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The efficiency of many industrial processes, applying steam as heat transfer me-
dium, can be increased by integrating Ruths steam accumulator. This component
makes it possible to store surplus steam for consumption at later time, whereby
high loading and unloading rates can be realized with this storage type. For im-
proving this storage type in terms of storage capacity and application range a
hybrid storage approach is presented. The concept combines a Ruths steam stor-
age with phase change material and electrical heating elements. For a first anal-
ysis of the interaction between the Ruths steam accumulator and the phase
change material, which surrounds the steam storage vessel, a dynamic model was
created. Also, an example which consist of a charging, storing, and discharging
phase is presented. The simulation results show a positive impact in terms of
storage capacity. Therefore, the hybrid storage concept is a promising approach
for integration in industrial processes.
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Introduction

For decoupling energy production and consumption and to increase the efficiency of
an industrial process or energy supply system (power plant) storages, can be applied.
The Ruths steam accumulator contains liquid water and steam and is an attractive storage
component for processes in which steam plays a major role, because of the possibility to store
steam directly, without heat exchangers. During charging, the incoming steam partly con-
denses and the pressure inside the storage tank increases. During discharging saturated steam,
the pressure decreases and the liquid water partially evaporates [1-6].

The possibility to integrate steam storages as buffer storage in solar thermal systems,
because of their fast reaction time and high discharging rates was presented by Steinmann and
Eck [2]. Fabrizio et al. [3] mentioned the integration of steam storages in industrial food pro-
cesses and the possibility to cover short-term peak loads with a steam accumulator, so that the
steam boiler has to provide only the mean load.

One part of the hybrid storage concept presented in this paper is the addition of
phase change material (PCM), which has a high specific energy density, to the outer shell of a
Ruths steam accumulator to increase the storage capacity per volume. Steinmann and Eck [2]
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presented different methods for improving Ruths steam accumulators. A presented method
uses an additional storage type for superheating the discharging steam of the Ruths steam
accumulator. The possibility to integrate encapsulated PCM inside the liquid phase of the
Ruths steam accumulator to provide steam with constant pressure during discharging is men-
tioned. Another presented option to provide steam with constant pressure is the application of
an external flash evaporator.

Buschle et al. [4] compared the integration of PCM at the internal side and outer
side of Ruths steam accumulators. The outside arrangement consists of a tube register sur-
rounded with PCM. For discharging water evaporates while for charging, steam condenses in
the tube register.

There are a lot of PCM available for the application in latent thermal energy storag-
es. Some of them and their properties are presented by Agyenim et al. [7] and Gil et al. [8]. A
problem using PCM is the low thermal conductivity and the limited heat transfer between the
heat transfer fluid (HTF) and the PCM [7, 9].

For improving the performance of latent thermal energy storages, several methods
for increasing the heat transfer between HTF and PCM have been investigated. Some of them
are summarized by Ibrahim [9]. They mentioned for example the possibility to arrange differ-
ent PCM for realizing an approximately constant temperature difference between the HTF and
the PCM. Laing et al. [10] presented a concept with aluminum or graphite fins for increasing
the heat transfer area. Rudonja et al. [11] studied the improvement of heat transfer by adding
copper fins. Xu et al. [12] and Liu et al. [13] numerically analyzed the application of porous
media. The combination of paraffin wax and alumina nanoparticles in terms of thermal con-
ductivity was studied by Valan Arasu et al. [14]. Pincemin et al. [15] studied the thermal
conductivity improvement of composite materials made of inorganic PCM and graphite.

In this paper a dynamic model of a Ruths steam accumulator and a surrounding
PCM layer is presented. The model for the Ruths steam accumulator or liquid water/steam
part is based on energy and mass balance equations and the assumption that the two-phase
fluid is in thermodynamic equilibrium at any time, as for example presented by Fabrizio et al.
[3] and Hofmann et al. [5].

The model for the PCM part presented in this paper is based on energy balance
equation and was modeled similarly to the Stefan-model presented by Zauner et al. [16],
where the simulation results of the model were compared to experimental measurements.

In scientific literature different model approaches for latent heat storages can be
found. Verma et al. [17] summarized some approaches by dividing them in models based on
the First and on the Second law of thermodynamic. Also, approaches to describe the heat
transfer inside of PCM are presented by Mehling and Cabeza [18].

The aim of the hybrid storage concept, which is described below, is to extend the
range of application for classical Ruths steam accumulators in industrial processes. In the
following chapters the hybrid storage concept and an idealized model for a first analysis will
be presented.

Hybrid storage concept and modelling

Concept

The hybrid storage concept consists of a Ruths steam accumulator surrounded by
chambers filled with PCM. Thus, the PCM is located outside of the pressure vessel. The
chambers can be filled with PCM with different phase change temperatures to increase the
adaptability of the hybrid storage component to the process requirements. Another part of the
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Electrical heating elements hybrid storage concept is the integration of electrical

ke = heating elements at the inner side of some PCM
chambers. This measure makes it possible to store
electrical energy in form of thermal energy and thus
opens up new application possibilities. Also, the
integration of heat exchangers at the internal side of
the PCM chambers to reuse waste heat of other pro-
cess media is conceivable. A schematic illustration
of this hybrid storage concept is shown in fig. 1.

For a first analysis of the presented hybrid
storage concept a dynamic model of a Ruths steam
accumulator surrounded by a cylinder filled with a
single continuous PCM was developed. This model
is presented in the following section.

Modelling
Wall 3 The hybrid storage model was realized in
: sz::f Dymola 2015 FDO1 [19] with the TIL-Library 3.3
Ui waisHistiaan [20]. This model consists of different submodels
PCM which are connected to each other. In fig. 2 the differ-
Insulation ent parts of the hybrid storage model are shown. In
the wall volume submodels heat capacities are con-

sidered. The whole hybrid storage is modelled as a
cylinder, whereby the walls at the end faces are ne-
Figure 2. Different parts of the hybrid glected and the end surfaces are regarded as adiabatic.
storage model For modelling the liquid water/steam or Ruths

steam accumulator part, it was assumed that the
liquid water and steam phase are at thermodynamic equilibrium at any time. The current state
at the internal side of the volume can be calculated by the mass balance eq. (1) and energy
balance eq. (2):

d . .
\Y ch = My + Moy (1)
dh . . : d
m— =, (hin _h)+mout (hout _h)+Q+V*p (2)
dt dt

In eg. (2), the heat flow ¢ results from temperature difference between the connect-
ed parts. The specific enthalpy h,, of the discharge mass-flow corresponds to the specific
enthalpy of the vapor phase at the internal side of the volume. For determining the properties
of the two-phase fluid, a TILMedia 3.3 [20] VLEFIuid_ph component with pressure and spe-
cific enthalpy as input variables was used.

For modelling the PCM part of the hybrid storage the following assumptions are
made:

— the thermodynamic properties are constant and equal for the solid and liquid phase,

— the phase change takes place at a certain temperature and the phase change temperature is
equal for the solid and the liquid phase,

— heat transfer in solid and liquid PCM is solely by conduction, and

— heat transfer is assumed as 1-D.
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The model of the PCM storage is based on energy
balance equations. In fig. 3 the heat flow inside the
PCM part is shown. The heat flow @,, which is trans-
ferred between wall 1, fig. 2, and the PCM part, is used
to differentiate between charging and discharging of the
PCM part. If the heat flow ¢, is positive, the PCM
cylinder is charged. In case of negative heat flow ¢, the
PCM cylinder is discharged.

The sensible heat per unit time of each PCM
phase can be calculated according to egs. (3) and (4).

For charging, in node 2 the liquid PCM mass and in Liquid-solid interface
node 4 the solid PCM mass are considered. For dis- Figure 3. Heat-flow in
charging it is the other way around: the PCM volume
- dm dT.
QZ :thcp (Tpc _TZ)_mZCp Tf (3)
- dm dT,
Q, :T:Cp (Tpc _T4)_m4cp T: (4)

If the temperature in node 1 reaches the phase change temperature during charging
or discharging, latent heat is absorbed or emitted by node 3. The latent heat absorbed during
melting or emitted during solidification is calculated with eq. (5):

: dr
Q= inHTELphpC (5)

For charging, the latent heat-flow is defined as negative and for discharging as posi-
tive. In eq. (5), the radius, r, describes the position of the solid-liquid interface. During melt-
ing and solidifying, the solid-liquid interface is moving from the inner diameter to the outer
diameter of the PCM cylinder. If the heat flow ¢, changes its sign after melting, the position
of the solid-liquid interface is reinitialized at the inner wall of the PCM cylinder.

For every node presented in fig. 3 the energy balance equation has to be fulfilled.
The energy balance equation for the whole PCM part is summarized in eq. (6):

Zﬁ:Qi =0 (6)

The heat transfer between the different nodes presented in fig. 3 is described by
conduction as shown in eq. (7):

Qij =*7ZHLA(E ™ with [I€[14]j
In[’} j=i+1
D

Simulation results and discussion

The simulation results of the thermal hybrid storage model are compared with the
results of a Ruths steam storage model by means of an example. The Ruths steam storage
model corresponds to a simplified hybrid storage model without the PCM cylinder and the
wall, located in the hybrid storage between the liquid water/steam and the PCM part. The
models were simulated using the Dassl solver provided in Dymola 2015 FDO1 [19].

()
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Table 1. Geometric data of the In this example, a total storage
compared storage types volume of 29 m3 is considered, with a
Layer thickness [mm] storage length of 8.4 m and an outer
Ruths steam Storage Hyb”d Storage dlametel‘ Of 21 m. In tab 1, the geomet'
wall 1 20 20 ric data of the compared storage types is
wall 2 _ 2 presented. The descriptions correspond
wall 3 1 1 to the designations used in fig. 2. For
PCM - 27 this example, wall 3, fig. 2, is regarded
Insulation 100 100 as adiabatic, thus, heat losses are ne-
glected.

The PCM volume is 4.6% of the

Table 2. Material ties [21, 22 .
e aterial properties | ] total hybrid storage volume. In tab. 2 the

Name | Value [ Unit thermal properties of the different mate-

Wall (steel) rials are presented. As PCM,

Specific heat capacity 490 Jkg 'K | NaNOy/KNO; (60/40 mol.%) with the
Density 7800 kgm'3 thermal properties given by Foong et al.
Thermal conductivity 46.5 wm'K™ | [21], was chosen. The other thermal
Insulation (mineral wool) properties presented in tab. 2 are taken

Thermal conductivity | 0.035 [wm K| from [22]. For the PCM a thermal con-
PCM (NaNO3/KNOs) ductivity of 6 W/mK was assumed, for

Melting temperature 220 °C the other properties the pure PCM prop-
Latent heat 108.67 klkg' | erties were chosen. The consideration of
Specific heat capacity | 1500 (mean value) | Jkg'K' | @ suitable heat transfer enhancement
Density 1750 (mean value) | kgm @ method and its impact on the perfor-

mance will be part of further research.

The initial pressure in the liquid water/steam volume was assumed to be 20 bar, and
the initial liquid water filling level (relation liquid volume to total volume) was 60%. A pres-
sure of 26 bar, and a temperature of 227 °C were specified for the inlet steam mass-flow. This
was realized with a Boundary element from TIL-Library [20]. For the heat transfer coefficient
between the liquid water/steam part and wall 1 4,700 W/m2K were assumed. This value is an
estimated mean value of the possibly occurring heat transfer coefficients [23] related to the
heat transfer areas.

In the application example the storages are initially charged for 50 min and after a
storing phase of 20 min the storages are discharged for 50 min. For charging and discharging
the storage vessels an OrificeValve component from the TIL-Library [20] was used and the
effective flow area was defined with 5 cm2. After the discharging valve a constant pressure of
20 bar, was specified. In fig. 4 the time-dependent difference between charging and discharg-
ing steam mass-flow is presented.

In fig. 5 the pressure gradient is shown. The maximum pressure is set to 26 bar,. Af-
ter approximatly 6 min, the pressure in the hybrid storage is significantly lower compared to
the Ruths steam accumulator due to the amount of energy transferred into the PCM part. Dur-
ing the storing phase of 20 min the pressure inside the liquid water/steam part of the hybrid
storage decreases, because there is still a temperature difference between the PCM volume
and the liquid water/steam volume.

After charging, the liquid filling level of the hybrid storage is slightly higher compared
to the Ruths steam storage. This is shown in fig. 6. This corresponds to the fact that more steam
is condensed when the hybrid storage tank is loaded compared to the Ruths steam storage.
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Figure 9. Temperature of different parts of the
hybrid storage

The simulation results of the example show that in 50 min approximately 29% more
energy is stored in the hybrid storage than in the classical Ruths steam accumulator at the
same total volume. Figure 7 presents the time-depending stored energy in both storages. For
example, if the thermal conductivity of wall 1 is reduced to 15 W/mK then the charging time
as well as the discharging time can be extended for 15 min to reach nearly the same im-
provement. There is also more time needed, if a lower heat transfer coefficient occurs be-

tween the liquid water/steam volume and wall 1.

Figure 8 presents the total stored energy of the hybrid storage unit compared to the en-
ergy stored in the liquid water/steam volume and the PCM volume. The sum of the stored
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95 energy in these two different volumes is not ex-
94.5 actly equal to the total stored energy, because
941 there is also energy stored in the different wall
93.5 1 volumes of the hybrid storage.
93 1 As shown in fig. 9 the temperature at the
9251 inner diameter of the PCM cylinder reaches the
92 1 phase change temperature after around 3 min. At
91-50 T e T e e T T o that time the PCM starts to melt and the radius of
Time [min] th_e solid-liquid |nterfac_e is moving from the inner
) . . ~ diameter to the outer diameter of the PCM cylin-
Figure 10. Radial position of the solid-liquid 4oy This can be exactly seen in fig. 10. After
interface round 70 min discharging of the PCM volume
starts and the radius of the liquid-solid interface is reinitialized at the inner diameter of the
PCM cylinder.

Solid-liquid interface position
[em]

Conclusion and outlook

In this paper an investigation of an idealized hybrid storage concept-model was present-
ed. The results show that the performance of the compared storage types is nearly the same
for the higher charging rates at the beginning. After round 6 minutes the stored energy in the
hybrid storage increases significantly compared to the stored energy of the Ruths steam ac-
cumulator. Therefore, the performance of the hybrid storage strongly depends on the heat
transfer rate between the liquid water/steam and the PCM part. It shows that the combination
of a Ruths steam accumulator can have positive impact on the storage capacity for the same
total volume depending on the process requirements.

A more detailed investigation on the heat transfer between the two-phase fluid and the
surrounding wall will be part of further studies. Also, the impact of different PCM chambers
and electrical heating elements will be studied.
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Nomenclature

¢, — specific heat capacity, [Jkg *K™] t — time, [s]

D - diameter, [m] V' — volume, [m?]

h - specific enthalpy, [Jkg ]

h,. — phase change enthalpy, [Jkg ] Greek symbols

L — length, [m] A — thermal conductivity, [Wm K ™]
m — mass, [kg] p — density, [kgm3]
m — mass-flow, [kgs™] Subscripts

P — pressure, [Pa] in — incoming

Q - heat-flow, [W] out — outgoing

r - radius of the solid-liquid interface, [m] pc  — phase change
T - temperature, [K]
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Acronyms PCM — phase change material

HTF — heat transfer fluid

References

[1] Goldstern, W., Steam Accumulator Systems: Construction, Calculation and Operation of Industrial Heat
Accumulators (in German) (2™ ed.), Springer-Verlag Berlin Heidelberg GmbH, Berlin, 1963

[2] Steinmann, W.-D., Eck, M., Buffer Storage for Direct Steam Generation, Solar Energy, 80 (2006), 10,
pp. 1277-1282

[3] Fabrizio, E., et al., Modelling of Steam Storage Vessels for Batch Processes in Food Plants, Proceed-
ings, Management and Control of Agricultural and Forest Systems, Medium-Term National Conven-
tion of the Italian Association of Agricultural Engineering, Belgirate, Italy, 2011

[4] Buschle, J., et al., Latent Heat Storage for Process Heat Applications, Proceedings, 10" International
Conference on Thermal Energy Storage ECOSTOCK 2006, New Jersey, USA, 2006

[5] Hofmann, R., et al., Integration of Storage Technologies as Flexibilization Measure for Industrial Ener-
gy Systems (in German), VGB PowerTech, 8 (2016), July, pp. 27-35

[6] Hofmann, R., et al., Flexibilisation Potential for Energy Systems for the Industry, Intelligent Demand-
Side-Management by Integration of Thermal Energy Storages — Part 1, (in German), BWK: Das Ener-
giefachmagazin, 68 (2016), 9, pp. 22-25

[71 Agyenim, F., et al., A Review of Materials, Heat Transfer and Phase Change Problem Formulation for
Latent Heat Thermal Energy Storage Systems (LHTESS), Renewable and Sustainable Energy Reviews,
14 (2010), 2, pp. 615-628

[8] Gil, A, et al., State of The Art on High Temperature Thermal Energy Storage for Power Generation,
Part 1 — Concepts, Materials and Modellization, Ren. and Sust. Energy Reviews, 14 (2010), 1, pp. 31-55

[9] [Ibrahim, N. I., Heat Transfer Enhancement of Phase Change Materials for Thermal Energy Storage Appli-
cations: A Critical Review, Renewable and Sustainable Energy Reviews, 74 (2017), July, pp. 26-50

[10] Laing, D., et al., Advanced High Temperature Latent Heat Storage System-Design and Test Results,
Proceedings, Effstock 2009, Thermal Energy Storage for Efficiency and Sustainability: 11" Internation-
al Conference on Thermal Energy Storage, Stockholm, 2009

[11] Rudonja, N. R., Heat Transfer Enhancement through PCM Thermal Storage by Use of Copper Fins,
Thermal Science, 20 (2016), 1, pp. 251-259

[12] Xu, Y., et al., Evaluation and Optimization of Melting Performance for a Latent Heat Thermal Energy
Storage Unit Partially Filled with Porous Media, Applied Energy, 193 (2017), May, pp. 84-95

[13] Liu, Z., et al., Numerical Modeling for Solid-Liquid Phase Change Phenomena in Porous Media: Shell-
and-Tube Type Latent Heat Thermal Energy Storage, Applied Energy, 112 (2013), Dec., pp. 1222-1232

[14] Valan Arasu, A., et al., Numerical Performance Study of Paraffin Wax Dispersed with Alumina in
Concentric Pipe Latent Heat Storage System, Thermal Science, 17 (2013), 2, pp. 419-430

[15] Pincemin, S., et al., Highly Conductive Composites Made of Phase Change Materials and Graphite for
Thermal Storage, Solar Energy Materials & Solar Cells, 92 (2008), 6, pp. 603-613

[16] Zauner, C., et al., Experimental Characterization and Simulation of a Hybrid Sensible-Latent Heat
Storage, Applied Energy, 189 (2017), Mar., pp. 506-519

[17] Verma, P., et al., Review of Mathematical Modeling on Latent Heat Thermal Energy Storage Systems
Using Phase-Change Material, Renewable and Sustainable Energy Reviews, 12 (2008), 4, pp. 999-1031

[18] Mehling, H., Cabeza, L. F., Heat and Cold Storage with PCM: An up to Date Introduction into Basics
and Applications, Springer-Verlag Berlin Heidelberg GmbH, Berlin, 2008

[19] ***, Dassault Systems, https://www.3ds.com/de

[20] ***, TLK-Thermo GmbH, https://www.tlk-thermo.com/index.php/de/

[21] Foong, C. W., et al., Investigation of a Small-Scale Double-Reflector Solar Concentrating System with
High Temperature Heat Storage, Applied Thermal Engineering, 31 (2011), 10, pp. 1807-1815

[22] ***, Schweizer-fn, https://www.schweizer-fn.de/

[23] Herr, H., Thermodynamics: Technical Physics (in German) Vol. 3 (4" ed.), Verlag Europa-Lehrmittel,
Nourney, Vollmer GmbH & Co. KG, Haan-Gruiten, Germany, 2006

Paper submitted: December 30, 2017 © 2018 Society of Thermal Engineers of Serbia.
Paper revised: April 10, 2018 Published by the Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: April 11, 2018 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.



