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Abstract

Modelica is used for the analysis of steam accumula-
tors used as energy storage systems in power plants
and process industry. The analysis includes varying
pressure accumulators and steam accumulators with
latent heat technology. Physical models for the phase
change material (PCM) and for the vertical discreti-
sation of stacked volume elements are implemented
in Modelica. Modelica is used for the analysis of
new PCM enhanced steam accumulators which are
not state of the art. The results of this analysis help to
design these novel storage systems.

Keywords: thermal energy storage; steam accumula-
tor; phase change material

1 Introduction

Industrial process heat applications have been identi-
fied as a promising new area of application for ther-
mal energy storage systems. Storage systems im-
prove the efficiency by the reuse of energy in cyclic
processes. The bulk of process heat applications re-
quire steam at pressures between 1 and 20 bar with
corresponding  saturation temperatures between
100°C and 210°C. While the application of phase
change materials (PCMs) is straightforward for iso-
thermal energy storage, no commercial system is
available in this temperature range today.

Modelica is used to analyse different kinds of steam
storage systems for applications in power plants and
process industry. The analysis includes varying pres-
sure steam accumulators, which are state of the art,
and a novel kind of steam accumulator with a phase
change material (PCM). For the various storage sys-
tems physical models are implemented in Modelica.

2 Steam accumulator

Due to increasing costs for fossil energy, systems for
thermal energy storage have become attractive for
process heat applications. Especially in cyclic proc-
esses, energy storage systems offer an additional op-
tion for efficient energy usage. An example for such
a cyclic process is the production of gas concrete.
Here the produced stones are hardened under a steam
atmosphere in an autoclave. During a hardening cy-
cle, the pressure in the autoclave is raised to 15 bar
for several hours. Between two production cycles,
the steam is partially stored in varying-pressure ac-
cumulators (Figure 1), so called Ruths steam accu-
mulators, which represent the current state-of-the-art
technology in medium temperature thermal energy
storage.

Discharge pipe

™~

Savety valve
Water level

gauge

/Charging pipe

—><—

—><

Feed pipe/
\ R

Drain/

[ Charging nozzle

—— Circulation pipe

(— K

Figure 1: Varying pressure accumulator [1]

Varying-pressure accumulators use hot pressurised
water as storage medium. Liquid and gas phases are
in thermodynamic equilibrium. During the discharge
process , the systems provides saturated steam at de-
creasing pressure.
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Figure 2: Charging nozzle with circulation pipe [1]

During the charging process, steam is blown into the
liquid contained in the accumulator. The incoming
steam bubbles condense in the liquid or pass into the
steam space, depending on the thermodynamic equi-
librium in the vessel. The bubbles which rise to the
steam space increase the pressure and lead to a
higher saturation temperature, so that the next bubble
might condense. To use the entire storage content,
the charging process requires circulation. Ruths in-
vented a method that consists of nozzles (Figure 2)
which turn the flow of steam upwards. The nozzles
are surrounded by a circulation pipe, wherein the
water flows upwards. The minimum temperature loss
is composed of the difference between the steam
space and the uppermost liquid layer as well as the
difference between the saturation temperatures due
to the additional pressure of the water at lower
depths. Depending on the accumulator pressure and
the steam intake, there is a certain depth for the noz-
zles which minimizes the overall temperature loss.

[1]

3 MultiPhase Media Library

The Modelica.Media package provides a standard-
ized interface to fluid media models and specific
media models based on this interface. For the han-
dling of multiphase applications, a general media
package was developed based on the Mode-
lica.Media package. An additional properties record
called MultiPhasePropertiesRecord is used in the
BaseProperties model to provide the thermody-
namic properties of the different phases to the mod-
els using the Modelica.Media package.

replaceable record MultiPhasePropertiesRecord
extends Modelica.lcons.Record;
MassFraction x[nPhase];

SpecificVolume v[nPhase];
MassFraction[nPhase, nX] X;
MassFraction[nPhase, nXi] Xi;
SpecificEnthalpy h[nPhase];
SpecificlnternalEnergy u[nPhase];
SpecificHeatCapacity R[nPhase];
MolarMass MM[nPhase];

end MultiPhasePropertiesRecord;

In this record, the thermodynamic properties of the
different phases of the medium are included. Com-
pared to the BasePropertiesRecord, as defined in
the PartialMedium package of the Modelica.Media
library, the mass fraction of the different phases is
added and the specific volume is used instead of the
density. The PartialMultiPhaseMedium package
extends the PartialMedium package of the Mode-
lica.Media library. The BaseProperties model in the
PartialMultiPhaseMedium package is extended in
the following way.

redeclare replaceable partial model extends Base-
Properties

""Base properties (p, d, T, h, u, R,
if applicable, X) of a medium"

MM and,

MultiPhasePropertiesRecord MultiPhase;

equation
/*
d = 1/(MultiPhase.v*MultiPhase.x);
for i in 1:nX loop
X[i] = MultiPhase.X[:,
end for;
for 1 in 1:nXi loop
Xi[i] = MultiPhase.Xi[:,
end for;
h = MultiPhase.h*MultiPhase.x;
MultiPhase.u*MultiPhase.x;

i]*MultiPhase.x;

i]*MultiPhase.x;

u =

R = MultiPhase.R*MultiPhase.Xx;
MM = MultiPhase.MM*MultiPhase.x;
*/

end BaseProperties;

It is possible to use the MultiPhase medium models
with single phase models. The required base proper-
ties are calculated as a mixture of the different
phases.



4 Downflow model

For the analysis of steam accumulators, a vertical
discretisation of the storage vessel is elemental.
Based on the Modelica.Fluid library, models for the
simulation of multiphase flows are developed. The
drainage and flooding of vessels can be reproduced
as well as the vertical stacking of control volumes.

Between two volume elements stacked one above the
other, two kinds of mass exchange mechanisms are
identified. One type of mass exchange results from
the pressure difference between these two elements
and the other mass exchange occurs due to down-
flowing water and upflowing steam caused by the
density difference of these two phases. The mass
flow of the downflowing water is calculated in the
following way:

if noEvent(y_lig > y_min and y_vap > y _min) then
m_flow= V_upper*V_lower*f_flow*
(y_liqg - y_min)*(y_vap - y_min);
else
m_flow = 0.0;
end if;

The mass flow of the upflowing steam is not calcu-
lated separately. This mass transport mechanism is
covered by the mass transport due to the pressure
difference. The required volume fraction, y, can be
calculated from the MultiPhase Modelica.Media
models in the following way:

y = medium_MultiPhase.v[nPhase] *
medium_u.MultiPhase.x[nPhase] *
medium_u.d;

5 Simulation steam accumulator

In Figure 3 the simulation models for a Ruths accu-
mulator and a single control volume are shown. They
are connected to an ambience model by a control
valve, an enthalpy flow rate sensor and a MultiPhase
flange which ensures that only vapour is leaving the
volumes. The enthalpy flow rate is integrated over
time. The steam accumulator is dicretised in the ver-
tical direction into control volumes. The water va-
pour exchange between the volume elements is cal-
culated with the downflow model as presented in
section 4.

Figure 3: simulation models for Ruths accumulator
and single control volume

The ambience model is initialized with a pressure of
3 bar. The volumes of the pressure vessel are initial-
ized with a pressure of 4 bar and an enthalpy of 610
kJ / kg. The height of the pressure vessel is 3 m and
the diameter is 1 m. The pressure vessel is filled up
to 50 percent with water. The single control volume
and steam accumulator model have the same dimen-
sions. In the beginning, the control valve is closed.
After 1000 seconds it is opened.

In Figure 4 the simulation results are presented. In
the beginning the water is flowing down in the
stacked volumes of the Ruths accumulator.
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Figure 4: simulation results of pressure and provided
heat for Ruths accumulator and single control vol-
ume

Because of the static pressure of the water column,
the pressure in the lower volume element is increas-
ing and the pressure in upper volume element is de-
creasing. After 1000 seconds, the control valve is
opened and the pressure vessels are discharged to the
ambience model. The pressure in the single control
volume and in the upper volume of the Ruths accu-
mulator is lowered to 3 bar. The pressure in the
lower volume element of the Ruths accumulator re-



mains above 3 bar due to the static pressure. More
heat is provided by the single control volume com-
pared to the stacked volumes. The reason for this is
the higher pressure in the lower volume elements of
the Ruths accumulator which matches the real be-
havior of the varying-pressure accumulator.

6 Phase change materials (PCM)

Isothermal energy storage increases the storage effi-
ciency. This can be achieved by using a PCM as
storage material. Due to the latent heat of melting
thermal energy can be stored in a very small tem-
perature range.

6.1 Materials

For the temperature range of interest, various materi-
als can be used as PCMs. Examples of inorganic ma-
terials are technical salts and eutectic mixtures of
these salts such as: lithium nitrate (LiNO3), lithium
chloride (LiCl), potassium nitrate (KNO3), potas-
sium nitrite (KNO2), sodium nitrate (NaNO3), so-
dium nitrite (NaNO2) and calcium nitrate
(Ca(NO3)2). In the group of organic PCMs an inter-
esting material is Pentaerythritol. It undergoes a
solid-solid transition at 189°C with an enthalpy of
269 kl/kg [Benson, 1985]. The melting point of this
plastic crystal is about 50 Kelvin above the solid-
solid transition temperature.

6.2 Calculation of enthalpy

Three ways to calculate the enthalpy in the Mode-
lica.Media models are compared. The first method is
the linear interpolation using If-, Elseif- and Else-
clauses, the second method is the usage of the arc
tangent function and the third method is the usage of
the error function. Using the arc tangent method no
If-clauses are needed. The arc tangent function can
be calculated by series expansion as provided by
Euler in the following way:

arctan X =

1+ x?

The error function is calculated according to W J
Cody [3] as an approximation. In this implementa-
tion different approximations are combined by If-
clauses.

Linear interpolation method

The heat capacity in the liquid and in the solid state
is assumed to be constant and increases from the on-
set temperature of phase change to a maximum at the
transition temperature followed by a decrease until
the constant value of the liquid state is reached at the
final phase change temperature. In Figure 5 heat ca-
pacity and enthalpy are plotted against the tempera-
ture.
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Figure 5: heat capacity and enthalpy plotted against
temperature for the linear interpolation method

The latent heat of melting can be calculated in the
following way:

s = Cpiow ‘(Ttrans - Tons)+ Co.up '(Tfm - Ttrans)
0.5 (T, = Ton ) (e = i)

0.5 (T = T ) (e = pan)

“Chlow (Tﬁn =Ty ) -05- (c pup ~ Cpilow ) (Tﬁn - Tons)

If the transition temperature, the onset temperature of
phase change, the final temperature of phase change,
the heat capacity in the liquid state, the heat capacity
in the solid state and the latent heat of melting are
known, the maximum heat capacity can be calculated
from the latent heat of melting.

2 ' htrans - Cp,low ' (Ttrans - Tons )_ cp,up ' (Tﬁn - Ttrans)
T — T,

ons

C =

p,max

+C +Cp‘up

p.low

The calculation of the enthalpy in the Mode-
lica.Media package is implemented with if, elseif
and else clauses in the following way:



iT noEvent(T < Tonser) then
h = Cpiower™(T - TO);
elseif noEvent(T > Trinisn) then
h = Cp.Iower*(Tonset_TO)+htransition+cp.upper*(T_Tfinish);
else
iT noEvent(T < Tiransition) then
h = cpiower™(Tonset = TO) + Cp1ower™
(T - Tonset) + 0-5*(Cp.max _Cp.lower)*
(T - Tonset)2/ (Ttransition = Tonset);
else
h = cpiower™(Tonset = TO) + Cp1ower™
(Teransition=Tonset) +0.5%(Cp.max = Cp,1ower)™
(Teransition=Tonset) +Cp,max™ (T=Ttransition) =0 . 5*
(Cp,max — Cp,upper) * (T-Treransition) 2/
(Ttinish=Teransition) 5
end if;
end if;

Arc tangent method

The arc tangent function is used to reproduce the
behavior of the PCM’s enthalpy at the melting point.

Figure 6: arc tangent curve

For the calculation of the enthalpy curve the arc tan-
gent function is standardized to one and moved in y
direction by 0.5 and in the x direction by the melting
temperature, Tyansition. 1he resulting curve is multi-
plied with the latent heat of melting, hnsition. The
sensible heat, c,*, is added in the second term. The
melting range coefficient, Cy, is used to adjust the
width of the melting range.

h= hlransition . {arctan((T — T;ansition ) CMR ) + 0’5:|

+c, *(T-T,)

The heat capacity is calculated by differentiating the
enthalpy function.

transition

h
o - (((T - Ttransition ) CMR )2 + 1)

In Figure 7 enthalpy and heat capacity calculated
with the arc tangent method are plotted against tem-
perature. The thermodynamic properties of an eutec-
tic mixture of potassium nitrate, sodium nitrate and
sodium nitrite are used. The latent heat of melting,
Ngansition, 18 83 kJ/kg, the melting temperature , Ty,
sition» 1S 415 Kelvin, the heat capacity ,cp, is 1.5 kJ/(kg
K) and the reference temperature ,Ty,is 273 Kelvin.
The melting range coefficient ,Cyg,is 2.
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Figure 7: enthalpy and heat capacity calculated with
the arc tangent method plotted against temperature

Error function method

The Gauss error distribution curve is used to repro-
duce the behavior of the heat capacity of the PCM at
the melting point.

Figure 8: Gauss error distribution curve

For the calculation of the heat capacity curve the co-
efficients of the Gauss error distribution curve are
adapted. The coefficient a is the maximum heat ca-
pacity, Cpmax, at the melting temperature, X, is the
melting temperature Tiunsiion and b is the melting
range coefficient, Cyr, which is used to adjust the
width of the melting range. The sensible heat, c,*, is
added in the second term.

cC_=¢C eXp[— CMR : (T - Ttransition )] + CP *

p P max



The enthalpy is calculated by integrating the heat
capacity function.

erf lﬂ : (T = T sansition )J+ !

transition 2

h=h

+c,*(T-T,)

The error function is implemented according to W J
Cody [3]. The heat capacity cpma in the melting
point can be found with the following equation.

CMR
T

cpmax = htransilion '

In Figure 8 the enthalpy and the heat capacity calcu-
lated with the error function method are plotted
against temperature. The thermodynamic properties
of the eutectic salt mixture, as presented in the arc
tangent method, are used. The melting range coeffi-
cient Cyr is 1.
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Figure 8: enthalpy and heat capacity calculated with
the error function method plotted against tempera-
ture

Comparsion enthalpy methods

For the comparison of the three suggested methods
the thermal behaviour of a cylinder of PCM is simu-
lated. The cylinder is discretised into 100 radial lay-
ers. The inner diameter is 1cm and the outer diameter
is 2cm. The prescribed temperature at the inner side
of the cylinder is switched between 440 and 400
Kelvin every 1000 seconds. Again the thermody-
namic properties of the eutectic salt mixture, as pre-
sented in the arc tangent method, are used. The re-
sulting temperature profile is plotted in Figure 9.
Volume 1 is the PCM layer at the inner side of the
tube and Volume 100 is the PCM layer at the outer
side of the tube.

& 440 [1— presc. temp.
© 436 | | t | | Volume 1
=} -
= 432 Volume 25
o == Volume 50
g- 428 , / —-— Volume 100
/ ’ 7 T
8 4244 g ; J !
a0+ [ / fo / -
4 ’ 1 v
’ll h B h h _/'|| h j-\ h 1 H
416 1, sl Nem oIS Nl N
[ 7 ol S I _T— vl \
424 AN N ) . \
[ \ N AN AN ~
hr
408 //
404 '/
!/
400 ¥ bmd b R Read] e
0 2000 4000 6000 8000 10000
time [s]

Figure 9: temperature profile of radial discretised
cylinder

The results of simulation time of the three methods
to calculate the enthalpy of the PCM are presented in
the following table:

Arc Linear Error
tangent | interpol. | function
CPU-time for 40,7 179 1250
integration [s]
CPU-time for one 81,4 358 2500
GRID interval [ms]
Number of 197444 28846 25471
(successful) steps

The arc tangent method is 4.5 times faster than the
linear interpolation method and more than 30 times
faster than the error function method.

7 Simulation PCM enhanced steam
accumulator

A concept to increase the energy efficiency of an
existing varying-pressure steam accumulator is to
connect a tube register with externally arranged
PCM to the pressure vessel (Figure 10). A pump as-
sures the circulation between the tube register and
pressure vessel. The charging and discharging opera-
tions are the same as for a varying pressure accumu-
lator, as presented in section 2. With the PCM the
capacity of the storage system can be increased. The
same amount of thermal energy can now be stored in
a smaller temperature range. The heat transport in-
side of the PCM is a limiting factor to the power of
the storage system.



Figure 10: PCM enhanced steam accumulator

In Figure 11 the model of the PCM enhanced steam
accumulator is shown as it is implemented in Mode-
lica. The ambience model is initialized with a pres-
sure of 3 bar. The volumes of the pressure vessel are
initialized with a pressure of 4 bar and an enthalpy of
610 kJ / kg. The height of the pressure vessel is 3 m
and the diameter is 1 m. The pressure vessel is filled
up to 50 percent with water. The inner diameter of
the 10 tubes connected to the pressure vessel is 20
mm and the outer diameter is 25 mm. The outer di-
ameter of the PCM layer is 100 mm. The tubes have
a length of 5 meter. The thermodynamic properties
of the eutectic salt mixture, as presented in section
6.2, are used. The temperature of the PCM is initial-
ized to 416 Kelvin. This means that the PCM is com-
pletely molten.
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Figure 11: simulation model PCM enhanced steam
accumulator

In the beginning, the control valve is closed. After
1000 seconds it is opened and the storage vessel is
discharged. The pump is switched on all the time.

In Figure 12 simulation results of pressure and pro-
vided heat are plotted against time. The pressure in
the upper part of the storage vessel is decreasing af-
ter the control valve is opened to 3 bar. The provided
heat is higher compared to the simulation results of
the varying-pressure accumulator in section 5.
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Figure 12: simulation results of pressure and pro-
vided heat for the PCM enhanced steam accumulator

In Figure 13 the temperature in the lower part of the
storage vessel and in the PCM layer around the tubes
is plotted against time. Only parts of the PCM are
solidified after 2000 seconds of discharging. The
melting temperature is 415 Kelvin.
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Figure 13: simulation results of the temperature in
the lower control volume of the pressure vessel and
the temperatures in the PCM cylinders around the
tube register

8 Conclusions

With the simulation models presented in this work,
PCM steam storage concepts can be analyzed.
Simulation results of a PCM steam accumulator with
a tube register and externally arranged PCM are pre-
sented. In the next step, different simulation models
will be developed for comparison. These simulation
models will focus on using macro-encapsulation of



the storage material, composite materials and the
integration of layers made of materials showing a
high thermal conductivity to increase the power of
the storage system. Further validation of the models
will be done using laboratory scale experiments. Us-
ing a tube register with externally arranged PCM, the
number of tubes and their distance has to be defined,
depending on the steam process the accumulator is
integrated into. The aim of the work is to provide a
dimensioning tool that enables to design the thermal
behavior of the steam accumulator.
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