the values of the heat transfer calculated by the enthalpy
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Fig. 8. Heat transfer at the Rotating Drum Heat Exchanger for both calcula-
tions, via the enthalpy difference h;, and h,, and the temperature increase in
the water tank CM301 for experiment #1.
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Table 4
Overview of the average heat transfer rate and energy transfer.

Energy Conversion and Management: X 30 (2026) 101845

#No  Pressure [bar abs] Time Start Time End Total Duration of steam Heat transfer rate at 20 rpm (via Ah) Cumulative Energy
[hh:mm: [hh:mm: Duration generation [kW] Transfer
ss] ss] [mm:ss] [mm:ss] [kWh]
#1 3 14:20:45 14:49:20 28:35 20:31 69.0 23.4
#2 4 10:12:42 10:49:21 36:39 17:13 63.6 18.5
#3 3 13:34:47 14:04:41 29:54 15:55 69.9 16.5
#4 8 09:07:26 09:45:20 37:54 28:54 47.0 15.2

method between the mentioned start and end time of the experiment.
The start time of the experiments is defined as the moment when the
pressure in the system increases above 1.05 bar abs, while the moment
when the pressure in the system decreases below 1.05 bar abs is set as
the end of the experiment. The given duration of steam generation is the
duration within the experiment, where a steam production within the
drum has been measured.

As mentioned in Table 4, a maximal heat transfer of up to 69.9 kW
and an energy transfer of up to 23.4 kWh has been demonstrated with
the rotating drum. For the demonstration of repeatability, experiment
#1 and #3 include both identical operation points at 20 rpm, 3 bar abs
and 100 kg/h water inlet. With a relative deviation of 1.3% and an
absolute deviation of 0.9 kW, both points are well in the uncertainty
range given in Section 3.1.

Influence of inconsistent inlet and outlet mass flow

The Rotating Drum Heat Exchanger with an annual gap at the outer
shell of the drum is designed for a consistent inlet and outlet mass flow of
water respectively steam. Thereby, the inlet mass flow is controlled to
match the outlet flow. Nevertheless, there will always be a mismatch in
the inlet and the outlet mass flow, and the effects of this on the behav-
iour of the Rotating Drum Heat Exchanger is investigated within the
following section

In experiment #3, the inlet water flow is increased in three steps to a
value 20% above the measured outlet flow. Thereby, no effect on the
outlet steam flow, temperature or pressure has been measured. Most
likely, the additional water flow leaves the drum together with the
steam, which reduces the quality of the steam, but not the thermal
power of the drum itself. The vortex flow meter does not detect any
change in the volumetric flow. Within Fig. 9, one can see an increase in
the mass flow at the drums outlet after 13:50. This increase results from
the increase in the rotational speed as can be seen in Appendix B3.

On the other hand, the inlet water flow is reduced in experiment #2
sequentially to a value 16.7% below the measured steam flow. The
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Fig. 9. Variation of the inlet water flow a) for experiment #3 and b) for
experiment #2.

outlet steam flow remains constant for 3 min and 48 s, but suddenly
decreases to a value 2.7% below the inlet mass flow. At this point, it can
be assumed that only the amount of water leaves the drum, which is
simultaneously given into it, meaning no reservoir of water is left at the
lower side of the drum. During the experiment, one could see at the
outer side of the drum, that liquid PCM reached the scraper and no so-
lidification occurred. These phenomena started at the steam outlet side
of the drum. Therefore, it has to be assumed, that the heat transfer co-
efficient of the steam is not sufficient to solidify PCM at the outer side of
the drum. This behaviour is supported by the measurement of the
temperature at the outlet of the drum. Here, no temperature increase can
be detected. The experiment has been stopped shortly after liquid PCM
reached the scraper due to safety reasons.

As a result of this investigation, the water mass flow into the rotating
drum should be maintained at approximately 10% above the steam mass
flow measured at the Drum’s outlet to ensure stable operation. Under
nominal operating conditions, a two-phase flow therefore leaves the
drum. To obtain saturated steam suitable for industrial applications, a
downstream liquid—vapor separator is required. Such components are
well established and readily available for industrial use.

Storage density and utilization of the storage material

Approximately 393.4 kg of NaNO3/KNO3(eu) has been used during
one full discharge cycle of the storage system. According to Eq. (9), a
measured temperature of the liquid PCM just before the experiments of
250 °C and a measured temperature of the solid PCM of around 170 °C,
results in a theoretical storage capacity of 24.07 kWh. During experi-
ment #1, 23.4 kWh of energy has been transferred. Therefore, the uti-
lization rate of the PCM can be calculated to be >95%.

The density of the liquid material at 250 °C can be assumed to be
1940 kg/m?, the one of the solid phase at 170 °C to be 2193 kg/m? [15].
With the measured transferred heat of 23.4 kWh and a mass of the
storage material of 393.4 kg, the demonstrated volumetric storage
density of the liquid phase of 115 kWh/m? is obtained. Regarding the
solid phase, the porosity of the solid particles has to be considered in the
calculation. With a simple measurement of the porosity by measuring
the weight of a vessel with a volume of 30 1 filled with the particles, a
porosity of 65% is calculated. Therefore, the volumetric storage density
of the solid phase is decreased to a value of 45 kWh/m®>. Nevertheless,
for industrial application, cost benefits for the cold storage tank can be
assumed, since the material is not liquid and comparable cold.
Furthermore, the demonstrated storage density within this paper can be
increased by increasing the temperatures of the liquid storage material
as mentioned in section 1. Furthermore, the use of pure NaNOs with a
melting point of 306 °C would increase the specific energy storage
density as well as the surface specific heat transfer due to a higher
temperature difference between the melting point of the PCM and the
saturation temperature of the evaporating water as reported in [20].

The scope of this work is limited to a prove of the discharge cycle,
specifically the generation of steam through the utilization of latent heat
from the phase change and, to a lesser extent, the sensible heat of the
liquid and solid PCM. The PCM-side is not independently quantified,
including thermal losses within the liquid and solid phase. Furthermore,
the electrical energy for charging the system has not been measured.
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Therefore, an overall full cycle efficiency is not reported in this study.
For industrial-scale applications, i.e., storage capacities in the GWh
range, the overall system losses will be dominated by thermal losses
from the storage tanks. In this context, reference can be made to oper-
ational experience with large-scale molten salt storage systems, which
demonstrate storage efficiencies in the range of approximately 99%
[38].

Surface specific heat transfer density

The total outer shell surface of the drum used is 1.115 m?. During the
experiments, the level of the liquid PCM is regulated to 40% of the fill
level of the tub below the rotating drum. This results in a submersion
angle of the drums shell of 15°. This corresponds to 4.1% of the total
drum shell or 0.046 m? in absolute surface. Due to the adhering liquid
PCM at the drums outer surface, solidification occurs also when the
surface has already left the tub of liquid PCM. Therefore, the maximum
measured heat transfer of 69.9 kW is referred to the total drum shell,
which results in a heat transfer density of 60.4 kW/m2 Referring the
maximum measured heat transfer to the immersed shell surface only, a
heat transfer density of 1520 kW/m? would result. The affecting tem-
perature difference in the process can be assumed to be the difference
between the evaporation temperature of the water within the drum and
the solidification temperature of the PCM of 222 °C. Thereby, the
evaporation temperature of the water within the drum can be changed
by the pressure. In the experiments, the pressure has been variated to be
3 bar (abs), 4 bar (abs) and 8 bar (abs), resulting in an evaporation
temperature of 133.5 °C, 143.6 °C and 170.4 °C. This results in a tem-
perature difference as mentioned of 88.5 K, 78.4 K and 51.6 k.

In Fig. 10, the measured total heat transfer as well as the surface
specific heat transfer is shown as a function of the temperature differ-
ence. The total heat transfer increases proportionally with the temper-
ature difference, consistent with the driving force for heat conduction —
as is also the case in conventional heat exchangers. The increase of the
total heat transfer can be quantified to be 600 W per K. On the other
hand, the surface specific heat transfer is also varying for different
temperature differences, which is not the case in conventional heat ex-
changers. Thereby, the surface specific heat transfer decreases with
higher temperature differences and can be quantified to be —3.1 W/m2K
per each increased K on average.

The maximum absolute value measured for the surface specific heat
transfer is 0.817 kW/m?K at a temperature difference of 51.6 K. A heat
transfer coefficient between the actual drum wall temperature and the
liquid PCM temperature was not determined in this study, since the wall
temperature was not specifically measured. The scope of this work is in
the demonstration of a Rotating Drum Heat Exchanger and the value can
be maximized by further work.
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Qualitative evaluation and discussion of the scraping process

In this study, several tests have been conducted to find an improved
method to remove the PCM from the rotating drum, which resulted in
the scraper design as shown in Section 2.5.. In the experiments pre-
sented, the PCM is completely removed from the drum surface, leaving
no residual layer and allowing a bare surface to re-enter the PCM.
However, with increasing operating time of the scraper blade (typically
around 1 h) or at rotational speeds above 20 rpm, which result in very
thin layer thicknesses, small amounts of PCM remain on the drum sur-
face. Shortly thereafter (e.g., after approximately 20 s), the scraper blade
is forced away from the drum surface due to the accumulation of
unremoved PCM. Consequently, the experiments had to be stopped and
the remaining PCM was removed manually. Since the scraper material
was intentionally selected to be softer than the material of the rotating
drum, wear was observed exclusively on the scraper blade, while no
surface degradation was detected on the rotating drum. In summary, the
scraping process is inherently sensitive but remains controllable within
certain operating limits. Nevertheless, further evaluation of the scraping
process is required, including potential surface treatment of the drum
and the investigation of alternative scraping methods.

The nominal electrical power of the engine used to rotate the drum is
2.2 kW. Since a frequency inverter has been used to control the rota-
tional speed of the drum, a measurement of the electrical consumption
of the engine is only possible with increased financial effort and has not
been conducted within the experiment. Nevertheless, dividing the
nominal electrical consumption of 2.2 kW by the minimal measured
thermal power of 47 kW results in parasitic energy consumption of
4.6%. Since there is no evidence that the engine has ever run on full
load, a parasitic energy consumption of below 0.5% can be assumed for
a large-scale steam generator. In Fig. 11, flakes of the PCM after being
scraped off the rotating drum are showed.

Conclusion and outlook

In this work, an active LHTES system based on the Rotating Drum
Heat Exchanger has been successfully demonstrated in multi-kW and
multi-kWh range. For the first time, steam generation has been provided
using an active concept, marking a significant milestone in the devel-
opment of active LHTES. Thereby, the system has been demonstrated
supplying saturated steam with a pressure of up to 8 bar abs.

For the determination of the heat transfer, two independent meth-
odologies are described: A method based on the enthalpy difference of
the water/steam at the inlet and outlet of the drum and a method using
the temperature increase of a water reservoir use for the condensation of
the produced steam. The calculated heat transfer of the enthalpy method
thereby increases the values calculated with the temperature difference

Fig. 11. PCM flakes after being scraped off the rotating drum.
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method by 12.3% on average. This can be explained by heat losses in the
piping and the water reservoir. This establishes a solid foundation for
the characterization of the system with the enthalpy method. Within the
described experiments, steam supply with a pressure of 3 bar (abs), 4 bar
(abs) and 8 bar (abs) has been demonstrated. The maximum measured
heat transfer has been estimated to be 69.9 kW, which results in a sur-
face specific heat transfer of 60.4 kW/m? when referred to the total
drums surface. Based on this, operational parameters as the rotational
speed of the drum, the immersion angle into the liquid PCM, the pres-
sure and saturation temperature of the water inside the drum, and the
temperature of the water at the inlet into the drum can now be sys-
tematically varied and analysed for a full characterisation of the tech-
nology. Within the experimental test rig, 393.4 kg of the eutectic
mixture of KNO3 and NaNOs has been used as storage material, having a
melting point of 222 °C. Thereby, up to 23.4 kWh has been stored with
the material heated up to 250 °C.

Looking forward, long-duration testing will be critical, particularly
to assess the mechanical durability and performance stability of the
scraper. From a heat transfer perspective, the surface-specific heat
transfer is already comparable to those of conventional fossil-fuel-based
steam generators. However, there remains significant potential for
increasing heat transfer density through design optimizations of the
drum geometry. Additionally, replacing the currently used eutectic
mixture of NaNO3 and KNOs with pure technical grade NaNOs with a
melting point of 306 °C as PCM will further enhance the thermal per-
formance due to higher available temperature difference between the

Appendix A. P&ID of the experimental test rig
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melting point of the PCM and the temperature of the water evaporating
inside the drum. Beyond this, the use of other high-temperature PCMs,
such as carbonates and chlorides, may also be considered. However, this
requires further investigation, particularly with respect to sealing
technology and corrosion resistance.

This work lays the foundation for further development of active
LHTES toward a commercially viable, high-efficiency thermal energy
storage solution, enabling flexible and sustainable steam generation in
industrial applications.
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Fig. Al. P&ID in full detail of the experimental test rig.
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Appendix B. Experimental data in full detail
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Fig. B1. Data measured during the experiment #1, identical to Fig. 7 a) Temperature at the inlet and outlet of the rotating drum as well as in the cooling water Tank
b) Pressure at the inlet and the outlet of the rotating drum c) Mass Flow of the water given into the drum and the steam released from the drum d) Rotational Speed of

the rotating drum e) Fill level of the tub below the rotating drum.
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Fig. B2. Data measured during the experiment #2 a) Temperature at the inlet and outlet of the rotating drum as well as in the cooling water Tank b) Pressure at the
inlet and the outlet of the rotating drum c) Mass Flow of the water given into the drum and the steam released from the drum d) Rotational Speed of the rotating drum
e) Fill level of the tub below the rotating drum.
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Fig. B3. Data measured during the experiment #3 a) Temperature at the inlet and outlet of the rotating drum as well as in the cooling water Tank b) Pressure at the
inlet and the outlet of the rotating drum c) Mass Flow of the water given into the drum and the steam released from the drum d) Rotational Speed of the rotating drum

e) Fill level of the tub below the rotating drum.
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Fig. B4. Data measured during the experiment #4 a) Temperature at the inlet and outlet of the rotating drum as well as in the cooling water Tank b) Pressure at the
inlet and the outlet of the rotating drum c¢) Mass Flow of the water given into the drum and the steam released from the drum d) Rotational Speed of the rotating drum

e) Fill level of the tub below the rotating drum.
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Appendix C. Calculated heat transfer at the rotating drum of the experiments
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Fig. C1. Calculated heat transfer in kW of experiment #1, calculated via the enthalpy method (via hin and hout) and via the temperature increase in CM301

(via QCM301).

Fig. C2. Calculated heat transfer in kW of experiment #2, calculated via

(via QCM301).
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Fig. C3. Calculated heat transfer in kW of experiment #3, calculated via the enthalpy method (via hin and hout) and via the temperature increase in CM301
(via QCM301).
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Fig. C4. Calculated heat transfer in kW of experiment #1, calculated via the enthalpy method (via hin and hout) and via the temperature increase in CM301
(via QCM301).

Data availability

Data will be made available on request.
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